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Abstract. Attributing to their pathophysiological role and
stability in biological samples, microRNAs (miRNAs) have
the potential to become valuable predictive markers for
non-small cell lung cancer (NSCLC). Samples of biopsy
tissue constitute suitable material for miRNA profiling with
the aim of predicting the effect of palliative chemotherapy.
The present study group included 81 patients (74 males,
7 females, all smokers or former smokers) with the squamous
cell carcinoma (SCC) histological subtype of NSCLC at a late
stage (3B or 4). All patients received palliative chemotherapy
based on platinum derivatives in combination with paclitaxel
or gemcitabine. The expression of 17 selected miRNAs
was measured by reverse transcription-quantitative poly-
merase chain reaction in tumor tissue macrodissected from
formalin-fixed paraffin-embedded (FFPE) tissue samples. To
predict the effect of palliative chemotherapy, the association
between gene expression levels and overall survival (OS) time
was analyzed. From the 17 miRNAs of interest, low expression
levels of miR-342 and high expression levels of miR-34a and
miR-224 were associated with a reduced OS time in subgroups
of patients based on smoking status and treatment modality.
Using cluster analysis, associations between combinations of
miR-34a, -224 and -342 expression levels with patient survival
were identified. The present study revealed that patients with
the simultaneous high expression of miR-224 and -342 had a
similar prognostic outcome to those with the low expression of
miR-224 and -342, which was significantly reduced, compared
with patients exhibiting high expression of either miR-224 or
miR-342 with low expression of the other. We hypothesize that
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the effect of a particular miRNA is dependent on the expres-
sion level of other members of the miRNA network. This
finding appears to complicate survival analyses based on indi-
vidual miRNAs as markers. In conclusion, the present study
provides evidence that specific miRNAs were associated with
OS time, which may be candidate predictors for the effective-
ness of palliative treatment in SCC lung cancer patients. This
objective can be better achieved by combining more markers
together than by using individual miRNAs.

Introduction

Lung cancer is the most common type of cancer, with high
mortality rates worldwide (1); the incidence in the Czech
Republic was 86.9 cases in men and 38.0 in women per
100,000 people in 2011 (2). Approximately 85% of all lung
cancer cases are non-small cell lung cancer (NSCLC), which
includes two major histological subtypes: Squamous cell carci-
noma (SCC) and adenocarcinoma. SCC represents ~25-30% of
cases of NSCLC (3). The prognosis for patients with advanced
SCC is poorer than that of those with adenocarcinoma (4).

Chemotherapy is an essential modality of palliative treat-
ment for inoperable SCC at advanced stages. The response
rate to chemotherapy varies widely from patient to patient;
therefore, it is of interest to find biomarkers that predict the
effect of cytostatic therapeutics. The resistance of cancer cells
to chemotherapy can be caused by the increased export of anti-
cancer drugs out of the cells, improved DNA repair ability or
apoptosis resistance (5). The expression of genes participating
in these processes is regulated by the microRNA (miRNA/miR)
network. miRNAs are small non-coding RNA molecules of
~22 nucleotides that participate in the post-transcriptional
regulation of gene expression (6). The human genome encodes
>2,500 miRNAs (7), which target ~60% of mammalian genes
and are abundant in a number of human cell types (8) (see
miRNA database available online at www.mirbase.org).

The aim of the present study was to evaluate the associa-
tion of the expression of miRNAs involved in the processes
resulting in chemotherapy resistance with the overall survival
(OS) time of patients with advanced SCC receiving palliative
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Figure 1. Association between the treatment modality and OS time for non-small cell lung cancer patients, as determined with the Kaplan-Meier method. All
patients were treated with chemotherapy. (A) There were significantly longer OS times in the subgroup of patients who underwent chemotherapy combined
with radiotherapy, compared with the patients who underwent chemotherapy without radiotherapy. (B) OS was independent of the chemotherapy regimen
received. OS, overall survival.
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Figure 2. Association of miRNA expression with OS in the subgroups of non-small cell lung cancer patients (Kaplan-Meier curves). (A) Low expression of
miR-342 was associated with shorter OS time in the subgroup of smokers. (B) High expression of miR-34a was associated with shorter OS time in the subgroup
of patients treated with chemotherapy based on platinum derivatives in combination with gemcitabine. (C) High expression of miR-224 was associated with
shorter OS time in a subgroup of patients who underwent chemotherapy combined with radiotherapy. OS, overall survival; miR, microRNA.
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Figure 3. Kaplan-Meier curves for the overall survival of patients stratified

into four groups according to the expression of miR-224 and -342: Group A, Figure 4. Comparison of survival of two groups of patients created by putting

high miR-224 and -342; group B, high miR-224 and low miR-342; group C,  groups with similar survival from Fig. 3 together (group A and D vs. group B

low miR-224 and high miR-342; and group D, low miR-224 and -342. miR,  and C). Patients with the high expression of both miR-224 and -342 or low

microRNA. expression of both miR-224 and -342 have significantly shorter OS times
than those with the high expression of either miR-224 and -342 and the low
expression of the other. miR, microRNA.

family member 8 expression; the inconsistency of these studies

will be discussed in the following paragraph.

In the present study, low levels of miR-342 indicated a  that miR-342 was capable of indirectly regulating MYC
poorer outcome in patients with a history of smoking, inde-  activity via the direct repression of E2F transcription factor 1.
pendent of treatment modality. Xie ef al (21) demonstrated  Takahashi et al (23) investigated how cigarette smoking altered
that miR-342 was downregulated in NSCLC and acted as a  plasma miRNA profiles; they identified that there was a
tumor suppressor through the repression of RAP2B, member  decrease in plasma miR-342 in subjects who quit smoking,
of RAS oncogene family. Similarly, Tai et al (22) identified = compared with smokers.
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Table I. Analyzed miRNAs and their involvement in pathogenesis and treatment of NSCLC.

miRBase Cat. no. 4427975

Symbol accession no. assay ID Relation to NSCLC (Refs.)

miR-15b MIMAT0000417 000390 Regulates cisplatin resistance and metastasis by targeting 35)
PEBP4 in lung adenocarcinoma cells

miR-21 MIMATO0000076 000397 Regulates NSCLC cell invasion and chemo-sensitivity (36)
through SMAD7

miR-27a MIMATO0000084 000408 Higher expression levels in advanced NSCLC patients (37)
resistant to EGFR-TKI

miR-34a MIMATO0000255 000426 Sensitizes lung cancer cells to cisplatin via p53/miR- (38)
34a/MYCN axis

miR-99a-3p  MIMATO0004511 002141 Promotes proliferation, migration and invasion of (39)
NSCLC cell lines

miR-106a MIMAT0000103 000578 Confers cisplatin resistance in non-small cell lung (40)
cancer A549 cells

miR-107 MIMATO0000104 000443 Regulates cisplatin chemosensitivity of A549 non small cell (41)
lung cancer cell lines by targeting cyclin dependent kinase 8

miR-143 MIMATO0000435 002249 Regulates cell apoptosis in lung cancer by targeting PKCe (42)

miR-150 MIMATO0000451 000473 Downregulation induces cell proliferation inhibition and (43)
apoptosis in NSCLC by targeting BAK1

miR-192 MIMATO0000222 000491 Regulates chemo-resistance of lung adenocarcinoma for (44)
gemcitabine and cisplatin combined therapy by targeting Bcl-2

miR-193a-3p MIMAT0000459 002250 Suppresses the metastasis of NSCLC by downregulating the (45)
ERBB4/PIK3R3/mTOR/S6K?2 signaling pathway

miR-211 MIMATO0000268 000514 Promotes NSCLC proliferation by targeting SRCIN1 (46)

miR-218 MIMATO0000275 000521 Regulates cisplatin chemosensitivity in NSCLC by (47)
targeting RUNX2

miR-221 MIMAT0000278 000524 Overexpressed in aggressive NSCLC and regulates TRAIL (48)
resistance through PTEN and TIMP3

miR-224 MIMATO0000281 002099 Is implicated in lung cancer pathogenesis through targeting (19)
caspase-3 and caspase-7

miR-342-3p  MIMAT0000753 002260 Suppresses proliferation and invasion of NSCLC by (21)
targeting RAPB2

miR-375 MIMATO0000728 000564 Predictive for response for non-small cell lung cancer (49)
treated with cisplatin-vinorelbine A

RNU6B - 001093 Reference gene (50)

miR/miRNA, microRNA; NSCLC, non-small cell lung cancer.

subgroups of patients with different chemotherapy regimens
(Fig. 1B).

Association of miRNA expression with OS time. The Cox
regression hazard model was used to determine the association
between the levels of miRNA expression with OS time. From
the 17 miRNAs of interest, in the subgroup of smokers, the low
expression of miR-342 (P=0.0500) and high expression level of
miR-34a and miR-224 (P=0.0338 and P=0.0400, respectively)
were associated with a shorter OS time. High expression
levels of miR-34a were associated with shorter OS time in
the subgroup of patients treated with platinum derivate-based
chemotherapy in combination with gemcitabine (P=0.0364).
High expression levels of miR-224 were associated with
shorter OS time in the subgroup of patients who underwent
chemotherapy combined with radiotherapy (P=0.0250).

For the statistically significant miRNA markers, optimal
cut-off values were identified and Kaplan-Meier survival
distribution functions for OS were generated. Statistically
significant differences in OS time between subgroups with
marker expression levels below and above the cut-off value
were obtained for miR-342 in the subgroup of smokers
(P=0.0243; Fig. 2A), miR-34a in a subgroup of patients that
were treated with gemcitabine in chemotherapy regimen
(P=0.0239; Fig. 2B) and miR-224 in the subgroup of patients
that underwent chemotherapy combined with radiotherapy
(P=0.0093; Fig. 2C). Statistical values obtained from the
Kaplan-Meier analyses are summarized in Table III.

miRNAs associated with OS (miR-34a, -224 and -342)
were the subject of the subsequent cluster analysis. Pairs of
these miRNAs (miR-34a and -224, miR-34a and -342, and
miR-224 and -342) were analyzed for their association with
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Table II. Clinicopathological characteristics of patients with
squamous cell carcinoma of the lung (n=81).

Characteristic Patients, n (%)
Sex
Male 74 (914)
Female 7 (8.6)
Age, years
<55 11 (13.6)
55-65 41 (50.6)
>65 29 (35.8)
Smoking status
Non-smoker 0 (0)
Ex-smoker 42 (51.9)
Smoker 39 (48.1)
Clinical stage
3B 42 (51.9)
4 39 (48.1)
Eastern Cooperative Oncology
Group performance status
0 2(2.5)
1 58 (71.6)
2 18 (22.2)
3 3(3.7)
Radiotherapy
Yes 25 (30.9)
No 56 (69.1)
Chemotherapy
Paclitaxel and carboplatin 3543.2)
Gemcitabine and cisplatin 46 (56.8)

OS time. For each pair of miRNAs, patients were strati-
fied into groups according to the miRNA expression being
above (high) or below (low) the cut-off value: Group A (high
miR-224 and high miR-342); group B (high miR-224 and
low miR-342); group C (low miR-224 and high miR-342);
and group D (low miR-224 and low miR-342). Initially,
the cut-off value obtained from univariate analysis was
used also for cluster analysis; however, this led to a highly
disproportional distribution of patients among subgroups.
Therefore, a median was used as a cut off value for cluster
analysis.

Fig. 3 demonstrates the Kaplan-Meier survival distribu-
tion functions of patients stratified into groups according to
the expression of miR-224 and miR-342. There are two pairs
of groups with similar OS distributions; Fig. 4 includes a
comparison of the OS of two groups of patients created by
combining the groups from Fig. 3 with similar survival
outcomes (group A/D vs. group B/C). There was a significant
difference in survival between these groups (P=0.0018), as
detailed in Table I'V. The same approach was used to analyze
the other pairs of miRNAs; however, no significance was
identified. All three miRNAs were analyzed together in the
same manner (miR-34a, -224 and -342). Patterns of expression

associating patients with significantly shorter survival times
were identified (Fig. 5; Table IV).

Identification of potential target genes for miR-34a, -224
and -342. Using DIANA-TarBase v7.0 and DIANA-miRPath
v3.0 bioinformatic tools (11,12), 6 overlapping target genes
with P<0.05 were identified between miR-34a, -224 and -342.
These genes, including GNAS complex locus (GNAS), insulin
like growth factor 1 receptor (IGF1R), cyclin D1 (CCND1),
cyclin G2 (CCNG2), serpin family E member 1 (SERPINEI)
and ribonucleotide reductase regulatory subunit M2 (RRM2),
are associated with cell cycle regulation, p53 signaling and
DNA repair.

Discussion

miRNAs may have the potential to become accurate, easily
measurable biomarkers, with features convenient for diagnostic
testing methods, including stability in FFPE tissue blocks,
blood, and potentially, other bodily fluids (16). The present
study focused on patients with the NSCLC SCC subtype with
an advanced-stage SCC. The included patients were unable to
undergo surgical resection and received palliative treatment
only. For these patients, there were multiple treatment modali-
ties. The main clinical concern in such cases is deciding which
therapeutic regimen is indicated. However, in the group of
patients in the present study, it was only possible to analyze
the potential predictors for the treatment response to platinum
base derivatives in combination with either paclitaxel or
gemcitabine, with or without the application of radiotherapy.

Initially, the present study focused on a univariate analysis
of the association between miRNA expression and OS time.
Subsequently, a multivariate analysis was performed that
included the miRNAs that had been identified to exhibit asso-
ciations with OS. On the basis of the results of the present
study, we hypothesize that the effect of a single miRNA may
depend on the level of expression of other members of the
miRNA network, to be further discussed.

Higher levels of miR-224 indicated shorter OS times for
patients with chemotherapy combined with radiotherapy in the
present study. Cui et al (17) reported that miR-224 expression
was significantly upregulated in NSCLC tissues and suggested
it performed its oncogenic role in lung cancer pathogenesis
through targeting caspase-3 and -7. Wang et al (18) identified
through microarray analysis that miR-224 expression was
upregulated in cisplatin-resistant cell lines, and demonstrated
that miR-224 could promote cisplatin resistance via regulating
the G,/S cell cycle transition and apoptosis by targeting p21.
These findings indicated the association of miR-224 with
the effect of chemotherapy based on DNA damage, and its
potential as a predictor for the response to treatment. However,
Zhu et al (19) reported that miR-224 expression levels were
downregulated in NSCLC compared with non-cancerous lung
tissue. These authors also observed that decreased miR-224
expression was significantly associated with lymph node metas-
tasis, an advanced tumor-node-metastasis stage and a reduced
OS time (19). Furthermore, Wang et al (20) recently identified
that miR-224 was significantly upregulated in NSCLC tissues
and hypothesized that miR-224 expression promotes NSCLC
cell proliferation by downregulating Ras association domain
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Table III. Association between the level of miRs and overall survival time as determined by Kaplan-Meier estimation.

Below cut-off Above cut-off

Patient group Treatment Marker  Patients,n  Cut-off n  Median,days n Median,days P-value
Smokers only ~ Chemotherapy miR-342 36 2447 32 298 4 748 0.0243
Smokers and Gemcitabine miR-34a 41 5.285 36 313 5 181 0.0239
ex-smokers and cisplatin
Smokers and Chemotherapy miR-224 25 0.793 17 462 8 262 0.0093
ex-smokers and radiotherapy
miR, microRNA.
Table IV. Association between combinations of miRs and OS (Kaplan-Meier estimation).
Expression pattern Patients, n Median OS, days
miR-342 and -224

High miR-224 and -342, or low miR-224 and -342 48 267

High miR-224 and low miR-342, or low miR-224 and high miR-342 30 432
miR-342, -224 and -34a

High miR-224, -342 and -34a, or low miR-224, -342 and -34a 39 250

Other combinations 35 451

OS, overall survival; miR, microRNA.
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Figure 5. Comparison of the OS of two groups of patients based on patterns
of miR-224, -342 and -34a expression. Patients with the high or low expres-
sion of all three miRs exhibit a significantly shorter OS time than those
with other combinations of miR-224, -342 and -34a expression. OS, overall
survival; miR, microRNA.

miR-34a is a member of the miR-34 family that is
associated with the p53 pathway, and is implicated in cell
death/survival signaling (24). The miR-34 family is transcrip-
tionally activated by p53; in turn, p53 is a direct miR-34a
target. However, the effect of miR-34a on p53 depends on the
cellular context (25). miR-34a can have also a positive effect on
p53 transcriptional activity and protein stability by targeting
multiple p53 inhibitor genes (including MDM4, p53 regulator,
sirtuin 1, metastasis associated 1 family member 2, histone
deacetylase 1 and YY1 transcription factor) (26). A previous

study identified that miR-34a inhibits cell proliferation (27).
Expression of the miR-34 family was downregulated in tumor
tissue compared with normal tissue, and low levels of miR-34a
expression were associated with a higher probability of relapse
in surgically resected NSCLC (28). However, higher levels of
circulating miR-34a were observed in patients with NSCLC
compared with healthy controls (29). Higher levels of miR-34a
indicated a shorter OS time in patients receiving palliative
platinum derivate-based chemotherapy in combination with
gemcitabine in the present study.

Multivariate analysis was performed with the miRNAs
(miR-34a,-224 and -342) that were identified as associated with
OS. The most notable finding was that patients with the high
expression of miR-224 and -342 exhibited similar outcomes
to those with low expression of miR-224 and -342, which was
significantly shorter than that of patients with high expression
of either miR-224 or miR-342 and the low expression of the
other (Figs. 3 and 4).

We hypothesize that the effect of a single miRNA is
dependent on the level of expression of the other members of
the miRNA network. It has been established that an miRNA
can have a predominantly oncogenic role in one type of cancer
and a tumor suppressive role in another; for instance, miR-224
was identified to be a tumor suppressor in prostate cancer (30),
whereas in other types of malignancy, including gastric (11,31)
and colorectal cancer (32), an oncogenic role for miR-224 was
described. The ambiguous role of miR-224 was also observed
within the SCC histological subtype of NSCLC in the present
study. Tumor progression occurs as a result of the dysregulation
of a number of protein-coding genes and epigenetic processes,
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including the deregulation of a number of miRNAs. Therefore,
to understand the role of one particular miRNA, it is necessary
to determine the levels of the other ‘co-players’. In the present
study, OS time was influenced by the mutual association of
miR-224 and -342. The high level of miR-224 can be associ-
ated with adverse or favorable outcomes, depending on the
simultaneous level of miR-342. These findings could explain
the inconsistent results of previously published studies on
miR-224 expression in NSCLC. In 2014, Zhu et al (19) reported
that miR-224 was significantly downregulated in NSCLC and
that a decrease in miR-224 expression was significantly associ-
ated with shorter OS time (19). Also in NSCLC, Cui et al (33)
identified that miR-224 was significantly upregulated, with the
increased expression of miR-224 promoting cell migration,
invasion, and proliferation. As aforementioned, the present
study also identified that the high expression levels of miR-224
were associated with shorter OS time in one subgroup of
patients, specifically those who underwent chemotherapy
combined with radiotherapy.

Using bioinformatic tools, the present study identified over-
lapping experimentally validated target genes for miR-34a,
-224 and -342. Notably, all overlapping target genes identi-
fied in the present study (GNAS, IGFIR, CCNDI1, CCNG2,
SERPINEI, and RRM?2) are involved in processes associated
with carcinogenesis, including cell cycle regulation, p53
signaling and DNA repair. This may explain the complicated
mutual dependency of those miRNAs in relation to tumor
progression and the effectiveness of treatment. We hypothesize
that these molecules could be involved in competing endog-
enous RNA crosstalk, where RNA transcripts co-regulate
each other by competing for shared miRNAs, thereby titrating
miRNA availability (34). However, one limitation of the
present study is the absence of immunoprecipitation data
and reporter assays, which are methods that may confirm the
interactions among the set of 3 miRNAs and 6 target genes.
Nevertheless, the results of the present study may provide a
stimulus for further research in this area.

With cluster analysis, novel associations between miR-34a,
-224 and -342 that affected patient survival time were identified
in the present study. The result may demonstrate that the effort
to find a particular miRNA as a perfect marker for a particular
event may be fruitless due to the complex interactions between
RNA transcripts. In order to understand all aspects of the effect
of miRNAs on the regulation of gene expression in cancer and
their associations with phenotype and treatment outcome,
miRNA profiling and deep bioinformatic analysis will be
necessary. Only this approach can facilitate the future applica-
tion of miRNAs in clinical practice. miRNAs can generally
be assessed with more precision and ease than the mRNAs of
coding genes, as miRNA analysis is less demanding in terms of
the quality and quantity of isolated RNA, features that may be
problematic in RNA samples extracted from FFPE tissue (16).
FFPE tissue samples are routinely taken and analyzed during
standard lung cancer management, which is why miRNAs may
become clinically applicable predictors of the effectiveness of
palliative treatment in patients with lung cancer. Nevertheless,
the findings of the present study demonstrated that, due to
the complex network of interactions, this objective could be
achieved by combining more markers together rather than by
using individual miRNAs. On the basis of the results of the

current study, miR-224, -342 and -34a could be members of
this panel of predictors of treatment efficacy.
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Souhrn

Uvod: Cllem prace je porovnéni senzitivity detekce mikrometastdz v hilovych a mediastinalnich lymfatickych uzlindch primarnich (nemalobunéé-
nych) a sekundérnich (metastazy kolorektalniho karcinomu) nadord plic pomoci standardniho histopatelogického wysetfeni v barveni hematoxy-
lin-eosin, imunchistochemického vysetfeni s protilatkou proti cytokeratinu 19 a metedou One-Step Nucleic Acid Amplification.

Metoda: Pfi radikéIni chirurgické lé€bé nemalobunéénych primarnich plicnich karcinomi a metastaz kolorektalniho karcinomu byly u 100 pacientd
zafazenych do studie v obdobi 2015-2017 podle standardniho schématu odebréany hilové a mediastinalni lymfatické uzliny. Tyto uzliny pak byly
v podélné ose déleny na 4 stejné Easti, pfifemz &ast prvni a tieti zleva byla uréena k vydetfeni metodou One-Step Nucleic Acid Amplification, &dst
druha a tvrtd k histologickému vysetieni. Pfi histologickém vySetfeni byly pfisluiné éasti uzlin nejprve vyietfeny standardnim postupem v barveni
hematoxylin-eosin a nasledné pak i imunchistochemicky s protilatkou proti cytokeratinu 19. Metoda One-Step Nucleic Acid Amplification byla
provadéna soupravou firmy Sysmex (Kobe, Japonsko), jejim principem je detekce mRNA (messenger ribonucleic acid) cytokeratinu 19 reverzni
transkripci spojenou s izotermickou amplifikaci.

Wsledky: Celkem bylo nemocnym zafazenym do studie odebréne a uvedenou metodikou vysetfeno 1426 lymfatickych uzlin. Shedné vysledky
vysetfeni hematoxylinem-eosinem, imunohistochemii s protildtkou proti cytokeratinu 19 a One-Step Nucleic Acid Amplification byly zaznamenany
u 78 nemocnych (78 %). Mikrometastéazy v lymfatickych uzlinach byly metodou One-Step Nucleic Acid Amplification pfi negativité ostatnich metod
prokazdny u 16 pacientd (16 %). Pouze ve 3 pfipadech (3 %) bylo vy3etfeni hematoxylinem-eosinem, resp. imunchistochemii s protildtkou proti
cytokeratinu 19 pozitivni pfi negativité metody One-Step Nucleic Acid Amplification. Vysledky imunchistochemie s protildtkou proti cytokeratinu
19 prakticky pfesné kopirovaly vysledky vySetfeni hematoxylinem-eosinem (97 %).

Zdvér:Vysledky studie prokazaly vy3si procento detekovanych mikrometastaz v hilowvych a mediastinalnich lymfatickych uzlinich pfi vyietfeni me-
todou One-Step Nucleic Acid Amplification ve srovnani s hematoxylinem-eosinem a imunchistechemii s protilatkou proti cytokeratinu 19 (upsta-
ging 16 %). Ukazuje se tak, ze vy3etieni lymfatickych uzlin pomoci metody One-Step Nucleic Acid Amplification miZe mit urcity potencidl zpfesnit
staging plicnich nddord, naopak imunohistochemie s protilatkou proti cytokeratinu 19 zmény stagingu téméf nepfinasi. Je viak nezbytné potvrdit
tento pfedpoklad v dal3ich studiich, resp. na vétiim souberu nemocnych. Daldim dkolem je také peclivym sledovénim nemacnych zjistit souvislost
mikrometastdz detekovanych v lymfatickych uzlindch metodou One-Step Nucleic Acid Amplification s jejich follow-up.

Kli¢ovd slova: karcinom plic - lymfatické uzliny - H&E - IHC CK19 - OSNA

Summary

Can the One-Step Nucleic Acid Amplification method of lymph nodes examination make
the staging of pulmonary tumours more precise?

J.Vodicka, S. Vejvodova, M.Pesta, P. Mukensnabl, V. Spidlen,V. Kulda, K. Houfkova, O. Topolcan

Introduction: The aim of this article is to compare the sensitivity of detecting micrometastases in hilar and mediastinal lymph nodes in case of
primary (non-small cell) and secondary (metastases of colorectal carcinoma) pulmonary tumours using standard histopathological examination
with haematoxylin-eosin staining, immunochistochemistry examination with Anti-Cytokeratin 19 antibody and examination based on the One-Step
Nucleic Acid Amplification method.

Method: During radical surgical treatment of primary non-small cell lung carcinoma and pulmenary metastases of colorectal carcinoma, hilar and
mediastinal lymph nodes of 100 patients enrolled in the study in the period from 2015 to 2017 were extracted based on a standard classification.
These lymph nedeswere subsequently divided along the longitudinal axis into 4 identical parts where part one and three on the left were intended
for examination based on the One-Step Nucleic Acid Amplification method, whereas parts two and four were subjected to histopathological exam-
ination. In evaluating the respective parts of the nodes by histological examination, the nodes were first examined by a standard procedure that
involves haematoxylin-eosin staining, followed by immunohistochemistry examination with Anti-Cytokeratin 19 antibedy. The One-Step Nucleic
Acid Amplification method was performed in the kit supplied by Sysmex (Kobe, Japan) and is based on the detection of cytokeratin 19 mRNA
(messenger ribonucleic acid) by reverse transcription coupled with isothermal amplification.

Results: A total of 1,426 lymph nodes of the patients enrolled in the study were extracted and examined using the above mentioned methodology.
In 78 patients (78%), identical results were obtained using haematoxylin-eosin staining, immunohistochemistry with Anti-Cytokeratin 19 and One-
Step Nucleic Acid Amplification. Micrometastases in the lymph nodes using the One-Step Nucleic Acid Amplification method inthe absence of the
other methods were proven in 16 patients (16%). Only in 3 cases (3%), the examination by haematoxylin-eosin staining, or immunochistochemistry
with Anti-Cytokeratin 19, was positive while One-Step Nucleic Acid Amplification was negative. The results obtained by immunohistochemistry
with Anti-Cytokeratin 19 antibody were practically the same as those obtained by haematoxylin-eosin staining (97%).
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Conclusion: The results of the study have demonstrated a higher percentage of metastases detected in hilar and mediastinal lymph nedes if the
One-Step Nucleic Acid Amplification method of examination was used compared to haematoxylin-eosin staining and immunohistochemistry with
Anti-Cytokeratin 19 antibody (upstaging in 16%). This shows that the examination of lymph nodes using the One-Step Nucleic Acid Amplification
method can have a certain potential to make the pulmenary tumours staging more accurate. On the other hand, immunohistochemistry with Anti-
Cytokeratin 19 antibody seems to be not so useful. However, it is necessary to prove this hypothesis in follow-up studies, or where applicable, in
a larger cohort of patients. Another task is to ascertain, by careful patient monitering, the influence of the micrometastases detected in their lymph
nodes using the One-Step Nucleic Acid Amplification method on these patients’ follow-up.

Key words: lung cancer - lymph nodes - H&E - IHC CK19 - O5SNA assay
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Detekce nadorovych bunék v hilovych a mediastinal-
nich lymfatickych uzlinach (LU) u nemocnych s primar-
nimi a sekundarnimi nadory plic je v soucasné dobé
limitovana moznostmi standardnich histopatologic-
kych metod. Moznymi cestami zvyseni detekce mikro-
metastaz v regionalnich LU mohou byt jednak prikaz
nadorovych bunék imunohistochemickym vysetfenim
s protilatkou proti cytokeratinu 19 (IHC CK19), jednak
molekularné genetickd metoda OSNA (One-Step Nuc-
leic Acid Amplification), kterd detekuje mRNA CK19
(messenger ribonucleic acid cytokeratinu 19). Cytoke-
ratin 19 (CK19) je intermedialni filamentum cytoskeletu
epitelidinich bunék, které je pfitomno jak v normalnich
epitelidinich bunkach, tak v bunkach epitelialnich tu-
mortl a jejich metastaz, nikoli ale v LU. Prikaz CK19
nebo mRNA pro CK19 v LU je tak ukazatelem jejich me-
tastatického postizeni nadorovymi burikami epitelial-
niho pavodu [1-3].

Hlavnim cilem niZe prezentované prospektivni stu-
die bylo ovéfeni moznosti zpfesnéni patologické TNM
(PTNM) klasifikace primarnich a sekundédrnich plicnich
nadorG senzitivnéjsi detekci mikrometastaz v LU pro-
strednictvim IHC CK19 a metody OSNA ve srovnani
se standardnim histopatologickym vysetfenim hema-
toxylinem-eosinem (H&E).

METODA

Soubor pacientu

Do prospektivni studie probihajici v obdobi let 2015
a7 2017 byli zafazeni pacienti s operabilnim nemalobu-
néénym plicnim karcinomem (NSCLC) a plicnimi me-
tastazami kolorektalniho karcinomu, tj. s nadory, u kte-
rych jiz byla prokézéana exprese CK19 [1]. Soubor, jehoz
bliz3i charakteristiky uvadi Tab. 1, tvofilo 100 pacientd.

Operacni postup

Operacnim pfistupem byla vidy posterolateralni
torakotomie. Rozsah vykonu se odvijel od typu na-
doru, jeho velikosti a lokalizace a v pfipadé metastaz
i od jejich poctu. Pfi NSCLC byla standardnim vyko-
nem anatomicka plicni resekce v rozsahu lobektomie,
bilobektomie ¢i pneumonektomie. Plicni metastazy
byly edstranovany bud klinovitou resekci (na svor-
ce, staplerem), nebo precizni laserovou excizi pomoci
Nd:YAG laseru MY 40 1.3 o vinové délce laserového pa-
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prsku 1318 nm. Nedilnou soucasti kazdé operace byla
systematicka hilova a mediastinalni lymfadenektomie
(SMLA) podle zavedeného schématu The International
Association for the Study of Lung Cancer (IASLC) z roku
2009 [4].

Zpracovdni lymfatickych uzlin

LU byly ihned po odebréani v podélné ose déleny na
4 stejné Casti, pficemz ¢ast prvni a tieti zleva byly ur-
ceny k vysetieni metodou OSNA, ¢ast druhd a ctvrtd
kH&E, resp. IHC CK19.Velmi malé LU byly v podélné ose
pouze plleny, jedna polovina analogicky pfipadla k vy-
setfeni metodou OSNA, druha k H&E, resp. IHC CK19.
Déleni vysetfovanych LU je standardnim postupem a je
dano technologii zpracovani LU pro jednotliva vyset-
feni, kdy vysetieni jednou metodou vylucuje jejich na-

Tab.1: Charakteristiky souboru
Tab.1: Patientcharacteristics

E

[Poblavi |
s s
625
Wysvétlivka: NSCLC - nemalobunéény plicni karcinom
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sledné pouZiti pro metodu druhou [5,6-9]. Z metodic-
kych davodi byly ¢asti LU urcené k vysetfeni metodou
OSNA slouceny vidy v ramci jedné uzlinové zény (dle
schématu IASLC 2009) do jednoho vysetieni.

Histopatologické a imunohistochemické vysetieni

Pii histopatologickém vysetfeni byly z pfislusnych
¢asti LU pfipraveny standardnim zplsobem tkanové
blocky, z nichz se pak zhotovily 3—4 pm tenké histolo-
gické fezy, které se nasledné obarvily zakladnim histo-
logickym barvenim hematoxylin-eosin. Takto pfiprave-
né fezy pak byly hodnoceny mikroskopicky. Po prove-
deni tohoto zakladniho histopatologického vysetfeni
byly vzorky vy$etfeny imunohistochemicky s protilat-
kou CK19.

Metoda OSNA

Pii vysetfeni metodou OSNA byly pfisluiné ¢asti LU
zpracovany v nékolika krocich podle pokynd vyrobce
diagnostické soupravy LYNOAMP BC OSNA (Sysmex,
Kobe, Japonsko). Vlastni stanoveni pfitomnosti mRNA
CK19, resp. poctu jejich kopii, jakozto markeru epiteli-
alnich bunék, bylo provedeno v pfistroji RD100i. Detek-
ce mRNA CK19 spotivd v soucasné reverzni transkripci
(RT) a amplifikaci pomoci 3 parG primerd pfi teploté
65 °C metodou LAMP (Loop Mediated Isothermal Am-
plification). Kazda analyza skupiny LU obsahovala ma-
ximalné 600 mg tkané. V piipadé vétéi hmotnosti byla
tkan LU rozdélena na vzorky do 600 mg. Primérna
hmotnost analyzované skupiny LU byla 310 mg, nej-
mensi LU vazila 20 mg, nejtézsi 4,46 g a byla rozdéle-
na na ¢asti o hmotnosti do 600 mg. Uvedeny postup
respektuje firemni manual LYNOAMP BC OSNA. Dia-
gnosticka souprava obsahuje pro kazdy test pozitivni
a negativni kontrolu, ma certifikaci in vitro diagnostic-
kych prostfedka (IVD). Vysledek reakce umoziuje uréit
nepfitomnost nadorovych bunék (cut off <250 kopii
mRNA CK19/ul), pfitomnost mikrometastazy (cut off
250-5000 kopii mRNA CK19/ul) nebo makrometasta-
zy (cut off >5000 kopii mRNA CK19/ul). Hodnoty cut

Graf1: Porovnani shody vysledkd vyset-
feni pacienti metodami H&E, IHC CK19
a OSNA pomoci Vennovych diagrami

Graph 1: Comparison of identical examina-
tion results of patients using the H&E, IHC
CK19 and OSNA methods by Venn diagrams

H&E, IHC CK19 a OSNA
negativni

(59 %)

off byly stanoveny dle firemniho manualu LYNOAMP
BC OSNA a byly pouzity v predchozich studiich de-
tekce nadorovych bunék v LU pacientl s nadory plic
(5,7,10-12].

Statistickd analyza

Zakladni deskriptivni statistika byla provedena na
zakladé klinicko-patologickych dat pacient, ktefi sou-
hlasili se vstupem do studie. Pro porovnani metod byly
pouzity Vennovy diagramy.

VYSLEDKY

Celkem bylo pfi 100 radikalnich operacich odebrano
béhem SMLA 1426 LU pii praméru 14,3 LU na osobu
(5-32 LU). Shodnych vysledkd vysetfeni LU metodami
H&E, IHC CK19 a OSNA bylo v nasem souboru dosa-
Zeno u 78 osob (78 %), z toho negativnich u 59 osob,
pozitivnich ve smyslu metastatického postizeni LU
u 19 osob. Zaznamenali jsme 16 pfipadd (16 %) po-
zitivnich nalez( pfi vysetfeni metodou OSNA, které
byly H&E i IHC CK19 negativni. Ve 3 piipadech (3 %)
byla vyietfeni H&E a IHC CK19 pozitivni pii negativité
metody OSNA. Shodné po jednom pfipadu (vzdy 1 %)
jsme zaznamenali negativni vysledek vysetfeni H&E
pii pozitivité IHC CK19 a OSNA, negativni vysledek
IHC CK19 pii pozitivité vysetfeni H&E a OSNA a pozi-
tivni vysledek IHC CK19 pfi negativité vysetieni H&E
a OSNA (Graf 1).

Ve skupiné NSCLC (80 osob) bylo shody mezi vy-
Setfenimi H&E, IHC CK19 a OSNA dosazeno u 61 pa-
cientd (76,3 %), negativni u 43 osob, pozitivni u 18
osob. Pozitivnich ndlezi metodou OSNA pfi negati-
vité vysetieni H&E, resp. IHC CK19 bylo 13 (16,3 %).
Tii pFipady (3,8 %) byly H&E i IHC CK19 pozitivni pFi
negativité metody OSNA. Shodné po jednom piipa-
du (vzdy 1,3 %) jsme zaznamenali negativni vysledek
vysetieni H&E pfi pozitivité IHC CK19 a OSNA, nega-
tivni vysledek IHC CK19 pfi pozitivité vysetfeni H&E

IHC CK18 pozitivni

H&E pozitivni

‘OSNA pozitivni

Wysvétlivky: H&E - hematoxylin-eosin; IHC CK19 - imunohistochemické vysetieni s protildtkou
proti cytokeratinu 19; OSNA - One-Step Nucleic Acid Amplification
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Tab. 2:
Tab. 2:

Zmény pTNM stagingu v zavislosti na vysledcich vysetfeni H&E, IHC CK19 a OSNA
Changes in the pTNM staging depending on H&E, IHC CK19 and OSNA results

Croossy | omeost |

Shoda H&E, IHC CK19 a OSNA 78(78 %)
Rozdily mezi H&E, IHC CK19 a OSNA 22 (22 %)

T1aNo 1A T1aNO 1A TlaN2
T1bNO 1A T1bNO 1A T1bN1
T1bNO 1A T1bNO 1A T1bN2
T2aNo 1B T2aNO 1B T2aN1
T2aNo 1B T2aNO 1B T2aN2
TilaN1 A T1aN1 A T1aNo
Tl1aN2 HIA T1aN2 1A T1aNo
T2aN2 HIA T2aN2 1A T2aNo
T1bNO 1A T1bN2 1A T1bNO
T3N2 1A T3NO B T3N2
T2aNo 1B T2aN1 lIA T2aN1
NO = NO = N1
NO = NO = N2

| Hee | mcokas | osva |
-“m““

1A 2

1A 4

HIA 1 Vyisi stadium dle OSNA

1A 2

1A 4

1A 1

1A 1 Niz3i stadium dle OSNA

1B 1

1A 1 Vyssi stadium dle IHC CK19

1A 1 Niz3i stadium dle IHC CK19
1A 1 Vyssi stadium dle IHC CK19 a OSNA
= 2

- N pozitivni status dle OSNA

Vysvétlivky: NSCLC - nemalobunécny plicni karcinom; H&E - hematoxylin-eosin; IHC CK19 - imunohistochemické vysetfeni s protildtkou proti cytokerati-
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a OSNA a pozitivni vysledek IHC CK19 pfi negativité
vysetfeni H&E a OSNA.

Ve skupiné plicnich metastaz (20 osob) bylo shody
mezi vysetfenimi H&E, IHC CK19 a OSNA dosazeno
u 17 pacientl (85 %), negativni u 16 osob, pozitivni
u 1 osoby. Pozitivni nalezy metodou OSNA pfi negativi-
té vysetieni H&E a IHC CK19 byly 3 (15 %).

Z 16 pfipadd pozitivnich nalezd metodou OSNA pii
H&E, resp. IHC CK19 negativité se jednalo o 13 pfipa-
d NSCLC a 3 piipady plicnich metastaz kolorektdlniho
karcinomu. V 8 pfipadech méli tito nemocni nadoro-
vou diseminaci postizeny LU etaze N1, v 5 pfipadech
etaze N2 a ve 3 piipadech etaze N1 i N2. Ve 13 pfipa-
dech se jednalo o ndlez mikrometastazy v LU, ve dvou
piipadech makrometastazy a v jednom pfipadé jak mi-
krometastazy, tak makrometastazy.

Dopad neshod detekce nadorovych bunék v LU me-
todami H&E, IHC CK19 a OSNA na pTNM staging uka-
zuje Tab. 2.

DISKUZE

Doporucené postupy pro lé¢bu jak primarnich, tak
sekundarnich plicnich nadorG se odvijeji nejen od
morfologické diagnozy nadoru, ale i od klinického sta-
dia nemoci. Zasadni je proto co nejpiesnéjsi urceni sta-
dia onemocnéni podle TNM klasifikace (staging), aby
mobhla byt zvolena nejvhodnéjsi 1é¢ebna strategie [13].
Nedilnou souéasti radikdIni 1écby téchto nadord je tak
nejen jejich chirurgické odstranéni, ale i odbér a na-
sledné vysetieni regiondlnich LU, které ma v procesu
stagingu stézejni roli. Jednou z moznych cest zpfes-
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néni stagingu by mohlo byt rutinni zavedeni metody
OSNA, resp. IHC CK19 do tohoto procesu. V dostup-
nych literdrnich pramenech je pouZiti metody OSNA
v soucasnosti nejvice zminovano v souvislosti s vyset-
fovanim regiondlnich LU u nemocnych s karcinomem
prsu. Podle vétdiny autor poskytuje srovnatelné vy-
sledky se standardnim histopatologickym vysetfenim
(mira shody 94-96 %, senzitivita 88-93 %, specificita
92-96 %) [5-8,10,14]. Studie zabyvajici se touto pro-
blematikou u nemocnych s kolorektalnim karcinomem
piinesly obdobné vysledky (mira shody 96-97 %, sen-
zitivita 86-96 %, specificita 97-100 %) [3,5,15-18]. Ve
prospéch metody hovofi, vedle vysetieni celé homo-
genizované LU vylucujici minuti nadorovych bunék pfi
piipravé histologického fezu, také velmi nizka mira fa-
ledné pozitivity, resp. negativity [5,15,19,23,26,27]. Exi-
stuji ale i studie zpochybnujici pfinos metody OSNA, at
jiz pro nizii presnost ¢i vyssi cenu [20,21].

V piipadé primarnich plicnich nadord jsou dosavad-
ni literarni udaje o aplikaci metody OSNA velmi sporé,
jedna se jen o nékolik recentnich publikaci, problema-
tikou plicnich metastaz se dosud nezabyvala zadna
studie [1,11,12,22]. Masai a kol. sledovali expresi CK19
u primarnich plicnich nadort a plicnich metastaz kar-
cinomu prsu, pficemz CK19 detekovali u 88 % pacien-
td s plicnim karcinomem a u téméf 91 % nemocnych
s metastazami karcinomu prsu. Soucasné prokazali pfi
uzlinové diseminaci zminénych nadort expresi CK19
v takto postizenych LU [1]. Z vysledkl této prace jsme
vychazeli pfi volbé nador(, resp. nemocnych, ktefi byli
predmétem nasi studie. Hayama a kol. srovnavali senzi-
tivitu metod OSNA a H&E pfi vysetiovani LU u primar-
niho plicniho karcinomu. Jejich vysledky odpovidaji
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piedchozim studiim s karcinomem prsu, resp. kolorek-
talnim karcinomem (senzitivita OSNA 100 %, specificita
92 %), vaha této studie je viak podle naseho minéni
znatelné snizena velmi malym poctem vysetienych
osob (20), resp. LU (pouhych 40) [11]. Ponékud vétsi
soubor prezentoval Inoue se spolupracovniky, ktefi
vysetfili 165 LU u 49 nemocnych s rovnéz piiznivymi
vysledky (pozitivni prediktivni hodnota OSNA 95 %, ne-
gativni prediktivni hodnota 99 %, pfesnost 99 %) [12].
Asi dosud nejvétdi soubor vySetifovanych publikovali
Nakagawa a kol., ktefi zkoumali 410 LU u 111 nemoc-
nych s nemalobunéénym plicnim karcinomem. Miru
shody mezi H&E vysetienim a metodou OSNA nalezli
v necelych 93 % s citlivosti pfes 79 % [22]. My jsme, ve
srovnani s témito studiemi, dosahli vyznamné vétiiho
poctu vydetienych LU u 1 pacienta - pramérné 14,3.
Podobné vysokého poctu odebranych LU na 1 pacienta
dosahli z recentnich studiil pouze Croner a kol. a Guller
a kol. (shodné 14) [17,23].

Shodnych vysledkt vysetfeni H&E, HC CK19
a OSNA bylo v nasem souboru dosazeno v 78 % pfipa-
dl (mezi H&E a OSNA v 80 %), coz je sice méné, nez
udavaji nejlepsi vysledky recentnich studii (93-97 %)
[7,15-19,22,24], aviak tento rozdil byl dan vy3sim po-
¢tem OSNA pozitivnich nélezt (16 pfipadd - 16 %)
pii negativité ostatnich metod. Pouze ve 3 pfipadech
(3 %) bylo vysetfeni H&E, resp. IHC CK19 pozitivni pfi
negativité metody OSNA, coZ je procento odpovidaji-
ci Zjisténim ostatnich autord, které si ve shodé s nimi
vysvétlujeme, kromé pochopitelné rizné senzitivity
a specificity pouZitych vydetfovacich metod, také nut-
nym délenim LU [19,22,25].

Vsouladu snélezy Chenaakol., Gillera akol. a dalsich
jsme i v nasem souboru pozorovali vétsi pocet odhale-
nych mikrometastaz metodou OSNA ve srovnani s vy-
setfenim H&E, resp. IHC CK19 [17,19,25-28]. Zde viak
vyvstava otazka stanoveni spravné hodnoty cut off
pro uréeni pfitomnosti mikrometastazy v LU. Naprosta
vétdina véech autort (véetné nds) automaticky pouzivala
hodnotu 250 kopii mRNA CK19/ul, kterou prevzala ze
studii zabyvajicich se diseminaci karcinomu prsu (zde
ma OSNA pozitivni mikrometastaza velikost 0,2-2 mm).
U jinych typt nador( viak mize byt tato hodnota zcela
odlidnd, coz by pochopitelné vyrazné ovlivnilo veskeré
vysledky. Je proto zcela nezbytné provést dalsi, nejlé-
pe multicentrické studie, které by urtily, zda Ize jednu
hodnotu cut off pouzit pro vice typt nador( ¢i nikoli
[5]. Tamaki a kol., Buglioni a kol. a dalsi také poukazuji
na moznou predikci postizeni daldich etazi LU pfi pozi-
tivité vysetfeni metodou OSNA, pficemz riziko tohoto
postizeni stoupa s poctem detekovanych kopii mRNA
CK19 v pozitivni LU [7,10,24,29]. Tomu v zasadé odpo-
vidaji i nase vysledky, kdy z 11 osob s OSNA pozitivni-
miN1 LU mély 3 osoby (27,3 %) pozitivni i N2 LU. Mira
upstagingu 16 % dosaZena v nasem souboru pouZitim
metody OSNA (resp. 17 % pfi zapocteni 1 pfipadu po-
zitivity IHC CK19 a OSNA) odpovida literarnim Gdajim
uvadéjicim rozmezi 2-25 % [17,18,23,30]. Relevantni
otdzkou v této souvislosti viak také je, do jaké miry
ovlivni odhaleni, resp. piitomnost mikrometastaz v LU
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follow-up téchto nemocnych. Souhlasime s Osakou
a kol,, ze toto musi byt piedmétem dalsiho zkoumani,
resp. peclivého sledovéni téchto pacientl [26].

Oproti nasemu ocekavani se ukazalo, ze IHC CK19
nevede k zasadnim zménam stagingu. V celych 97 %
piipadd vysledky IHC CK19 piesné kopirovaly vysledky
vysetfeni H&E. To je v rozporu se zjisténimi Vogelaara
a kol., podle nichz doplnéni IHC CK19 k H&E zvysi sta-
ging o 36 % a pfi kombinaci IHC CK19 a OSNA dokon-
ce 0 46,5 % [30]. Urcity pfinos by snad mohla mit IHC
CK19 alespon v detekci exprese CK19 uréitymi nadory
(LU) pro rozhodnuti o zafazeni metody OSNA do vyset-
fovaciho procesu. Podle Vilardella a kol., resp. Takamo-
ta a kol. mGzZe totiz dojit v disledku pfedchozi onko-
logické lécby k poklesu ¢&i ztraté exprese CK19 nadory
(LU), coz je napi. u karcinomu prsu pomérné casty jev
[31,32]. Nicméné napf. Osako a kol. si mysli, Ze schop-
nost metody OSNA detekovat metastazy v LU neni ani
po piedchozi chemoterapii snizena ve srovnani s H&E
[6]. Pfipadnou ztratu exprese CK19 nadory, resp. LU,
po neoadjuvantni onkologické |é¢bé lze na druhou
stranu vyuZit jinak — pokud exprese CK19 zavisi na zi-
votaschopnosti nddorovych bunék, tak jeji ztrata mze
slouzit jako presnéjsi marker pro posouzeni udinnosti
oné onkologické |é&by, resp. progndzy pacientl pod-
stupujicich neoadjuvantnilécbu [5].

ZAVER

Dosazené vysledky ukazuji, ze vysetfeni LU odebra-
nych pii SMLA béhem radikdlni operace primarnich &i
sekundarnich plicnich nadord pomoci metody OSNA
muze mit, na zakladé senzitivnéjii detekce mikrome-
tastaz v LU, urcity potencial zpfesnit pTNM staging
téchto nadord. Samoziejmé je nezbytné potvrdit tento
piedpoklad v dalsich studiich, resp. na vétéim souboru
nemocnych. Zasadnim ukolem je déle peclivym
sledovanim zjistit souvislost mezi mikrometastazami
v LU detekovanymi metodou OSNA a follow-up ne-
mocnych.

Seznam zkratek

CK19 - cytokeratin 19

H&E - hematoxylin-eosin

IASLC  -The International Association for the Study
of Lung Cancer

IHC CK19 - imunohistochemické vysetieni s protilat-
kou proti cytokeratinu 19

LAMP  -Loop Mediated Isothermal Amplification

LU - lymfatické uzliny

mRNA  -messenger ribonucleic acid

Nd:YAG - Neodymium-doped Yttrium Aluminium
Garnet

NSCLC  -nemalobunéény plicni karcinom

OSNA - One-Step Nucleic Acid Amplification

RT - reverzni transkripce

SMLA  -systematickd hilova a mediastinalni lymfa-
denektomie

TNM - klasifikace malignich nadord
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Abstract: The aim of the study was to compare the prognostic significance of lymph node status
of patients with lung cancer analyzed by three different methods: hematoxylin and eosin (H&E),
immunohistochemistry of cytokeratin 19 (IHC CK19), and One-Step Nucleic Acid Amplification
(OSNA). The clinical relevance of the results was evaluated based on relation to prognosis;
the disease-free interval (DFI) and overall survival (OS) were analyzed. During radical surgical
treatment, a total of 1426 lymph nodes were obtained from 100 patients, creating 472 groups of
nodes (4-5 groups per patient) and examined by H&E, IHC CK19 and OSNA. The median follow-up
was 44 months. Concordant results on the lymph node status of the H&E, IHC CK19 and OSNA
examinations were reported in 78% of patients. We recorded shorter OS in patients with positive
results provided by both OSNA and H&E. The study demonstrated a higher percentage of detected
micrometastases in lymph nodes by the OSNA method. However, the higher sensitivity of the OSNA,
with the cut-off value 250 copies of mRNA of CK19/uL, resulted in a lower association of OSNA
positivity with progress of the disease compared to H&E. Increasing the cut-off to 615 copies resulted
in an increase in concordance between the OSNA and H&E, which means that the higher cut-off is
more relevant in the case of lung tumors.

Keywords: lung cancer; lymph nodes; H&E; IHC CK19; OSNA

1. Introduction

Today, the standard detection of tumor cells in hilar and mediastinal lymph nodes (LNs)
removed during radical surgical treatment of primary and secondary lung tumors is performed

Cells 2020, 9, 2611; d0i:10.3390/cells9122611 www.mdpi.com/journal/cells
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using histopathological methods, i.e., by the microscopic examination of specimens stained using
hematoxylin-eosin (H&E) by pathologists. However, this approach is limited, in particular in the
case of micrometastases, clusters (clusters of tumor cells), or isolated tumor cells, where, according
to certain studies, false negative results of the examination are produced in up to 20% of cases [1].
One of the available methods for the improved detection of micrometastases in regional LNs can be,
based on data provided by recent studies, both the proof of tumor cells by immunohistochemical
examination with an antibody against cytokeratin 19 (IHC CK19), and the molecular genetic method
OSNA (One-Step Nucleic Acid Amplification), which detects CK19 mRNA [2—4]. Although the IHC
CK19 method has been available for a number of years, it has not yet been routinely used for the
histopathological examination of LNs. The molecular genetic method OSNA represents a more recent
approach to the proof of CK19 in LNs, based on detecting CK19 mRNA copies in a given sample by
isothermal amplification (LAMP).

A number of studies comparing the OSNA method with the standard histopathological
examination in patients with breast cancer and/or colorectal carcinoma (CRC) have been published.
The conclusions of these studies presented comparable results (concordance level of 95-97%, OSNA to
H&E sensitivity 86-96%, OSNA to H&E specificity 92-100%) [1,2,4-10]. Recently, there are efforts
to implement LN examination by OSNA method in management of patients with other tumors,
e.g., endometrial cancer [11], gastric cancer [12] or thyroid carcinoma [13,14].

In the case of lung tumors, the OSNA method has been the subject of several studies, the purpose
of which was both to ascertain the presence of CK19 in these tumors and offer a comparison of OSNA
to H&E [3,15-17]. Among them, was also our prospective study commenced in 2015, the purpose of
which was to refine the pathological TNM (pTNM) lymph node staging (NO, N1, N2) of primary and
secondary lung tumors by the more sensitive detection of micrometastases in LNs using the IHC CK19
and the OSNA method compared to the H&E examination, specifically by a thorough analysis of all
intra-operatively removed LNs. In 2018, we published the results of the comparison of the OSNA,
H&E, and IHC CK19 methods, which were based on a set of 64 patients (885 examined nodes) [18].
The results showed a higher percentage of detected micrometastases in hilar and mediastinal lymph
nodes when examined by the OSNA method compared to H&E and IHC CK19 (upstaging by 16%).
In addition, we proposed a method for the clinical application of the OSNA method to lung tumors
based on the pooling of LNs [18].

The aim of the present study was to analyze, by carefully monitoring patients, the relationship
between micrometastases detected in LNs using the OSNA, H&E, and IHC CK19 methods and the
progress of the disease (the median follow-up was 44 months) in a group of 100 patients.

2. Materials and Methods

2.1. Patients

The inclusion of patients with operable non-small cell lung carcinoma (NSCLC) and pulmonary
metastases of colorectal carcinoma in the prospective study was performed in the period of 2015-2017.
The study was approved by the Ethics Committee of the Faculty Hospital in Pilsen (No. 20150604).
All patients provided their informed consent for inclusion in the study. The detailed characteristics of
the group of 100 patients are provided in Table 1 (80 patients with NSCLC) and Table 2 (20 patients
with pulmonary metastases of colorectal carcinoma). In all patients, the primary pulmonary tumor,
or pulmonary metastasis, was radically removed and in all cases a systematic nodal dissection was
executed according to the well-proven scheme of the International Association for the Study of Lung
Cancer (IASLC) of 2009 [19]. The patients’ median follow-up was 44 months.
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Table 1. Characteristics of 80 patients with non-small cell lung carcinoma (NSCLC).

Variables Number of Patients %
Gender

Male 50 62.5
Female 30 37.5

Type of operation
Pneumonectomy 6 7.5
Bi-lobectomy 7 8.8
Lobectomy 67 83.7

Histology of NSCLC
Adenocarcinoma 45 56.3
Squamous cell carcinoma 33 412
Adenosquamous carcinoma 2 2.5
Pathological T status of NSCLC !
Tla 20 25.0
Tlb 22 275
T2a 26 32.5
T2b 6 7.5
T3 5 6.3
T4 1 12
Adjuvant chemotherapy
No 52 65.0
Yes 28 35.0
1 TNM scores for malignant tumors, the 7th edition [15] (valid at the time of the patients’ inclusion in the study,

2015-2017).

Table 2. Characteristics of 20 patients with pulmonary metastases of colorectal carcinoma.

Variables Number of Patients %
Gender
Male 13 65.0
Female 7 35.0
Adjuvant chemotherapy
no 12 60.0
yes 8 40.0

2.2. Examination of Lymph Nodes

During the surgery of 100 patients, a total of 1426 lymph nodes were removed, with the average
value being 14.3 LNs/person (5-32 LNs). Each LN was dissected into four parts, whereby parts one and
three were examined using the H&E and IHC CK19 method, and parts two and four were examined
using the OSNA assay. For methodological reasons, parts of LNs for OSNA method (Sysmex, Kobe,
Japan) were pooled into 3-5 groups of LNs within the framework of one nodal zone based on the
IASLC LN classification developed from the Mountain—Dresler classification [19] creating 472 groups
in total. On the basis of the results on groups of nodes, we obtained lymph node staging for a patient
(NO, N1, N2).

The removal of lymph nodes, the scheme for dissecting and pooling, as well as the histopathological
and immunohistochemical examinations, CK19 detection and the OSNA method, are described in
detail in our previous article [18].

Briefly, LNs of one group were homogenized and lysed according to the manufacturer’s instructions.
Determination was performed using the diagnostic kit LYNOAMP BC OSNA (Sysmex, Kobe, Japan).
Determination of the presence of mRNA CK19, as the marker of epithelial cells, was executed using
the RD100i instrument (Sysmex, Kobe, Japan). The net time of amplification reaction is 16 minutes,
up to four groups of pooled lymph nodes can be analyzed in parallel. The cut-off values for the
OSNA method were determined as specified in the LYNOAMP BC OSNA manufacturer’s manual
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and were used in the previous studies of tumor cells in LNs in patients with lung cancer (absence of
tumor cells—cut-off value < 250 copies of mRNA of CK19/uL, presence of a micrometastasis—cut-off
value ranging from 250 to 5000 copies of mRNA of CK19/uL, presence of a macrometastasis—cut-off
value > 5000 copies of mRNA of CK19/uL) [2,3,15,20,21].

2.3. Statistical Analysis

The statistical analysis was calculated using the SAS software (SAS Institute Inc., Cary, NC, USA).
Essential descriptive statistics for all variables of interest were prepared based on the clinical and
pathological data of the patients. Categorical variables were reported as absolute and percentage
values. Venn diagrams were used for comparing the results of H&E, IHC CK19 and OSNA method.
Kaplan-Meier survival curves for overall survival (OS) and disease-free interval (DFI) were generated
to compare prognostic significance of results obtained by H&E and OSNA method. The statistical
significance of differences in CK19 mRNA copies assessed by OSNA between H&E-positive and
Hé&E-negative samples was calculated using t test for independent samples. The statistical significance
level was determined at the alpha limit = 5%.

3. Results

3.1. Concordance among H&E, IHC CK19 and OSNA for Groups of LNs

The concordance of the H&E, IHC CK19 and OSNA examinations was evaluated in 472 groups
of lymph nodes. Full concordance of the three methods was recorded in 432 groups of lymph nodes
(91.5%), 400 groups of lymph nodes were concordantly negative, and 32 groups of lymph nodes were
concordantly positive, see Figure la.

(a) IHC CK19 positive (b) IHC CK19 positive

H&E, IHC CK19 and OSNA
negative

H&E, IHC CK19 and OSNA
negative

400
(84.7 %) s
I 1
L 02% 1 %)
\

H&E positive OSNA positive H&E positive OSNA positive

Figure 1. Comparison of examination results for the presence of tumor cells using the H&E, IHC CK19
and OSNA methods by Venn diagrams. (a) Groups of lymph nodes; (b) patients.

3.2. Concordance among H&E, IHC CK19 and OSNA for Individual Patients

After evaluating the groups of lymph nodes for a given patient (in each patient, 3-5 groups of
lymph nodes were evaluated), concordance was recorded in 78 patients (78%), of whom 59 patients
had all examined LNs concordantly negative and 19 patients concordantly positive. Micrometastases
in the lymph nodes were detected in 16 patients (16%) by the OSNA method, with negative results for
the other methods. In three cases (3%), the H&E and IHC CK19 examinations were positive while the
OSNA method produced negative results, see Figure 1b.

3.3. Comparison of Prognostic Significance of H&E and OSNA

The clinical significance of the presence of tumor cells in lymph nodes determined by the H&E
and OSNA methods was evaluated by analyzing the relation to DFI and OS. The Kaplan-Meier curves
comparing NSCLC patients with positive and negative LNs detected concordantly by the H&E and
OSNA methods are provided in Figure 2a,b. Survival analysis of patients with pulmonary metastases
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concordantly analyzed by both methods is shown in Figure 2e f. The Kaplan-Meier curves show that
patients with positive LNs have a shorter OS.
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Figure 2. Kaplan-Meier survival distribution functions of patients stratified according to lymph node
status (result of method negative: —, result of method positive: +). (a) Disease-free survival (DFI)
of non-small cell lung carcinoma (NSCLC) patients with concordance of H&E and OSNA (OSNA -
H&E - vs. OSNA + H&E +); (b) overall survival (OS) of NSCLC patients with concordance of H&E
and OSNA; (c) disease-free survival (DFI) of NSCLC patients with discordance of H&E and OSNA
(OSNA — H&E + vs. OSNA + H&E -); (d) overall survival (OS) of NSCLC patients with discordance of
H&E and OSNA; (e) disease-free survival (DFI) of pulmonary metastases patients with concordance of
H&E and OSNA; (f) overall survival (OS) of pulmonary metastases patients with concordance of H&E

and OSNA.

In patients with discordant results (17 out of 80 NSCLC patients), the relevance to prognosis spoke
in favor of the H&E method (see Figure 2c). Patients with lymph node positivity as detected by the
H&E method and not detected by the OSNA method had a less favorable prognosis (DFI). Here it
needs to be noted that the result may be affected by the low number of discordances between the two
methods, apparent in particular in the chart for OS, where another limit is the low number of events.

In the clinical use, the status of lymph nodes itself is just a part of the TNM score, based on which
the stage of the disease is classified. Table 3 shows the TNM score and stages of the disease in the
patients with discordant results of LN examinations by the H&E and OSNA methods.
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Table 3. Changes in the pTNM staging depending on H&E, IHC CK19 and OSNA results.

NSCLC (80 Patients)

Concordance of H&E, IHC CK19 and OSNA assay 61 patients (76.3%)
Differences between H&E, IHC CK19 and OSNA assay 19 patients (23.7%)
H&E THC CK19 OSNA Cases Commentary
TNM Stage TNM Stage TNM Stage
higher stage by both
T2aNO 1B T2aN1 IIA T2aN1 IIA 1 OSNA and THC CK19
T1aNO 1A T1aNO 1A T1aN2 A 2
T1bNO IA T1bNO IA T1bN1 1A 4
T1bNO 1A T1bNO 1A T1bN2 A 1 higher stage by OSNA
T2aNO 1B T2aNO 1B T2aN1 IIA 2
T2aNO 1B T2aNO 1B T2aN2 A 4
TlaN1 A TlaN1 A T1aNO 1A 1
T2aN2 A T2aN2 A T2aN0 1B 1 lower stage by OSNA
T1aN2 A T1aN2 A T1aNO 1A 1
lower stage by both
T3N2 A T3NO 1B T3NO 1B 1 OSNA and IHC CK19
TIbNO IA TIbN2 1A T1bNO IA 1 higher stage by IHC
CK19
Lung Metastases of Colorectal Carcinoma (20 patients)
Concordance of H&E, IHC CK19 and OSNA assay 17 patients (85.0%)
Differences between H&E, IHC CK19 and OSNA assay 3 patients (15.0%)
H&E IHC CK19 OSNA c Commentar
N-stage N-stage N-stage ases y
NO NO N1 2 higher N-stage by
NO NO N2 1 OSNA

Abbreviations: NSCLC: non-small cell lung carcinoma; H&E: hematoxylin-eosin; THC CK19: immunohistochemical
examination with the anti-cytokeratin 19 antibody; OSNA: One-Step Nucleic Acid Amplification.

The following charts show the relevance between the stage of the disease based on the TNM score
to the prognosis for patients with NSCLC, where the status of the lymph nodes was evaluated either
by the H&E method or by the OSNA method (Figure 3).

3.4. Proposing a New OSNA Cut-Off Value

The values of the number of copies of mRNA of CK19 determined in the group of lymph nodes
concordantly positive according to the OSNA, and H&E methods were statistically significantly higher
(p < 0.0001) than in the groups of lymph nodes that were positive only according to the OSNA method
(Figure 4a). The relevance of this finding is explained in the discussion.

Based on aforementioned results, we decided to propose a new cut-off value for the OSNA
method. This value is based on the number of copies in the specimen with the lowest number
of copies that was concordantly positive using the OSNA, H&E, and IHC CK19 methods. In this
specimen, the measured expression level of mRNA CK19 was 620 copies of mRNA of CK19/uL.
Therefore, we propose that the cut-off value be 615 copies of mRNA CK19/uL. After applying this
new cut-off value, 16 groups of lymph nodes detected as positive were revaluated as negative by the
OSNA method. The result of revaluation was increase in concordance between the H&E and OSNA
methods to 95.1%, when evaluating lymph node groups. When evaluating overall lymph node status
of a given patient, the number of patients with a discordant result according to the OSNA and H&E
methods decreased from 20 to 13. The complete results are provided in the Venn diagram in Figure 4b.
Comparing the prognosis (DFI, OS) of these patients could not be performed correctly due to the low
number of discordant patients (13 patients).
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Figure 3. Kaplan-Meier survival distribution functions of NSCLC patients stratified according to
stage of disease. (a) Disease-free survival (DFI) of patients classified according to the results of H&E;
(b) overall survival (OS) of patients classified according to the results of H&E; (c) disease-free survival
(DFI) of patients classified according to the results of OSNA; (d) overall survival (OS) of patients
classified according to the results of OSNA.
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Figure 4. Data supporting new cut-off value. (a) Box plots showing copy number of mRNA CK19.
Groups of lymph nodes, positive based on both OSNA and H&E methods (OSNA + H&E +),
have significantly higher copies of mRNA CK19 than those positive by the OSNA method but negative
by H&E (OSNA + H&E —); (b) comparison of examination results of patients for the presence of tumor
cells using the H&E, THC CK19 and OSNA methods by Venn diagrams using the new cut-off value of
the OSNA method 615 copies of mRNA CK19/uL.
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4. Discussion

The purpose of the study was to compare the three methods for detecting the presence of
tumor cells in the lymph nodes of patients with NSCLC and CRC metastases, which is a necessary
examination for deciding on further oncological treatment. The clinical relevance of individual methods
was assessed based on analyzing the examination result related to the further progress of the disease,
i.e., to prognosis (DFI, OS). Determination of tumor cells in the lymph nodes was carried out using
the standard method employed by pathologists (preparation staining by H&E), IHC CK19, and by
the OSNA molecular biology method. Considering the fact that the results of the IHC CK19 method
were concordant with those ascertained by the H&E staining method, with only a single exception,
the survival charts include only the comparison of the H&E and OSNA methods. The methodological
approach is completely different for H&E and OSNA, in terms of both the quantity of analyzed tissue,
and the rate of processing. Therefore, each method has its advantages and disadvantages. It is obvious
that evaluation of clinical benefits also depends on priorities. The OSNA method allows the entire
lymph node to be analyzed, and compared to the H&E method, it requires less experience from the
health care professional.

Compared to certain other tumors, examination of LNs in the case of lung tumors is also specific
due to the fact that the concept of the first regional (sentinel) node cannot be applied. One of the reasons
is a high percentage of so-called skip metastases [22,23]. This means that it is necessary to remove and
examine a higher number of lymph nodes to prove dissemination. In our study, the average number
was 14.3 examined LNs per patient. Depending on their anatomical localization, these lymph nodes
were pooled into groups according to IASLC mapping scheme. The OSNA method allows lymph
nodes belonging to the same group to be pooled and analyzed as a whole.

4.1. Concordance of H&E, IHC CK19, and OSNA

Concordance of the H&E and IHC CK19 examinations was ascertained in 99.4% groups of nodes
(469 out of 472, see Figure 1), which reflects the similar methodological approach of the two methods.
Therefore, in this study, hardly any benefit of IHC CK19 compared to the routine H&E method was
observed. This is the reason why we focus below on comparing the OSNA and H&E methods. Out of
472 analyzed groups of LNs, OSNA and H&E provided concordant results in 433 (91.7%) of the groups.
OSNA indicated tumor cells in an additional 30 (6.4%) groups of lymph nodes that were H&E-negative.

From the point of view of decisions on treatment, the result specifying the presence of tumor cells
in patient LNs is relevant (N-staging). Out of 100 patients, OSNA and H&E were concordant in 80 (80%)
of the patients in N-staging; OSNA detected tumor cells in an additional 17 (17%) patients who were
H&E-negative. On the other hand, H&E revealed micrometastases in three (3%) patients where the
result of the OSNA method was negative. These results are similar to those previously published by
other authors. Masai et al. monitored the CK19 expression in primary pulmonary tumors and breast
cancer pulmonary metastases. CK19 was detected in 88% of patients with a pulmonary tumor and
in nearly 91% of patients with breast cancer metastases [16]. Hayama et al. compared the sensitivity
of the OSNA method and H&E examination when examining 40 LNs of 20 patients with primary
pulmonary lung cancer (OSNA sensitivity 100%, specificity 92%) [3]. Inoue et al. presented a larger
sample when they examined 165 LNs in 49 patients, again with promising results (positive predictive
value of the OSNA method 95%, negative predictive value 99%, accuracy 99%) [15]. Nakagawa et al.,
who examined 410 LNs in 111 patients with NSCLC, found the level of correspondence between the
H&E examination and OSNA method to be almost 93%, with sensitivity exceeding 79% [17].

4.2. Comparison of HGE and OSNA Based on Relation to Prognosis

From our point of view, the most relevant criterion for correctly detecting tumor cells (the CK
19 expression) for the purposes of N-staging as a part of TNM classification is correspondence with the
progress of the disease, vesting the result with clinical significance. The clinical significance of the
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higher sensitivity of OSNA compared to H&E was assessed based on the analysis of the examination
result’s relevance to disease-free interval (DFI) and overall survival (OS). In patients with concordant
results detected by both methods (80% of patients), it was observed that positivity of lymph nodes was
associated with worse prognosis for both subgroups of patients (NSCLC, pulmonary metastases of
CRC). From the point of view of our research aims, patients for whom discordance between H&E and
OSNA was observed, were key for further analysis. There were 20 such patients out of 100, 17 with
NSCLC and three with pulmonary metastases of CRC. For each patient, 3-5 groups of lymph nodes
were examined with differences detected in only 39 out of 472 groups of lymph nodes. It was observed
that the further progress of the disease better correlated with the examination based on the H&E
method (Figure 2¢,d).

To explain this finding, it is necessary to focus on patients with LN positivity detected by H&E
but not by OSNA. An explanation could be offered that tumor cells present in LNs of these patients do
not express CK19. CK19 is an intermediate filament of the cytoskeleton, which is present in the cells
of epithelial origin, but not in LN tissue. The presence of CK19 in an LN is therefore an indicator of
the metastatic involvement by tumor cells of epithelial origin [24]. However, some carcinomas in the
process of carcinogenesis lose CK19 expression. Such phenomenon was observed in the case of some
squamous cell carcinomas [25]. Two out of three H&E-positive but OSNA-negative NSCLC patients
really had squamous cell carcinoma as a histological subtype. However, the part of LN examined
by pathologist was IHC-CK19-positive. Therefore, a more likely explanation is that tumor cells were
present only in the part of lymph node analyzed by pathologist but not in the part processed for OSNA.

Further progress of the disease is affected not only by the positivity of the lymph nodes themselves,
but also other parameters assessed by the TNM score, and/or the stage of the disease. More relevant
to the progress of the disease is the stage classification based on the N-staging according to results
obtained by the H&E method compared to the OSNA method (Figure 3). In this respect, it is necessary
to note that patient management (decisions on the administration of adjuvant chemotherapy) was
performed in accordance with the results of the routine H&E method, which could definitely have an
effect on the comparison results. Kaplan-Meier graphs in Figure 3 raise a question as to whether the
adjuvant treatment of stage IB patients is not underestimated.

4.3. Proposal of the OSNA New Cut-Off Value

In the OSNA molecular genetic method, the key parameter is the cut-off value of the number of
copies of mRNA of CK19. This value determines what number of copies will be analyzed as positive,
i.e., interpreted as the presence of tumor cells in the LN. When the study was implemented, the kit for
the assay of lung cancer LNs was not yet available and that was why published studies, including ours,
employed kits for assays of LNs obtained from patients with breast cancer, including the set cut-off
value, which was 250 copies of mRNA of CK19/uL.

The instrument RD100i (and currently available RD210) used for the OSNA method to quantify
mRNA of CK19 makes it possible to export the numbers of copies for individual assays. We compared
the numbers of copies of mMRNA of CK19 for the results concordantly positive with those obtained
by the H&E method and for the positive results, which were negative if the H&E method was used.
The results concordantly positive with the H&E method had statistically significantly more copies
of mRNA of CK19 compared to the OSNA-positive results which were H&E-negative. None of the
results concordantly positive with the H&E method had a number of copies lower than 620 copies
of mRNA of CK19/uL. In the case of results which were OSNA-positive and H&E-negative, 53% of
the specimens had a number of copies lower than 620 copies of mRNA of CK19/pL. The increase in
the cut-off value to 615 copies of mRNA of CK19/uL proposed by us would increase the theoretical
concordance between the OSNA and H&E methods for the analysis of groups of lymph nodes from
91.7% to 95.1%. With these results reflected in the complete evaluation of the patients’ lymph nodes
(NO vs. N1 or N2), concordance would increase from 80% to 87%.
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Studies aiming to define a new cut-off value for the OSNA method better reflecting clinical
outcomes have been already published for sentinel lymph node examination in patients with breast
cancer [26,27]. Terrenato et al. suggested a cut-off of 2150 CK19 mRNA copies in sentinel lymph node
to be a powerful predictor of non-sentinel lymph node positivity to identify patients who really need
axillary lymph node dissection [27].

The high value of sensitivity and the cut-off value of the OSNA method are closely related to
the clinical relevance of clusters and/or solitary tumor cells, which may or may not have potential
for further progression, and/or may be eliminated by the immune system. The study carried out by
Ren et al. has proven that the quantity of residual tumor cells in the lymph nodes of patients with
bronchogenic adenocarcinoma is relevant to prognosis. The employed method was IHC anti-CK
detection, while micrometastases referred to sets of cells—the largest dimension of which was smaller
than 2 mm. The authors described that patients with micrometastases had significantly shorter
recurrence-free survival and overall survival compared to NO, but significantly longer than for those
with N1 macrometastases [28].

We can conclude that for patients who were OSNA-positive and at the same time H&E-negative,
the higher sensitivity of OSNA was not reflected in a less favorable progress of the disease. On the
other hand, it must be noted that the OSNA method allows the entire lymph node to be analyzed,
and, compared to the H&E method, requires less experience from the health care professional.
However, the aforementioned advantage is paid by the lower association of OSNA positivity with
the progress of the disease (with the cut-off value 250 copies of mRNA of CK19/uL). The increase in
the cut-off value to 615 copies of mRNA of CK19/uL increased concordance between the OSNA and
H&E methods.

5. Conclusions

The results of the study demonstrated a higher percentage of detected micrometastases in hilar
and mediastinal lymph nodes when the OSNA method was used for examination. However, the higher
sensitivity of the OSNA method in our set of patients corresponded less with the progress of the
disease (relevance to DFI, OS) when compared to the H&E method. The less time-consuming OSNA
method was associated with an 8.3% discordance of results between OSNA and H&E during the
analysis of LNs. The study suggests that an increase in the cut-off value of the OSNA method results
in significantly higher concordance between the two methods.
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1 | INTRODUCTION

Endometrial carcinoma (EC) is the fourth most common malignity in

the female population in developed countries.® Due to the early

Background and Objectives: Utilisation of the one-step nucleic acid amplification
(OSNA) molecular biology method for the detection of the metastatic involvement of
sentinel lymph nodes (SLNs) in endometrial cancer (EC) patients. A comparison with
histopathological ultrastaging and a description of the clinical consequences.
Methods: Surgically treated EC patients underwent detection of SLNs. Nodes
greater than 5 mm were cut into sections 2-mm thick parallel to the short axis of the
node. Odd sections were examined according to the OSNA method, while even ones
according to an appropriate ultrastaging protocol. Nodes less than or equal to 5 mm
were cut into halves along the longitudinal axis with one half examined according to
the OSNA method and the other half by ultrastaging.

Results: Fifty-eight patients were included and 135 SLNs were acquired. Both
ultrastaging and OSNA agreed on 116 results. According to the OSNA method,
20.69% more patients were classified into International Federation of Gynecology
and Obstetrics (FIGO) stage Ill. When comparing the results of the OSNA method to
the conclusions of ultrastaging as a reference method, sensitivity of 90.9%, specificity
of 85.5% and concordance of 85.9% were attained.

Conclusions: The results of the OSNA method showed a higher frequency of
detection of micrometastases and included 20.69% more patients into FIGO stage IlI.

KEYWORDS

cytokeratin 19, micrometastasis, one-step nucleic acid amplification assay

clinical symptoms, the disease is detected in a majority of patients in
the early stages without the lymphatic system being involved, which
means that the 5-year survival rate exceeds 90%.2 However, with the
involvement of the pelvic and paraaortic lymph nodes, the 5-year
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survival rate decreases considerably to 57% to 58% and 49% to 52%,
respectively.®

According to the current recommendations of the National
Comprehensive Cancer Network (NCCN), systematic pelvic and
paraaortic lymphadenectomy is recommended as standard for the
staging of the lymphatic system.* This surgical treatment is
demanding in terms of technique and time and is associated with
an increased risk of perioperative and postoperative morbidity.>¢
Similarly, as in the case of other gynaecological malignancies, the
push to utilise the sentinel lymph node (SLN) concept for EC is on
the rise as it allows the radicality of the surgical treatment and its
potential complications to be reduced.” In 2017, the American
Joint Committee on Cancer (AJCC) implemented revisions to the
staging system for EC. The new version came into force in January
2018 and became an integral part of the NCCN recommendations.*
The role of SLN mapping is still under evaluation, but it can be
considered for surgical staging of uterine-confined disease. The
utilisation of ultrastaging based on published data improves the
detection of the metastatic involvement of lymph nodes by
approximately 5%.%

Finding a sentinel lymph node enables detailed examination -
ultrastaging. Examination based on staining by haematoxylin and
eosin (H&E) and immunohistochemical examination utilising the
cytokeratin 19 antibody (IHC CK19) enable the detection of cancer
cells up to the level of micrometastases or isolated tumour cells
(ITCs). Unfortunately, such examinations are very time consuming
and provide delayed final results. On an intraoperative basis, the
frozen section method, the attained reliability of which is only 60%
based on available references, can be used.”

Our study deals with the possibility to improve the detection of
micrometastases and macrometastases in sentinel lymph nodes (SLN)
using the one-step nucleic acid amplification (OSNA) molecular
biology method based on the detection of CK19 messenger RNA
(mRNA) with the complete processing of SLNs in EC patients.

The objective of the study was to describe the sensitivity,
specificity and diagnostic concordance of the OSNA method in
comparison with an extensive histopathological examination at the
ultrastaging level. Another objective was to determine the way in
which the detection of lymph node metastases by the OSNA method
would influence the patient’s staging based on the International
Federation of Gynecology and Obstetrics (FIGO) classification.

2 | MATERIALS AND METHODS

2.1 | Study objectives

The main objective of the study was to compare the results of the
OSNA-method with a detailed ultrastaging examination as a
reference method in the evaluation of the metastatic involvement
of SLNs in EC patients.

Another objective was to describe the effect of the SLN
evaluation attained by these methods on the patients’ FIGO
classification.

2.2 | Patient selection

The inclusion criterion was the histologically confirmed EC assessed
according to the current histological classification adopted by the
WHO in 2014.%°

For preoperative purposes, all patients underwent an expert
ultrasonographic examination of the abdomen and pelvis. The
objective was to gain a detailed description of the uterine cavity,
endometrium, myometrium, peritoneal surfaces, the presence of free
intraperitoneal fluid, pelvic and paraaortic lymph nodes. The
examination was always performed by one of two certified expert
sonographers and a detailed record of each examination generated in
accordance with the standards maintained by our clinic.***2 Where
necessary, a computerized tomography (CT) examination of the
abdomen and pelvis was carried out to eliminate the possibility that
the tumour had spread outside the uterus and retroperitoneally.
Patients with enlarged lymph nodes or suspected involved lymph
nodes were not included in the study.

The study was approved by the Ethics Committee of the Faculty of
Medicine in Pilsen of Charles University in Prague and the Teaching
Hospital in Pilsen. All the patients signed informed consent forms in
conjunction with their voluntary participation in the study. The study
is registered at ClinicalTrials.gov under ID No.: NCT02826291.

2.3 | Sentinel lymph node mapping

The detection of SLNs was executed using several procedures. In one
group of patients (72.4%), a dose of 2mL of 1% solution of Bleu
Patente and a dose of 8 mL containing 50 MBq of nanocolloid **™Tc-
albumin solution was applied to all four quadrants of the cervix, at first
superficially (1-3 mm) and then deeper into the cervix stroma (10-
20 mm). The application was executed with a thin 23-gauge needle.

In the remaining patients, either Bleu Patente (15.5%, due to a
temporary unavailability of technecium) was applied using the same
technique and in the same dosage or a 2.5 mg dose of indocyanine
green (10.3%) dissolved in 2mL of sterile water using the same
application technique. In one case (1.7%) mapping was executed only
using technecium due to the risks associated with the patient’s
allergic reaction to Bleu Patente.

Sentinel lymph nodes were detected during operations by direct
visualisation (Bleu Patente, ICG) and the use of a y probe (°"™Tc).

2.4 | Sentinel lymph node processing

After excision, the sentinel lymph nodes were mechanically cleaned
under sterile conditions. Those sentinel lymph nodes that were greater
than 5 mm were cut into sections 2-mm thick parallel to the short axis
of the node. Those sentinel lymph nodes that were less than or equal
to 5mm were cut into halves along the longitudinal axis. Sterile
conditions were preserved to prevent the node tissue from contacting
the epithelium resulting in potential contamination by CK19 and
potential false-positive results acquired by the OSNA examination
method. The odd sections were submitted for examination according
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to the OSNA method, while the even ones were subjected to
histopathological and immunohistochemical examination at the level
of ultrastaging.

2.5 | Pathological evaluation

The 2mm sections of the sentinel lymph node intended for
histopathological examination were fixed in 10% buffered formalin,
then embedded in a paraffin block and examined according to the
ultrastaging protocol. Two consecutive sections with a thickness of
2um within the interval of 150pum were acquired. The odd
preparations were stained with H&E, while the even preparations
were subjected to immunohistochemical examination on the basis of
the detection of low molecular cytokeratins (CK MNF 116), including
CK19 detection, using the AS53-B/A2.26 monoclonal antibody
(Ventana automatic instrument protocol; Ventana Medical Systems,
Tucson, AZ). The immunohistochemical detection of CK19 was also
performed on the primary tumour to confirm its expression.
Approximately 40 sections from a single lymph node were examined.

The aforementioned protocol corresponds to the ultrastaging
protocol for the processing of sentinel lymph nodes at our clinic and
enables detection up to the level of individual ITCs. Metastatic
lesions greater than 2mm were evaluated as macrometastases,
lesions less than or equal to 2mm and greater than 0.2 mm as
micrometastases and lesions less than or equal to 0.2mm were
evaluated as ITCs.

2.6 | OSNA evaluation

OSNA is a method for detecting mRNA of CK19 in lymph nodes upon
the homogenisation of a whole node (or a part thereof where
applicable) sample using the reverse transcription loop-mediated
isothermal amplification (RT-LAMP) technique. CK19 is the cytoske-
leton filament of epithelial cells and also of the cells of carcinomas
and their metastases. Normal lymphoid tissue does not ex-
press CK19.

Using isothermal amplification, the OSNA method is able to
detect the numbers of CK19 mRNA copies. The whole lymph node is
processed, not only several sections thereof. The surgeon has the
result at their disposal within 20 to 30 minutes.

Analysis was performed using the OSNA Assay (Sysmex, Kobe,
Japan) according to the manufacturer’s instructions. Briefly, the
2mm sections of the lymph nodes intended for OSNA processing
were homogenised to form a lysate. The lysate was then centrifuged
and inserted into the RD 100i instrument (Sysmex) where the
isothermal amplification of CK19 mRNA by the RT-LAMP method
was executed.*>*

For the purposes of the study, the cut-off values of the OSNA
method implemented for the description of micrometastases or
macrometastases in lymph nodes in breast cancer patients were
utilised. This means that values less than 250 copies of CK19
mRNA/pL were evaluated as negative, from 250 to 4999 copies of
CK19 mRNA/pL as micrometastases and 5000 and more copies of
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CK19 mRNA/pL as macrometastatic involvement. Those lymph
nodes with a value exceeding greater than or equal to 250 copies of
CK19 mRNA/pL were therefore evaluated and statistically pro-
cessed as positive. The expression of CK19 by endometrial
carcinoma was always immunohistochemically verified in the
primary tumour as well.

2.7 | Statistical analysis

The data characterising the group of patients included in the study
are arranged in the form of Table 1 to 4, Venn diagrams ( Figures 1
and 2), followed by the statistical evaluation of the data with a
description of the percentage representation of specific phenomena

TABLE 1 Patients characteristics, patients N =58, SLN's N =135

Age, median (range) 65.5 (31-81)
BMI, median (range) 31.8 (17-44.9)
Number of SLN, n (%) 135 (100%)
Bilateral SLN mapping, n (%) 54 (93.1%)
Number of SLNs per patient, median (range) 2 (1-5)
Histology, n (%)

Endometrioid 54 (93.1%)

Clear cell 2 (3.4%)

Serous 1(1.7%)

Carcinosarcoma 1(1.7%)
Tumour grades, n (%)

1 33 (56.9%)

2 16 (27.6%)

8 9 (15.5%)
Lymphovascular invasion, n (%)

No 45 (77.6%)

Yes 13 (22.4%)
FIGO stages, n (%)

| 45 (77.6%)

1l 7 (12.1%)

1 6 (10.3%)

Abbreviations: BMI, body mass index; FIGO, International Federation of
Gynecology and Obstetrics; SLNs, sentinel lymph nodes.

TABLE 2 Sentinel lymph nodes - relationship of histopathological
ultrastaging vs OSNA

Histopathological ultrastaging (combination
of H&E and IHC)

Lymph

nodes (n = 135) Positive Negative

OSNA assay 10 18
positive

OSNA assay 1 106°
negative

Abbreviations: H&E, haematoxylin and eosin; IHC, Immunohistochemis-
try; OSNA, one-step nucleic acid amplification.

2This number includes also one OSNA positive SLN with benign epithelial
inclusions in histopathological evaluation (17 + 1).

PAll the sentinel lymph nodes finally considered negative, this number
includes also two nodes with benign epithelial inclusions and one node
with ITC (103 + 3).
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TABLE 3 Discordant nodes characteristics

Node Histology Grades LVvsI H&E OSNA IHC mRNA CK19 copy/uL Comments

1 Endometrioid 1 Yes ++ + ++ 1300

2. Endometrioid 2 No - + - 1400

3. Clear cell 3 Yes ++ + ++ 620

4. Clear cell 3 Yes ++ + ++ 270

5. Endometrioid 2 Yes - + - 270

6. Endometrioid 2 Yes - + - 620

7. Endometrioid 1 No - + - 620

8. Endometrioid 1 No = + = 270

9. Clear cell 3 Yes - + - 410

10. Clear cell 3 Yes = A = 270

11. Endometrioid 2 No - ++ - 35000

12. Endometrioid 2 No - + - 3800

13. Endometrioid 1 No - ++ + 5200 Epithelial inclusions
14. Endometrioid 1 No - - + <250 Epithelial inclusions
15. Endometrioid 1 No - + - 710

16. Endometrioid 1 No - + - 470

17. Endometrioid 3 Yes ++ + ++ 710

18. Endometrioid 2 Yes - ++ - 13000

19. Endometrioid 1 No + - + <250

20. Endometrioid 2 No = + - 260

21. Endometrioid 2 No - + - 400

22. Endometrioid 1 Yes = A i 920 Isolated tumour cells
23. Endometrioid 3 Yes ++ + ++ 1800

24. Endometrioid 1 No - - + <250 Epithelial inclusions
25. Endometrioid 3 No - + - 2100

26. Serous 3 No - + - 410

Abbreviations: H&E, haematoxylin and eosin; IHC, Immunohistochemistry; LVSI, lymphovascular space invasion; mRNA, messenger RNA; OSNA, one-step
nucleic acid amplification; +, micrometastasis; ++, macrometastasis.

TABLE 4 Changes in TNM and FIGO stage depending on OSNA results in discordant patients

Ultrastaging OSNA staging

Cases TNM FIGO TNM FIGO LVvsI Histology

1. T1aNOMO 1A T1aN1miMO nci No Endometrioid
2. T2NOMO 1 T2N1miMO 1c1 Yes Endometrioid
3. T1aNOMO 1A T1aN1miMO Hc1 No Endometrioid
4. T1aNOMO 1A T1aN1miMO nic1 No Endometrioid
5. T2NOMO I T2N1miMO Hc1 Yes Clear Cell

6. T2NOMO 1} T2N1aMO 1nc1 No Endometrioid
7. T1aNOMO 1A T1aN1aMO nc1 No Endometrioid
8. T1aNOMO 1A T1aN1miMO Hic1 No Endometrioid
9. T1aNOMO 1A T1aN1miMO nca No Endometrioid
10. T1bNOMO 1B T1bN1miMO Hic1 Yes Endometrioid
11. T1aNOMO 1A T1aN1miMO nci No Endometrioid
12. T1aNOMO 1A T1aN1miMO 1c1 No Serous

13. T1bN1mi 1nc1 T1bNOMO 1B No Endometrioid

Abbreviations: FIGO, International Federation of Gynecology and Obstetrics; LVSI, lymphovascular space invasion; OSNA, one-step nucleic acid
amplification; TNM, tumour-node-metastasis.
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FIGURE 1 Examination of sentinel lymph nodes - relationship of
the IHC, H&E and OSNA methods (number of nodes: 135). H&E,
haematoxylin and eosin; IHC, Immunohistochemistry; OSNA,
one-step nucleic acid amplification [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 2 Resulting evaluation of the patients on the basis of the
results of the examination using the IHC, H&E and OSNA methods
(number of patients: 58). H&E, haematoxylin and eosin; IHC,
Immunohistochemistry; OSNA, one-step nucleic acid amplification
[Color figure can be viewed at wileyonlinelibrary.com]

in the studied population or part thereof. The main objective was to
describe the sensitivity, specificity and concordance of the OSNA
method compared with a combination of histopathological and
immunohistochemical examinations at the ultrastaging level.

The statistical evaluation of the comparison of the frequency of
the detection of metastases by the OSNA and ultrastaging method in
sentinel lymph nodes was conducted on the basis of the)(2 method
without Yates correction.

3 | RESULTS

3.1 | Patient characteristics

A total of 58 patients operated on between April 2016 and January
2018 were included in the study and a total of 135 SLNs were
examined based on the study protocol (Table 1).

During every examination by the pathologist, immunohistochem-
ical verification of the CK19 expression was executed in the

S V1 ey

tumorous tissue. In all the patients, the CK19 expression induced
by a tumour was ascertained, within the range of 10% to 100%.

3.2 | Sentinel lymph node detection

In the majority of patients (42; 72.4%), the sentinel lymph node was
detected by the intracervical application of a combination of the Bleu
Patente and ?’™Tc tracers before the commencement of the
operation. In 54 out of 58 (93.1%) patients included in the study,
bilateral mapping was attained, while in four (6.9%) patients sentinel
lymph nodes were localised only unilaterally. The most common
localisation of the sentinel lymph node was in the position of the
external iliac vessels (76.3%), with the second most common site
being the obturator fossa (14.8%). All detected sentinel lymph nodes
were located in the pelvic region or presacrally; during this study, no
sentinel lymph nodes were found in4the paraaortic region.

3.3 | Comparison of OSNA and histopathological
diagnosis

A total of 135 lymph nodes were examined for the presence of
metastatic involvement. One hundred and six lymph nodes were
evaluated as negative by all three methods (H&E, IHC CK19, and OSNA),
while the remaining 29 lymph nodes were evaluated as positive by at
least one method. The lymph node was evaluated positively only if the
presence of a micrometastasis or macrometastasis was proven, while the
presence of ITC was evaluated as negative. All three methods agreed on
the positivity of 10 (13.5%) of the sentinel lymph nodes.

A total of 11 positive sentinel lymph nodes were detected by the
H&E and IHC CK19 methods (ultrastaging). The OSNA method
detected positivity in 18 more lymph nodes (more than 250 copies of
CK19 mRNA/pL) that were indicated as negative according to the
ultrastaging approach. It was only possible in one case to detect the
metastatic involvement of the lymph node at the level of micro-
metastasis using H&E and IHC CK19, while OSNA indicated the
material from the lymph node as negative (Table 2 and Figure 1).

Table 2 summarises the comparison of positivity and negativity
produced by the OSNA and ultrastaging methods in the final evaluation
of the sentinel lymph nodes. Based on the results, the sensitivity,
specificity and concordance of the used methods were calculated.

Detection of the metastatic involvement of sentinel lymph nodes
using the OSNA method compared with ultrastaging as a standard
reference method attained sensitivity of 90.9%, specificity of 85.5%
and concordance of 85.9%. This proves that the OSNA method has a
significantly greater proportion of detected positive sentinel lymph
nodes (P =0.0033).

3.4 | The ability of the applied methods to detect
micrometastases and macrometastases

In addition to the comparison of the ability of the methods to detect the
metastatic involvement of lymph nodes, we compared the individual
methods (OSNA, H&E and IHC CK 19) from the point of view of their
ability to detect micrometastases or macrometastatic involvement.
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In the case of 26 discordant SLNs metastatic involvement was
described using the OSNA method within the meaning of micro-
metastasis or macrometastasis. However, the result was not
consistent with the results of the H&E or IHC methods. The methods
did not bring consistent results both in terms of the detection of
metastatic involvement of the node and in terms of the metastatic
involvement level - micrometastasis vs macrometastasis.

In one SLN, the OSNA method recorded a negative result
although the H&E and IHC CK19 examinations were positive for
micrometastatic involvement.

In five SLNSs, all methods detected the presence of metastatic
involvement but were not consistent as far as the degree of its scope
(micrometastasis vs macrometastasis) was concerned.

Out of 17 SLNs that were detected as positive using the OSNA
method and as negative using the H&E and IHC CK19 methods, 14
were OSNA positive for micrometastasis, while the other methods
produced a negative result. In three SLNs the OSNA method
detected macrometastatic involvement, with the H&E and IHC
CK19 methods providing a negative result.

In one SLN, the pathologist described ITC, which according to the
OSNA method was micrometastasis positive. In two SLNs with IHC
positivity vs H&E and OSNA negativity and one SLN with IHC and
OSNA positivity vs H&E negativity, ectopic epithelial inclusions were
described. The cases with benign epithelial inclusions were evaluated
by the pathologist as three false-positive results (Table 3).

3.5 | Evaluation of patients on the basis of SLN
condition

The results of the OSNA method and both standard methods (H&E
and IHC) in relation to the individual patients are shown in Figure 2.

All three methods were consistent in 39 patients in the absence
of metastatic involvement of SLNs. In six patients, all three methods
were consistent in terms of the positivity of the examined sentinel
lymph nodes. In addition, the OSNA method detected positive SLNs
in 12 patients, whereas in one patient, the SLN’s positivity detected
by the H&E and IHC CK19, which was detected as negative by the
OSNA method.

The false-positive lymph nodes due to benign epithelial inclusions
detected by IHC CK 19 indicated in Figure 1 did not affect the overall
evaluation of the patient.

3.6 | Tumour-node-metastasis (TNM) and FIGO
classification of the patients based on the used
examination methods

Under the OSNA method, diagnostics classified 12 patients (20.69%)
as FIGO stage Ill, while the examination of the sentinel lymph nodes
by ultrastaging resulted in their classification as FIGO stages | and I
(Table 4).

One of the patients was classified as FIGO stage Il based on the
ultrastaging examination, while the examination of the SLNs using
the OSNA method classified this patient as FIGO stage I.

In 45 patients, the TNM and FIGO classifications based on the
SLN examinations using the OSNA and ultrastaging methods were
consistent. These patients are not included in Table 4.

4 | DISCUSSION

Our study represents the largest group of EC patients to be
examined so far using the OSNA method for the detection of the
metastatic involvement of SLNs. Compared with standard ultrasta-
ging, the OSNA method proved the metastatic involvement of SLNs
more frequently and resulted in the upstaging of as many as 20.69%
patients. The used methodology allowed every sentinel lymph node
to be examined by ultrastaging and the OSNA method at the same
time, whereby the results of both procedures could be compared. At
all times, one-half of the sections were processed according to the
OSNA method, while the other half were subjected to standard
histopathological ultrastaging. While ultrastaging evaluated 8.15%
(11/135) of the lymph nodes as metastatically involved, the OSNA
method detected 20.69% (28/135) as metastatically involved
(P<0.0033). The concordance of the OSNA method and the
ultrastaging of sentinel lymph nodes as a reference method was
85.9%. The false negativity of the OSNA method was only recorded
in one case.

The detection of the metastatic involvement of lymph nodes
using the OSNA method in the case of EC was used in two smaller
published studies. In 2014, a group of Japanese authors used the
OSNA method in 35 EC patients for the first time. The examination
of 137 sentinel lymph nodes resulted in the detection of 15 (10.95%)
positive ones. The 2-mm-interval histopathological method was used
as a control standard. The node was cut into sections 2-mm thick. The
even sections were processed in a standard manner, while the odd
ones using the OSNA method. Although the study utilised a less
detailed histopathological examination (2-mme-interval histopathol-
ogy method) than our study, a greater concordance was achieved.
Only four discordant findings were described. Concordance of the
OSNA method and the standard histopathological examination was
97.1%.%° A detailed ultrastaging method of the processing of sentinel
lymph node parts would further improve the comparison of both the
methods, including the detection of phenomena comprising micro-
metastases, ITC or benign epithelial inclusion.

In another study, the authors examined a total of 94 sentinel
lymph nodes from 34 patients using the OSNA method. The central
1-mm thick section of the lymph node was examined by H&E and IHC
CK19, while the remaining lymph node tissue was examined
according to the OSNA method. In this study, the OSNA method
detected 16 metastatically involved lymph nodes and thus attained
88.3% concordance with the histopathological examination. Within
the framework of this study, a total of 11 discordant results were
detected: OSNA positive and histopathology negative. In two SLNs,
benign epithelial inclusions were detected as a result of the
histopathological examination, with the OSNA method providing a
positive result in these cases. Regardless of the fact that the use of
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the OSNA method proved to be more sensitive to metastases
detection, the study was limited by the detailed histopathological
examination of only the 1-mm central section of the node, which may
not have detected metastatic involvement properly.*¢

Unlike our sample, neither study evaluates the possible impact of
the selected detection methods on the management of the patients
participating in the study. Considering the high proportion of
upstaging in our study, we regard this fact as very important from
the clinical point of view. We believe that a more accurate detection
of lymph node metastatic involvement using the OSNA method could
result in a more precise indication of adjuvant treatment in patients
who have so far been included in the low-risk group, thereby
reducing the risk of disease recurrence.

The processing of SLNs represents an essential issue. The OSNA
method has established itself as a very efficient and comparable
method to ultrastaging in that it provides information on the presence
of tumour involvement from the entire lymph node and not on the
basis of just several sections. However, its nature excludes a feedback
check of the sample by the pathologist. Three lymph nodes included in
our study, benign ectopic epithelial inclusions were found in the
samples. Such inclusions may cause a false positivity of the OSNA
method. The incidence of such inclusions in SLNs is very low; the
references state about 1.6%. The total incidence, including non-SLNs
then fluctuates around 0.1% to 0.2%.% In our group of examined SLNs
their incidence attained 2.2% and caused one true-false positivity
using the OSNA method. However, this result had no effect on the
final evaluation of the patient as they also had an ultrastaging positive
contralateral SLN with a detected micrometastasis.

In one case, the SLN was evaluated according to the OSNA
method as negative, whereas ultrastaging evaluated the same lymph
node as positive with a micrometastasis. This can be explained by the
method used for cutting the node into sections 2-mm thick. It is
possible that the pathologist received the part of the lymph node
with micrometastatic involvement, while the instrument for the
OSNA examination received the part of the lymph node without
metastatic involvement. The same principle could have played a role
in the opposite case, that is, the positivity of the OSNA method for a
micrometastasis with H&E and IHC negativity. However, the
significantly higher statistical incidence of such cases in our group,
with a total of 18 positive lymph nodes with negative ultrastaging, is
indicative of a higher sensitivity of the OSNA method to metastatic
involvement compared to histopathological and IHC examinations
(Table 3).

Detection of a sentinel lymph node in EC patients is not a
standardised process yet. There are several methods of detection
that differ according to the site of application and the combination of
tracers.2”*8 In our study, the method of intracervical application was
used. In addition, the possibility of the detection of sentinel lymph
nodes within the framework of paraaortic localisation is controver-
sial. Based on references, about 10% of sentinel lymph nodes are
localised in this region.'? The incidence of isolated metastases in this
region, that is, without the involvement of pelvic lymph nodes, is
reported to be about 1% to 3%.2°2! Unsuccessful detection of an
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isolated metastatically involved paraaortic lymph node could lead to
the selection of an irrelevant adjuvant treatment. In addition, within
the framework of preoperative examination it is possible to reduce
this risk by utilising detailed imaging examinations (such as CT,
positron emission tomography-computed tomography [PET-CT] or
expert ultrasound) to identify clinically suspect lymph nodes in this
region. Some of the published studies also point to the benefits of
sentinel lymph node mapping (SLNM) in EC patients compared with
the execution of systematic pelvic and paraaortic lymphadenectomy.
The SLNM strategy shows a higher degree of detection of affected
pelvic lymph nodes with a possible lower radicality of surgical
treatment.?? How et al’® even describes a decrease in the incidence
of pelvic recurrence of the disease (pelvic sidewall recurrences) by up
to 68%.

Recently published data dealing with the importance of lympho-
vascular space invasion (LVSI) in pTINO node-negative patients has
shown the 5-year disease recurrence rate of 4.8% in lymph node
negative and LVSI negative and 14.1% lymph node negative and
LVSI-positive patients (P=0.006).2% The question arises whether
these facts are caused by the low sensitivity of the standard tests
used for the detection of metastatic involvement of SLNs or not. In
our group of patients, the OSNA method detected a statistically
significant higher number of positive lymph nodes, which would
result in the classification of a statistically significant higher number
of patients into higher FIGO stages, which would better correspond
to the frequency of patients in whom the recurrence of the disease
occurs in the early stage.

In our medical care system, the cost of a sentinel lymph node
examination using the OSNA method is about 10 times higher
than histopathological ultrastaging. However, it is evident from
practice that with the increasing number of OSNA tests, the cost
of implementing is decreasing. Moreover, with a higher sensitivity
of nodal involvement detection with the OSNA method, a
decrease in retreatment costs may also be expected due to
adequate first-line adjuvant therapy. A detailed cost-benefit
analysis of the OSNA examination for patients with endometrial
cancer has not yet been published. However, the cost-benefit
analysis for breast cancer patients estimated by the total cost of
treatment is in favour of OSNA testing, despite the higher entry

cost per lymph node.?#2°

5 | CONCLUSIONS

In conclusion, the OSNA method offers a quick and accurate
alternative to detailed ultrastaging examination. Based on the
results of this study, the OSNA method, compared with ultrastaging,
shows sensitivity of 90.9%, specificity of 85.5% and concordance of
85.9%. In our study, the OSNA method compared with ultrastaging
led to the detection of a higher number of metastatically involved
SLNs, with the consequent upstaging of 20.69% more patients. In
the case of breast and colorectal cancers, this method proved itself
sufficient in the past and is already accepted as a standard method
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in routine clinical practice.?® The utilisation of the OSNA method in
combination with SLNM techniques in EC patients holds great
promise for the future for the highly sensitive detection of
metastatically involved lymph nodes and the relevant application
of adjuvant treatment. The next step of the study is to apply this
method for examining SLNs in EC patients should focus on the
inclusion of the examination of the whole SLN without indirect

histological control.
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Abstract: Colorectal cancer (CRC) ranks among the most common cancers worldwide. Surgical removal
remains the best strategy for treatment of resectable tumors. An important part of caring for patients
after surgery is monitoring for early detection of a possible relapse of the disease. Efforts are being
made to improve the sensitivity and specificity of routinely used carcinoembryonic antigen (CEA)
with the use of additional biomarkers such as microRNAs. The aim of our study was to evaluate the
prognostic potential of microRNAs and their use as markers of disease recurrence. The quantitative
estimation of CEA, CA19-9, and 22 selected microRNAs (TagMan Advanced miRNA Assays) was
performed in 85 paired (preoperative and postoperative) blood plasma samples of CRC patients and
in samples taken during the follow-up period. We have revealed a statistically significant decrease
in plasma levels for miR-20a, miR-23a, miR-210, and miR-223a (p = 0.0093, p = 0.0013, p = 0.0392, and
p = 0.0214, respectively) after surgical removal of the tumor tissue. A statistically significant relation to
prognosis (overall survival; OS) was recorded for preoperative plasma levels of miR-20a, miR-21, and
miR-23a (p = 0.0236, p = 0.0316, and p =0.0271, respectively) in a subgroup of patients who underwent
palliative surgery. The best discrimination between patients with favorable and unfavorable outcomes
was achieved by a combination of CEA, CA19-9 with miR-21, miR-20a, and miR-23a (p < 0.0001).
The use of these microRNAs for early disease recurrence detection was affected by a low specificity
in comparison with CEA and CA19-9. CEA and CA19-9 had high specificity but low sensitivity.
Our results show the benefit of combining currently used standard biomarkers and microRNAs for
precise prognosis estimation.

Keywords: colorectal cancer; biomarkers; recurrence; microRNA; CEA; CA19-9; blood plasma

1. Introduction

Colorectal cancer (CRC) ranks among the most common cancers worldwide [1]. In the last 20 years,
we have witnessed the enlargement of the spectrum of available treatment modalities, especially in
the fields of chemotherapy, targeted therapy, and immunotherapy [2,3]. Nevertheless, early surgical
removal remains the best strategy for the treatment of resectable tumors. In addition to biomarkers
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for early disease detection (screening) and prediction of treatment response, there is also a need for
efficient biomarkers for early detection of disease recurrence in the follow-up period of patients.

Approximately 20% of surgically treated CRC patients will suffer from disease recurrence within
five years after surgery [4]. For the purpose of early detection of recurrence, the preferred examination
must be minimally invasive and repeatable over time. Therefore, the most suitable biological material
is peripheral venous blood. Carcinoembryonic antigen (CEA) is a well-established marker for this
purpose, recommended by both the American Society of Clinical Oncology (ASCO) and the European
Group on Tumor Markers (EGTM) [5,6]. There is good evidence that routine CEA monitoring during
the postresection follow-up period detects metastatic disease. However, the sensitivity of this marker
is not considered to be sulfficient [7]. The sensitivity of CEA is compromised by the lack of consistency
in the increase in its plasma levels. There are CRC patients with poorly differentiated tumors with
CEA only present at low concentrations or even at undetectable levels [8].

There are efforts to improve the sensitivity and specificity by using additional tumor markers like
cancer antigen 19-9 (CA19-9) [9], but also using biomarkers reflecting other characteristics of tumor
cells. Just such a group of molecules with new and promising features are microRNAs (miRNAs) [10].
MiRNAs are small, non-coding RNA molecules that play a complex role in the post-transcriptional
regulation of gene expression, including ceRNA regulatory networks. The human genome encodes
over 2500 miRNAs [11], which may target about 60% of mammalian genes [12]. Many studies have
described changes in the expression of miRNAs and their involvement in carcinogenesis, tumor
progression, development of metastases, and their relation to prognosis and the effects of treatment in
many types of cancer [13-15], including CRC [16,17]. Gene expression profiling has revealed patterns
of miRNA expression characteristic for these processes [18].

The key role of miRNAs is in the regulation of cellular processes including those involved in
tumor growth. MiRNAs lack a direct executive function as enzymes, signaling molecules, or signal
transduction molecules that are the targets of current anti-cancer therapy.

MiRNAs are released from cells into body fluids, and it is possible to detect them in blood
plasma/serum as cell-free miRNAs or as cargo in exosomes as exosomal miRNAs.

From the point of view of analytical features, miRNA molecules exhibit high stability and
can be easily assessed. However, despite the promising results of published studies on circulating
miRNAs [19-22] used as biomarkers in CRC, no miRNA has yet proved robust enough to enter routine
clinical use [23]. Therefore, the combining of already validated tumor markers (e.g., CEA, CA19-9)
with new promising markers could be a way to make prognosis estimation and indication of disease
recurrence more accurate.

Based on research of literature in the databases of PubMed and ISI Web of knowledge (published
until February 2017) using the keywords “CRC” and “microRNA” and (“plasma” or “serum” or
“circulating”), we selected 22 candidate miRNAs that have a potential role in CRC carcinogenesis.
These miRNAs and references to studies based on which the selection was made are listed in the
section Materials and Methods (Table 4).

The aim of the study was to identify miRNAs with a significant difference between preoperative
and postoperative plasma levels, and to evaluate their ability to contribute to early detection of disease
recurrence. We also evaluated the relation of these biomarkers to prognosis.

2. Results

First, we describe the changes revealed between the preoperative and postoperative plasma levels
of the evaluated markers. We then show the relation of preoperative plasma levels of miRNAs to
prognosis and the improvement of prognostic value achieved by an approach based on the combination
of miRNAs and well-established, routinely used tumor markers (CEA, CA19-9). Finally, we demonstrate
the use of these markers for the detection of disease recurrence.

From a set of 22 estimated miRNAs, we were able to obtain reliable values for only 9 (miR-20a-5p,
miR-21-5p, miR-23a-3p, miR-29-3p, miR-92a-3p, miR-155-5p, miR-199a-3p, miR-210-3p, miR-223-3p).
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The others were excluded from evaluation due to high Ct values (Ct > 35) resulting in non-reliable
quantification or no amplification.

2.1. Changes between Preoperative and Postoperative miRNA Plasma Levels

We have revealed a significant decrease in miR-21, miR-20a, miR-210, miR-23a, and miR-155
plasma levels after the complete removal of tumor mass (radical surgery). There was no significant
change in miRNA plasma levels observed in the subgroup of patients who underwent palliative
surgery. In the group comprising all patients (radical or palliative surgery), we revealed a statistically
significant decrease in miR-20a, miR-23a, miR-210, and miR-223. The results on preoperative and
postoperative changes in miRNA levels are summarized in Table 1. A postoperative decrease in
plasma levels was also recorded for CEA and CA19-9 (Table 1). The comparison of preoperative and
postoperative biomarker values in the group comprising all patients is shown graphically in Figures 1
and 2. A dramatic decrease in postoperative levels of miRNAs is seen especially in patients with high
preoperative levels.

Table 1. Differences in preoperative and postoperative levels of microRNAs, CEA, and CA19-9
according to type of surgery (radical or palliative).

Treatment All (n = 85) Radical (n = 57) Palliative (n = 28)
Marker  !Preoperative  !Postoperative p-Value  'Preoperative  !Postoperative p-Value  'Preoperative  'Postoperative  p-Value
miR-20a 0.247 0.200 0.0093 0.261 0.155 0.0004 0.246 0.266 ns.
miR-21 1.050 1.007 ns. 1.050 0.973 0.0336 1.094 1.097 ns.
miR-23a 0.705 0.379 0.0013 0.964 0.559 0.0044 0.367 0.297 ns.
miR-29 0.005 0.005 ns. 0.006 0.003 ns. 0.005 0.009 ns.
miR-92a 23.264 19.698 ns. 17.630 19.160 ns. 38.288 26715 ns.
miR-155 0.016 0.012 ns. 0.017 0.011 0.0375 0.013 0.014 ns.
miR-199%a 0.321 0.490 ns. 0334 0.495 0.0537 0.262 0.349 ns.
miR-210 0.024 0.021 0.0392 0.021 0.013 0.0228 0.032 0.050 ns.
miR-223 1275 0.555 0.0214 1.283 0.540 ns. 0.747 0.600 ns.
CEA 3.1ng/mL 2.4 ng/mL <0.0001 2.0 ng/mL 1.1ng/mL <0.0001  18.5ng/mL 6.8 ng/mL 0.0002
CA19-9 11 U/mL 9 U/mL 0.0007 8 U/mL 7 U/mL 0.0117 39 U/mL 34 U/mL 0.0278

! Values shown are medians of plasma levels, microRNA as relative values. CEA—carcinoembryonic antigen.
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Figure 1. Comparison of paired preoperative and postoperative blood plasma miRNA values in the
group comprising all patients. Box-and-whisker plots with outliers shown as separately plotted points.
Paired values are connected by a line. A statistically significant decrease was recorded for miR-20a,
miR-23a, miR-210, and miR-223. (n.s. = non-significant)
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Figure 2. Comparison of paired preoperative and postoperative blood serum CEA (A) and CA19-9 (B)
values in the group comprising all patients. Box-and-whisker plots with outliers shown as separately
plotted points. Paired values are connected by a line. A statistically significant decrease was recorded
for both CEA and CA19-9.
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2.2. The Relation of Preoperative Plasma Levels of miRNAs to Prognosis

50f15

The relation to prognosis (OS, overall survival) could only be evaluated in the subgroup of
patients who underwent palliative surgery. Within the available follow-up, almost none of the patients
who underwent radical surgery died, so no survival data were available. A statistically significant
relation to OS was recorded for miR-21, miR-20a, and miR-23a (p = 0.0316, p = 0.0235, and p = 0.0270,
respectively). The Kaplan-Meier survival distribution functions are shown in Figure 3.
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Figure 3. Relation of miR-20a (A), miR-21 (B), and miR-23a (C) preoperative plasma levels to overall
survival (OS) in a group of patients who underwent palliative surgery (Kaplan-Meier curves).

Likewise, we observed a statistically significant relation to OS of CEA and CA19-9 (p = 0.0439 and
p = 0.0145, respectively); see Figure 4.
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Figure 4. Relation of CEA (A) and CA19-9 (B) preoperative plasma levels to overall survival (OS) in
a group of patients who underwent palliative surgery (Kaplan-Meier curves).
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The best discrimination between patients with favorable and unfavorable outcomes was achieved
by the combination of estimated tumor markers with miRNAs. Patients with a very high value of any
one of CEA, CA19-9, miR-20a, miR-21 or miR-23a, had significantly shorter survival than those who
had all the mentioned markers under the cut-off value (Figure 5). It is important to mention that best
discrimination between patients with a favorable and unfavorable prognosis is based on the inclusion
of all those markers.

CEA, CA19-9, miR-20a, miR-21, miR-23a

1.0 {4
l —— high levels n=9
low levels n=19
2z 0.8 LL --
3
% 0.6 | }
<
g | ‘ p<0.0001
g 0.4
g _
® 0.2
0.0 - }
0 500 1000 1500 2000

Overall survival (days)

Figure 5. Combining CEA, CA19-9 with miR-20a, miR-21, and miR-23a. Patients with a very high
value of any one of CEA, CA19-9, miR-20a, miR-21, or miR-23a had significantly shorter survival than
those who had all the mentioned markers under the cut-off value.

2.3. Detection of Disease Recurrence

In the group of patients who underwent radical surgery, it was possible to estimate the sensitivity,
specificity, positive predictive value, and negative predictive value of the markers for disease recurrence
(Table 2). While CEA and CA19-9 had high specificity and low sensitivity, miRNAs suffered from false
positives. Specificity of miRNAs was in the range of 50-60%. However, it is necessary to mention that
in the case of follow-up, the data are limited by the small number of patients and the timing of sample
collection. Receiver operating characteristic (ROC) curves for miR-20a, miR-21, miR-23a, miR-223,
CEA, and CA19-9 are shown in Figure 6.

Table 2. The diagnostic ability of markers in relation to the detection of disease recurrence of patients
treated by radical surgery.

Recurrence n =9 Remission n = 22 Positive Negative

Marker True False True False Sensitivity ~ Specificity  Predictive  Predictive
Positive  Negative Negative Positive Value Value
miR-20a 6 3 12 10 66.7% 54.6% 37.50% 80.0%
miR-21 7 2 12 10 77.8% 54.6% 41.18% 85.7%
miR-23a 6 3 13 9 66.67% 59.1% 40.00% 81.3%
miR-223 3 6 12 10 33.3% 54.6% 23.1% 66.7%
CEA 3 6 20 2 33.3% 90.9% 60.0% 76.9%
CA19-9 3 6 21 1 33.3% 95.5% 75.0% 77.8%
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Figure 6. Receiver operating characteristic (ROC) curves for miR-20a (A), miR-21 (B), miR-23a (C),
miR-223 (D), CEA (E), and CA19-9 (F). Abbreviations: AUC—area under the curve.

3. Discussion

Progress in the management of CRC patients has created a need for more accurate biomarkers
to guide treatment and for early detection of disease recurrence. The biochemical gold standard for
disease recurrence detection is CEA surveillance, and it is most effective when patients have high
preoperative serum CEA levels. However, there are some limitations. Sensitivity is far from being
sufficient [24]. Plasma concentration of CEA is not consistently elevated in colorectal cancer and may
be undetectable or present at only low concentrations with poorly differentiated tumors [8]. There
are efforts to improve the sensitivity and specificity using additional tumor markers like CA19-9 [9],
but the impact on recurrence detection sensitivity improvement is still limited to those with elevated
preoperative serum CA19-9 [25,26].

Progress in understanding the important role of some miRNAs in CRC pathogenesis and the
promising features of these molecules from an analytical point of view (stability in body fluids) has led to
the possibility of using these molecules for CRC surveillance. miRNAs selected for this study have been
previously described as those related to CRC carcinogenesis and could be candidate CRC biomarkers
(Table 4). Their plasma levels are expected to be related to the actual process of pathogenesis. This study
has revealed miRNAs (miR-20a, miR-210, miR-223, and miR-23a) with a significant difference between
preoperative and postoperative plasma levels in a group of surgically treated CRC patients. Detailed data
are shown in Table 1 and Figure 1. The study group consisted of two categories of patients: those who
underwent radical or palliative surgery. In radically treated patients, it can be assumed that the complete
removal of tumor mass will result in a decrease in miRNA levels, while palliative intervention does not
lead to the complete removal of tumor mass, so a decrease in miRNA levels may not be significant.

Nevertheless, preoperative plasma values are independent of intervention type, be it radical
or palliative. In the case of preoperative values of both radically treated and palliative treated
patients, we can expect an association with the actual process of carcinogenesis before treatment and so



Cancers 2019, 11, 864 8of 15

preoperative values may have a relationship to prognosis. Due to the favorable outcome of radically
treated patients, survival analysis was only computed for the subgroup with palliative intervention.
A relation of high preoperative plasma levels of miR-21, miR-20a, and miR-23a to shorter OS was
observed. The best discrimination between patients with favorable and unfavorable outcomes was
achieved by combining routinely used tumor markers with miRNAs (Figure 5). Our results show the
benefit of combining currently used standard biomarkers and miRNAs for precise prognosis estimation.

The use of a combination of biomarkers reflects the current view on carcinogenesis as a multistep
process that is individual in number, type, and order of qualitatively and quantitatively aberrantly
expressed genes. It would be presumptive to expect that a single biomarker could cover all CRC cases.
Similarly, just as there are CRC patients with low or no CEA blood serum levels, there are patients with
low levels of particular oncogenic miRNA. In patients with a low preoperative level of such miRNA,
we cannot expect a postoperative decrease.

Postoperative decrease is the basic criterion that must be fulfilled by markers, whose plasma
levels reflect the course of the disease and could potentially be used for early detection of disease
recurrence. We used these candidate molecules in the follow-up period as biomarkers for detection of
recurrence. Compared to CEA and CA19-9, miRNAs displayed a higher sensitivity but lower specificity
for the detection of disease recurrence. The miRNAs, as biomarkers for detection of recurrence, were
compromised by a high number of false positive results. From this point of view, a combination
of CEA, CA19-9, and miRNAs (miR-20a, miR-21, miR-223 and miR-23a) seems not to be beneficial.
A combination would be beneficial if there were high specificities and non-overlapping low sensitivities.

In 2013, Yong et al. observed, with the use of miRNA microarray profiling and further validation
with RT-qPCR, that miR-23a is elevated in both tumor tissue and blood plasma samples of CRC
patients [27]. It was later published that miR-23a promotes colorectal cancer cell survival by targeting
PDK4 [28], and recently, the participation of miR-23a~27a~24 clusters in CRC progression via
reprogramming metabolism to switch from oxidative phosphorylation to glycolysis in a hypoxic tumor
environment was reported [29]. The prognostic value of miR-23a has been described for many types of
cancer [30], and now we have, for the first time, described a relation between the plasma levels of this
miRNA and prognosis in CRC patients.

In 2010, Earle et al. revealed miR-223 to be overexpressed in CRC relative to mucosa [31]. The study
of Zekri et al. in 2016 showed that miR-223 is upregulated in blood serum of CRC patients [32].
On the basis of an investigation conducted on colorectal cancer cell line SW620, Ju et al. showed
that miR-223 downregulates the FoxO3a/BIM signaling pathway and so promotes proliferation [33].
Li et al. observed that patients with high miR-223 expression in CRC tumor tissue had a poor OS,
and miR-223 level correlated with histology grade, metastasis, and tumor-node-metastasis (TNM)
stage [34]. We described the relation of miR-223 plasma levels to prognosis.

MiR-21 is the most frequently investigated miRNA with a relation to oncologic diseases. In 2010,
we described the prognostic significance of miR-21 expression in CRC tissue and detected its expression
in colorectal liver metastases [14]. The diagnostic and prognostic value of tissue miR-21 levels in
CRC were evaluated in a meta-analysis by Zhang et al. [35]. A recently published meta-analysis on
tissue/serum miR-21 by Guraya [36] concluded that miR-21 may be used as a strong predictor for
prognosis of CRC. This meta-analysis contains three studies on circulating miR-21 and four on tissue
miR-21 in CRC patients. Our results on circulating miR-21 are in agreement with the conclusion of
this meta-analysis.

Yang et al. found serum miR-20a to be downregulated in colorectal neoplasia patients compared
to healthy controls [37]. However, Yamada et al. did not find significant differences in serum levels of
miR-21 between healthy controls and early colorectal neoplasia patients [38].

As markers for the early detection of recurrence, we have selected from a large number of
known miRNAs those previously identified as associated with tumor pathogenesis. For some of these
miRNAs, we observed a statistically significant relationship to survival, suggesting their possible
use as CRC prognostic markers. However, using these miRNAs during the follow-up period for the
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early detection of recurrence, we observed a low specificity. We suggest that these miRNAs also
participate in other cellular processes outside tumorigenesis and could also be deregulated due to
other pathological situations, e.g., the elevation of circulating miR-21 levels in cardiovascular disease
has been described [39].

Therefore, increased levels of miRNA markers in the postoperative period may not be directly
related to the recurrence of cancer. For this purpose, it will be necessary to look for miRNAs with
exclusive involvement in tumor pathogenesis alone, which will not be easy due to the nature of
the miRNA network itself. MiRNAs are involved in competing endogenous RNA crosstalk, where
RNA transcripts co-regulate each other by competing for shared miRNAs, thereby titrating miRNA
availability (ceRNA hypothesis) [40].

We see the main limit of interpretation of this study in the fact that while preoperative and
postoperative specimens collected within a defined period of time were available in all patients, during
follow-up specimens were available only in some patients, and in addition to this, they were taken
at unequal time intervals. For this reason, we believe that more accurate results have been obtained
when comparing preoperative with postoperative values and calculating prognosis (OS).

4. Materials and Methods

4.1. Patients

The study group consisted of 85 patients who underwent surgery for CRC at the Complex
Oncology Center of the University Hospital in Pilsen between March 2008 and May 2013. The study
was approved by the institutional review board and local ethics committee of the University Hospital
in Pilsen. It was a retrospective study. Every patient signed an informed consent form for the use
of their blood samples for the assessment of tumor markers. The clinicopathological features are
summarized in Table 3.

Table 3. Characteristics of patients in the study.

Variables Number of Patients %
Number of Patients 85 100
Gender
Male 56 65.9
Female 29 341
Type of Surgery
Radical 57 67.1
Palliative 28 329
Histology
Adenocarcinoma 85 100
T Stage
T2 10 11.8
T3 62 729
T4 13 15.3
N Stage
NO 28 329
N1 40 47.1
N2 17 20.0
M Stage
Mo 56 65.9

M1 29 34.1
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Table 3. Cont.

Variables Number of Patients %
Grade
1 14 16.5
2 60 70.6
3 11 129
Clinical Stage

1 4 4.7
il 17 20.0
I 35 41.2
v 29 34.1

A total of 57 patients underwent radical surgery and 28 patients a palliative intervention (either
partial resection or complete resection of the primary tumor but no removal of liver metastases). Each
diagnosis of CRC was verified by a pathologist and all tumors were histologically adenocarcinomas.
The stage of disease was determined using the TNM system of the International Union Against Cancer
(IUCC, 7th edition) [41]. The median follow-up was 3 years. The evaluation of remission and recurrence
was based on response evaluation criteria in solid tumors (RECIST) [42]. The recurrence based on
miRNAs (biochemical recurrence) was defined using an individual cut-off value defined as a 1.5-fold
increase of the postoperative value or the presence of two consecutive plasma level values higher than
the postoperative value.

4.2. Blood Samples

For each patient, preoperative (taken a day before surgery) and postoperative (taken during the
period 5-10 days after surgery) peripheral blood samples were analyzed. Peripheral blood samples
were also taken during the follow-up period (median follow-up: 27 weeks), however, not for all patients.
The number of additional samples collected during the follow-up period was between 0 and 7 per patient.
We evaluated 270 samples in total.

Blood samples were taken from the cubital vein. Blood plasma was prepared from 4 mL of whole
blood collected into K3EDTA tubes by centrifugation at 1370x g for 10 min. The blood serum was
separated by centrifugation at 1700 g for 10 minutes from 4 mL of blood collected in Vacuette® blood
collection tubes (Greiner Bio-One, Kremsmiinster, Austria). The samples of plasma and serum were
stored at -80 °C until use.

4.3. Quantitative Measurement of microRNAs

Plasma levels of the selected 22 candidate miRNAs were quantified using a reverse transcription
real-time polymerase chain reaction (RT real-time PCR). Exogenous cel-miR-39 was used as a spike-in
control. Total RNA (including miRNA) was extracted using miRNeasy® Serum/Plasma Kit (Qiagen,
Hilden, Germany) from 200 pL of blood plasma with 3.5 pL of a 1.6 x 108 copies/pL working solution
of cel-miR-39 (Qiagen, Hilden, Germany). A quantitative estimation of selected miRNAs (Table 4) was
performed by an RT real-time PCR method using TagMan Advanced® miRNA Assays (Thermo Fisher
Scientific, Foster City, CA, USA) in technical duplicates on a LightCycler® 96 System (Roche, Basel,
Switzerland) according to the manufacturer’s protocol (Catalog Number A25576, Publication Number
100027897, Revision C). The assays only target mature miRNAs, not their precursors.

Briefly, cDNA template preparation consisted of the following steps: a poly(A) tailing reaction,
an adaptor ligation reaction, and a reverse transcription (RT) reaction using SuperScript III Reverse
Transcriptase. Universal forward and reverse primers were then used in a miR-Amp reaction to increase the
amount of cDNA. A total of 5 uL of diluted (1:10) cDNA template was mixed with 15 pL of PCR reaction
mix containing reverse and forward primers and a TagMan probe. The primer binding sites depended on
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the target miRNA sequence and the TagMan probe annealed specifically to a complementary sequence
between the forward and reverse primer sites. The PCR thermal profile was started by 1 cycle of enzyme
activation at a temperature of 90 °C for 20 s followed by 40 cycles at 95 °C for 1 s and 60 °C for 20 s.

Table 4. The analyzed microRNAs with miRBase 22 accession numbers, sequences, catalogue numbers,
and references.

miRBase 22 Thermo Fisher
Symbol Accession 5’-3’ sequence Scientific Cat. #  References !
Number A25576

hsa-miR-17-3p MIMAT0000071 acugcagugaaggcacuuguag 477932_mir [43,44]
hsa-miR-18a-5p MIMAT0000072 uaaggugcaucuagugcagauag 478551 _mir [45,46]
hsa-miR-20a-5p MIMAT0000075 uaaagugcuuauagugcagguag 478586_mir [47]

hsa-miR-21-5p MIMAT0000076 uagcuuaucagacugauguuga 477975_mir [19,47-49]
hsa-miR-23a-3p MIMAT0000078 aucacauugccagggauuucc 478532_mir [19,50]
hsa-miR-27a-3p MIMAT0000084 uucacaguggcuaaguuccge 478384 _mir [19]
hsa-miR-29a-3p MIMATO0000086 uagcaccaucugaaaucgguua 478587_mir [43,45]
hsa-miR-92a-3p MIMAT0000092 uauugcacuugucccggecugu 477827 _mir [46,47,51]

hsa-miR-93-5p MIMAT0000093 caaagugcuguucgugcagguag 478210_mir [47]

hsa-miR-96-5p MIMAT0000095 uuuggcacuagcacauuuuugeu 478215_mir [52]
hsa-miR-106a-5p ~ MIMAT0000103 aaaagugcuuacagugcagguag 478225_mir [44,46]
hsa-miR-141-3p MIMAT0000432 uaacacugucugguaaagaugg 478501 _mir [48,52,53]
hsa-miR-142-5p MIMAT0000433 cauaaaguagaaagcacuacu 477911 _mir [19]
hsa-miR-143-3p MIMATO0000435 ugagaugaagcacuguagcuc 477912_mir [44,46]
hsa-miR-155-5p MIMAT0000646 ~ uuaaugcuaaucgugauagggguu 477927 _mir [54,55]
hsa-miR-183-5p MIMAT0000261 uauggcacugguagaauucacu 477937 _mir [56]
hsa-miR-199a-3p MIMAT0000232 acaguagucugcacauugguua 477961_mir [57]
hsa-miR-200b-3p ~ MIMAT0000318 uaauacugccugguaaugauga 477963 _mir [52]
hsa-miR-200c-3p ~ MIMATO0000617 uaauacugccggguaaugaugga 478351_mir [52,55]
hsa-miR-210-3p MIMAT0000267 cugugcgugugacageggeuga 477970_mir [55]
hsa-miR-223-3p MIMAT0000280 ugucaguuugucaaauacccca 477983_mir [19,46,50,51]

hsa-miR-592 MIMAT0003260 uugugucaauaugcgaugaugu 479075_mir [58]

cel-miR-39-3p 2 MIMATO0000010 ucaccggguguaaaucagcuug 478293_mir [21,59]

! Studies showing relation of particular miRNA to carcinogenesis. 2 Exogenous reference (spike-in control).

4.4. Processing of Real-Time PCR Data

Samples were assessed in technical duplicates. In cases where there was disagreement between
results obtained from both technical duplicates, the sample assessment was repeated. To avoid
plate-to-plate variation, inter-run calibrators (IRCs) were used [60]. Three samples assessed in the first
run of the real-time PCR apparatus for assessment of each miRNA were used as IRCs. The samples
used as IRCs were selected so that a range of obtained Ct values was covered. To obtain plasma levels
of the miRNAs of interest, the ACt approach (272! algorithm) was used. The results are presented
as relative values calculated as 2~(Ctof miRNA of interest — Ct of normalizer) Erom the available approaches
for normalization [61], exogenous reference cel-miR-39 was used as a normalizer for circulating
miRNAs [21,59].

4.5. Quantitative Measurement of CEA and CA19-9

Serum CEA and CA19-9 levels were determined using the ACCESS CEA and ACCESS CA19-9
chemiluminescent assay with the UniCel DxI 800 Instrument (Beckman Coulter, Brea, CA, USA).

4.6. Statistical Analysis

Statistical analysis was performed using the software SAS 9.3 (SAS Institute Inc., Cary, NC, USA).
The statistical results of the comparison of preoperative and postoperative values were calculated
by the Wilcoxon signed-rank test. A p value of <0.05 was considered to be statistically significant.
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Prognostic significance was evaluated using the Kaplan-Meier method after finding an “optimal
cut off” given by the lowest p-value of the logrank test for the examined markers. To evaluate the
diagnostic ability of disease recurrence detection, sensitivities, specificities, positive predictive values,
and negative predictive values were calculated on the basis of an individual cut-off value (defined in
the Section 4.1). Receiver operating characteristic (ROC) curves were generated.

5. Conclusions

We observed prognostic significance of preoperative plasma levels of miR-20a, miR-23a, miR-210,
and miR-223 in CRC patients. There was a decrease in plasma levels of these miRNAs after surgical
removal of the tumor. The use of these miRNAs for early disease recurrence detection was affected
by a low specificity in comparison with CEA and CA19-9. CEA and CA19-9 had high specificity but
low sensitivity.
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Abstract: Colorectal cancer (CRC) belongs to the most common cancers. The liver is a predominant
site of CRC dissemination. Novel biomarkers for predicting the survival of CRC patients with liver
metastases (CLM) undergoing metastasectomy are needed. We examined KRAS mutated circulating
cell-free tumor DNA (ctDNA) in CLM patients as a prognostic biomarker, independently or in
combination with carcinoembryonic antigen (CEA). Thereby, a total of 71 CLM were retrospectively
analyzed. Seven KRAS G12/G13 mutations was analyzed by a ddPCR™ KRAS G12/G13 Screening Kit
on QX200 Droplet Digital PCR System (Bio-Rad Laboratories, Hercules, CA, USA) in liver metastasis
tissue and preoperative and postoperative plasma samples. CEA were determined by an ACCESS
CEA assay with the UniCel DxI 800 Instrument (Beckman Coulter, Brea, CA, USA). Tissue KRAS
positive liver metastases was detected in 33 of 69 patients (47.8%). Preoperative plasma samples were
available in 30 patients and 11 (36.7%) were KRAS positive. The agreement between plasma- and
tissue-based KRAS mutation status was 75.9% (22 in 29; kappa 0.529). Patients with high compared
to low levels of preoperative plasma KRAS fractional abundance (cut-off 3.33%) experienced shorter
overall survival (OS 647 vs. 1392 days, p = 0.003). The combination of high preoperative KRAS
fractional abundance and high CEA (cut-off 3.33% and 4.9 ug/L, resp.) best predicted shorter OS
(HR 13.638, 95%CI 1.567-118.725) in multivariate analysis also (OS HR 44.877, 95%CI 1.59-1266.479;
covariates: extend of liver resection, biological treatment). KRAS mutations are detectable and
quantifiable in preoperative plasma cell-free DNA, incompletely overlapping with tissue biopsy.
KRAS mutated ctDNA is a prognostic factor for CLM patients undergoing liver metastasectomy.
The best prognostic value can be reached by a combination of ctDNA and tumor marker CEA.

Keywords: colorectal cancer; liver metastasis; circulating tumor DNA; cell-free DNA; ctDNA; CEA;
liquid biopsy
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1. Introduction

Colorectal cancer (CRC) belongs to the most common cancers with more than 1.8 million new
cases worldwide per year [1]. Moreover CRC accounts for 9% of all cancer-related deaths. Colorectal
cancer liver metastases (CLM) are the predominant distant recurrence developing in 25-30% of CRC
patients [2,3]. Liver metastasectomy provides potentially curative treatment for those affected by CLM
with a five-year survival up to 47-60% [2,4]. However, recurrences occur in 40-75% of patients after
liver surgery. Therefore, effective biomarkers predicting patients’ survival and disease relapse in this
specific clinical scenario are urgently needed. Accurate prognosis assessment will help in deciding on
an appropriate treatment or facilitate the possible inclusion of patients in any of the ongoing studies.

Once the presence of circulating acids (circulating cell-free DNA- cfDNA and non-coding RNAs)
in body fluids was observed, these molecules attracted interest of cancer research. The benefit of
detection of cell-free DNA in plasma or serum of cancer patients is to gain the knowledge about the
presence of mutations typical for tumor tissue and so to get minimally invasive diagnostic, prognostic
and predictive tool. From a clinical practice perspective, it makes sense to detect the most common
mutations (circulating cell-free tumor DNA- ctDNA) for a given oncological disease (diagnostic,
prognostic) or mutations that can help in the prediction of treatment.

Carcinogenic Kirsten rat sarcoma viral oncogene homolog (KRAS) is the most frequently mutated
proto-oncogene in CRC. Up to 45% of CRC comprise KRAS mutations. KRAS encodes a 21kDa
a membrane-bound small GTPase and is a member of the Ras oncogene family includes also HRAS
and NRAS proto-oncogenes. KRAS is located at short arm of chromosome 12 (12p12.1), spans
approximately 38 kb and the most frequent mutations in this gene, point substitutions in codons 12
and 13 [5,6]. Oncoprotein KRAS aberrantly activate RAS/MAPK pathway and thus contributes to cell
cycle deregulation [7].

Mutated RAS genes were the first tumor specific gene sequences detected in the blood from
patients with cancer [8,9]. For the first time the presence of mutated KRAS2 sequences was detected in
the blood of patients with pancreatic cancer in 1994 by Sorenson et al. [10]. Since 2000, a number of
studies have been published to test the predictive importance of mutations in the KRAS oncogene
for low molecular weight inhibitor and biological therapy. Now is established that KRAS mutations
together with mutations in another proto-oncogene NRAS (exons 2, 3, and 4) are predicting the lack
of treatment efficacy of anti-epidermal growth factor receptor (EGFR) monoclonal antibodies (mAb)
cetuximab and panitumumab [11-14]. The US and European clinical practice guidelines involve
indications for RAS testing (KRAS and NRAS mutations) before the use of anti-EGFR agents [15,16].
The standard techniques evaluating KRAS mutation status for the decision about anti-EGFR mAb
therapy are based on formalin-fixed, paraffin-embedded (FFPE) specimens of tumor tissue obtained
during surgery (tissue biopsy). As an alternative, recently developed methods for so-called liquid
biopsy analyzing circulating tumor DNA (ctDNA) from peripheral blood can provide a rapid KRAS
genotyping that is relatively non-invasive and with a minimal risk of complications compared to tissue
biopsy [17,18]. Studies show that blood detected mutated RAS gene bears prognostic value in primary
and metastatic colorectal cancer [19-28]. At present, the possibility of identification of mutated KRAS
oncogene in ctDNA is extended by determining its exact amount at very low level (for example by the
ddPCR technique) and thus the relationship of the mutated KRAS levels to the clinical pathological
characteristics of the disease can be examined.

Recent studies have indicated that combining multiple markers may improve the accuracy
of diagnostic and assessment of the prognosis [29]. In accordance with this idea, we also
combined the plasma ctDNA KRAS marker with routinely used tumor marker in gastrointestinal
cancers-carcinoembryonic antigen (CEA). The carcinoembryonic antigen (CEA, CEACAMS5, and CD66e)
is a 180-kDa N-linked glycoprotein that is not normally produced in significant quantities after
birth (<0.49 ng/mL in the blood of healthy adults) but is aberrantly over-expressed by epithelial
cancers including cancers of the gastrointestinal tract, breast, lung, ovary and pancreas [30-32].
CEA is the prototypic member of a family of highly related cell surface glycoproteins that includes
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12 carcinoembryonic antigen-related cell adhesion molecules (CEACAMs). CEA and CEACAM-1 are
integral components of the apical glycocalyx human colonic epithelium [33]. However, a mechanistic
role for soluble CEA in tumor progression and metastasis remains to be established [32]. CEA is
the biochemical gold standard for early detection of cancer recurrence, recommended by both the
American Society of Clinical Oncology (ASCO) and the European Group on Tumor Markers (EGTM) [34].
This marker is also one of the most commonly used prognostic factors for CRC [35]. However, the
sensitivity of CEA is not considered to be sufficient [36]. Plasma concentration is not consistently
elevated in colorectal cancer and may be undetectable or present at only low levels with poorly
differentiated tumors [37]. At the most commonly reported CEA threshold of 5 j1g/L shows to detect
colorectal cancer recurrence the sensitivity 71% and the specificity 88% [38].

In this study, we evaluated the concordance and prognostic value KRAS mutations in ctDNA-based
liquid biopsy compared to FFPE-based tissue biopsy of primary CRC and corresponding CLM assessed
by droplet digital PCR methodic (ddPCR). Therefore, to establish the possibility of using plasma
levels of mutated KRAS ctDNA as a supplement or replacement for FFPE tissue (biopsies) for
prediction of treatment in cases where tissue is not available. We assessed the possibility for the
quantification of KRAS mutant alleles in c¢tDNA to serve as an independent prognostic factor for
patients undergoing surgery for liver metastases. The possible synergic prognostic value of combination
of KRAS ctDNA-based liquid biopsy with the conventional CRC biomarker-carcinoembryonic antigen
(CEA) was also evaluated.

2. Results

2.1. The Presence and the Level of KRAS Mutations in Tissue of Primary Tumor and Liver Metastases

KRAS status in the tumor tissue of primary colorectal cancer (CRC) was available in 63 pts.
Tissue KRAS positivity (tKRAS+) was detected in 33 of 63 cases (52.4%). The median tissue KRAS
fractional abundance (tFA; proportion of the mutant allele in FFPE total DNA) was 15.66% ranging
from minimum 0% up to maximum 49.31%. In colorectal cancer liver metastases (CLM), KRAS status
was available in 69 patients. tKRAS+ was found in 33 of 69 cases (47.8%). The median tFA for all
patients was 0% ranging from minimum 0% up to maximum 79.95%. The median tFA for 33 KRAS
positive patients only was 27.3% (minimum 11.06%, maximum 49.31%).

The overall percentage agreement between primary CRC and CLM tissue KRAS mutation status
(i.e., positive or negative) was 93.4% (57/61; kappa, 0.529 (p = 0.002)). In contrast, four samples (6.6%)
experienced discordant status (Table 1). The KRAS fraction abundance positively correlated between
primary tumor tissue and liver metastases samples (R = 0.8, p < 0.001, n = 61).

Table 1. The concordance between tissue KRAS status (KRAS positive vs. KRAS negative) in primary
tumor (CRC) and liver metastases (CLM).

Tissue Origin CRC
KRAS Status KRAS Negative KRAS Positive
KRAS negative 28 3
CLM KRAS positive 1 29

2.2. The Presence and the Level of KRAS Mutations in Plasma

The plasma samples obtained before primary CRC surgery were available in 7 patients. Plasma
KRAS positivity (pKRAS+) was detected in three of seven samples (42.9%). The median plasma KRAS
fractional abundance (pFA) was 0% ranging from minimum 0% up to maximum 42.26%. The median
PFA for three pKRAS+ patients only was 1.37%. The corresponding plasma samples after CRC
surgery were available for four patients. For three of them, negative preoperative pKRAS remained
negative after the surgery as well. One patient experienced decrease of pFA following primary tumor
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resection (from 42.26% preoperative to 22.85% postoperative, resp.). Both tissue and preoperative
plasma samples were available in seven patients. The concordant KRAS status in CRC tissue and
plasma samples was found in six of seven patients (85.7%), whereas one patient (14.3%) experienced
discordant status.

Before surgery for colorectal cancer liver metastases, preoperative plasma samples were available
in 30 patients. Eleven (36.7%) of them were plasma KRAS positive (pKRAS+). The overall percentage
agreement of preoperative plasma KRAS status (i.e., positive or negative) between CRC and CLM
in the same patient was 80% (4 in 5; kappa, 0.545 (p = 0.171)). The median pFA was 0% ranging
from minimum 0% up to maximum 48%. The median pFA for 11 pKRAS+ patients only was 3.33%
(min. 1.35%, max. 48%). The KRAS fraction abundance positively correlated between preoperative
plasma samples and tissue samples of liver metastases (R = 0.649, p < 0.001, n = 29). Preoperative
KRAS fraction abundance did not correlate with a number of liver metastases (R = 0.117, p = 0.536) or
the extent of liver metastases (R = —0.17, p = 0.37).

Both pre- and post-operative plasma samples were available in 17 pts. Of them, 12 preoperative
PKRAS negative remained negative after surgery, whereas five preoperative pKRAS+ became negative.
Therefore, all patients with available plasma samples were pKRAS negative after liver surgery (Figure 1).

o0 p=0.043
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Figure 1. Significant changes in KRAS fractional abundance between pre- and post-operative plasma
samples in patients undergoing surgery for colorectal cancer liver metastases (p = 0.043).

Both tissue and plasma samples were available for 29 pts. Of them, pKRAS+ was detected in
10 of 16 tKRAS+ patients (62.5%), whereas 12 of 13 tKRAS negative patients were pKRAS negative
(92.3%) (Table 2). The overall percentage agreement between plasma-based and tissue-based KRAS
mutation status was 75.9% (22 in 29; kappa, 0.529 (p = 0.002)).

Table 2. The concordance between tissue KRAS status (KRAS positive vs. KRAS negative) in colorectal
cancer liver metastases (CLM) and preoperative plasma samples (Plasma).

Tissue vs. Plasma

Origin CLM Tissue
KRAS Status KRAS Negative KRAS Positive
- KRAS negative 12 6
asma KRAS positive 1 10

2.3. The Preoperative and Postoperative Serum Level of CEA in Patients Undergoing Liver Surgery

The preoperative serum level of CEA was available in 29 patients. The median preoperative CEA
level was 11.9 ug/L ranging from minimum 0.8 up to maximum 945.4 ug/L. CEA after liver surgery
was available in 17 patients. The median postoperative CEA level was 4.2 ug/L ranging from minimum
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0.5 up to maximum 96.5 ug/L. Both pre- and postoperative levels of CEA were available in 16 patients.
All of these patients experienced decrease of CEA level after liver surgery with the maximum fold
change 43.3 (Figure 2).
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Figure 2. Significant changes in CEA levels between pre- and post-operative blood samples in patients
undergoing surgery for colorectal cancer liver metastases (p < 0.001).

2.4. Survival Analysis

The median distant metastasis free survival (DMFS) after the surgery of primary tumor was
210 days. The median disease-free survival (DFS) and overall survival (OS) after liver surgery was
423 and 1269 days, respectively. Both the patients with KRAS positive vs. KRAS negative primary
tumor tissue experienced similar DMFS (median 210 vs. 186 days, p = 0.215). Similarly, there were
no differences in DFS (median 475 vs. 357 days, p = 0.245) and OS (median 1368 vs. 1230 days,
p = 0.783) after liver surgery between patients with KRAS positive and negative liver metastasis.
The percentage increment of KRAS fractional abundance in primary tumor tissue (tFA) did not influence
patients” DMFS (HR 0.989, p = 0.185). Similarly, liver metastasis KRAS tFA did not influence DFS
(HR =1, p=0.962) or OS (HR =1, p = 0.968) after liver surgery. The analysis of the prognostic impact
of the other clinicopathological factors showed that patients” DFS was not affected by tumor grade
(grade 2 vs. 1 HR = 1.099, p = 0.78; grade 3 vs. 1 HR = 0.737, p = 0.593), number of liver metastases
(>2 vs. 1 HR = 1.378, p = 0.209), extent of liver metastases (increment in size HR = 0.998, p = 0.727),
extrahepatic disease (present vs. absent HR = 0.85, p = 0.756). Similarly there were no differences in
OS in relation to tumor grade (grade 2 vs. 1 HR = 0.602, p = 0.399; grade 3 vs. 1 HR = 0.807, p = 0.703),
number of liver metastases (>2 vs. 1 HR = 1.184, p = 0.545), extent of liver metastases (increment in
size HR = 1.004, p = 0.548), extrahepatic disease (present vs. absent HR = 1.253, p = 0.668).

There was a trend to shorter DFS (median 357 vs. 470 days, p = 0.074) (Figure 3) after liver surgery
in patients with KRAS positive vs. negative preoperative plasma samples, but not OS (median 1269 vs.
1390 days, p = 0.234).
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Figure 3. Disease-free survival (DFS) after liver surgery in patients with KRAS positive (red color) vs.
negative (green color dotted line) pre-operative plasma samples.

On contrary, percentage increment in preoperative plasma KRAS fractional abundance (pFA)
predicted shorter OS (HR 1.04, p = 0.049) and trend to shorter DFS (HR 1.037, p = 0.073) after liver
surgery. Importantly, preoperative pFA were independent predictor for DFS (HR 1.044, p = 0.041) and
OS (HR 1.05, p = 0.021) in multivariate analysis including other covariates (also including parameters:
extend of liver resection and presence of biological treatment).

Patients with high compared to low level of preoperative KRAS pFA (cut-off 3.33%) experienced
shorter OS (647 vs. 1392 days, p = 0.003; HR 4.391, 95%CI 1.529-12.614) (Figure 4), but not DFS
(p =0.118). Among 11 pKRAS+ patients, a high level of preoperative pFA (cut-off 3.33%) also predicted

shorter OS (647 vs. 1459 days, p = 0.009; HR 10.733, 95%CI 1.236-93.24), but not DFS (p = 0.3).
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Figure 4. Overall survival (OS) after liver surgery for all patients with low (green color dotted line) vs.
high (red color) KRAS fractional abundance in pre-operative plasma samples (cut-off 3.33%).
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In patients treated for CLM, a high level of preoperative KRAS pFA (cut-off 3.33%) remained
an independent negative prognostic factor for OS after liver surgery also in multivariate analysis (Table 3).
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Table 3. The multivariate analysis of disease free survival (DFS) and overall survival (OS) of patients
undergoing liver surgery.

The Multivariate

Survival Analysis DFS 0s
Status of Biomarkers o HR (95%
. HR (95% s e R s
and Clinical X Significance Confidence Significance
L. Confidence Interval)
Characteristics Interval)
Plasma KRAS

fractional abundance
[cut-off 3.33%]

Low level 1.000 1.000
High level 2.542 (0.823-7.853) p=0.105 11.732 p=0.001
(2.729-50.432)
CEA [cut-off 4.9 ug/L]
Low level 1.000 1.000
High level 3.264 (1.119-9.521) p=0.03 5.409 (1.272-22.998) p=0.022
Extend of liver
resection
RO 1.000 1.000
R1 3.309 (1.09-10.045) p=0.035 6.054 (1.499-24.451) p=0.011
RFA ! 2.895 (0.891-9.406) p=0.077 7.368 (1.479-36.7) p=0.015
Biological treatment
et
na. 1.546 (0.633-3.774) p=0.339 0.828 (0.326-2.104) p =0.692

! Radiofrequency ablation.

Patients positive for KRAS mutations in both tissue of liver metastasis and preoperative
plasma samples (tKRAS+/pKRAS+, n = 10) compared to patients with tissue KRAS positivity only
(tKRAS+/pKRAS-, n = 6) showed shorter DFS (329 vs. 470 days, p = 0.051) (Figure 5), but not OS
(p = 0.328).

Combined tissue and plasma KRAS mutations status
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Figure 5. Disease-free survival (DFS) after liver surgery in patients with combined KRAS liver metastasis
tissue and preoperative plasma positivity (red color) vs. tissue positivity only (green color dotted line).
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Patients with high compared to low preoperative CEA level (cut-off 4.9 ug/L) experienced trend
to shorter DFS (401 vs. 796 days, p = 0.066) (Figure 6) as well as OS (1265 vs. 1846 days, p = 0.052)
(Figure 7) after liver surgery.
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Figure 6. Disease-free survival (DFS) after liver surgery for patients with low (green color dotted line)
vs. high (red color) preoperative CEA level (cut-off 4.9 ug/L).
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Figure 7. Overall survival (OS) after liver surgery for patients with low (green color dotted line) vs.
high (red color) preoperative CEA level (cut-off 4.9 ug/L).

The best predictive value of patient survival after liver surgery was observed with combination
of preoperative KRAS pFA and CEA level of CLM patients. Patients with both high pFA and CEA
preoperative levels (cut-off 3.33% and 4.9 ug/L, resp.) experienced the worst survival compared to
those with combined low pFA and CEA levels and the best OS (647 vs. 1846 days, p = 0.003; HR 13.638
95%CI 1.567-118.725) (Figure 8). There was trend to better DFS (p = 0.079) for combined low levels of
KRAS pFA and CEA as well (Figure 9). Patients with both high levels of preoperative KRAS pFA and
CEA showed also the worst OS (HR 44.877 95%CI 1.590-1266.479) in multivariate analysis including
other covariates (extend of liver resection, presence of biological treatment).
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Figure 8. Overall survival (OS) after liver surgery for patients with combined low (green color dotted
line) vs. high (red color) preoperative KRAS pFA and CEA levels (cut-off 3.33% and 4.9 ug/L, resp.).
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Figure 9. Disease-free survival (DFS) after liver surgery for patients with combined low (green color
dotted line) vs. high (red color) preoperative KRAS pFA and CEA levels (cut-off 3.33% and 4.9 ug/L, resp.).

3. Discussion

In the last two decades, we have witnessed an ever-increasing number of modalities of cancer
treatment, including a growing spectrum of biological drugs and low molecular weight inhibitor drugs
used for targeted treatment of cancer patients. At present, the correct choice of treatment depends also
on the determination of prognostic and predictive biomarkers. The ability to respond in the case of
recurrence/progression of the disease by changing cancer treatment carries with the need for real-time
knowledge of the changes in the genotype of the tumor. This is where the liquid biopsy approach turns
out to be very suitable for the patient, compensating in certain cases for the unavailability of the tumor
tissue (biopsy, FFPE) and also allowing easy repeated peripheral blood sampling and the analysis of
molecules with an assumed origin in the tumor tissue.

Moreover, the liquid biopsy approach overcomes to some extent the problem of tumor heterogeneity
that complicates the traditional histopathological examinations. Hand in hand with the development
of treatment modalities, more sensitive methods of detection of biomarkers (DNA mutations (ctDNA),
oncoproteins and circulating tumor cells (CTC)) are becoming available, on the basis of which it is
possible to determine prognosis or decide on an appropriate treatment. The decline in prices for
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individual determinations is also favorable, especially in the area of DNA analysis. The ddPCR method
provides a sensitive quantitative determination of the genotypes of genes, enabling the determination
of mutated DNA on the background of the wild-type majority.

This takes the possibilities of the liquid biopsy approach, specifically of the analysis of the mutated
DNA released by the tumor tissue, a step further and allows not only the determination of low ctDNA
levels but also the choice of a suitable cut-off for further categorization of cancer patients and a correct
assessment of the relationship between the tumor tissue genotype and the phenotype, i.e., the character
and extent of the oncological disease. It turns out that different biomarkers, in which a significant
relationship to the clinicopathological characteristics of the tumor was found, do not characterize the
same properties of the tumor. Therefore a combination of biomarkers based on different processes of
the molecular biology of the tumor (protein, miRNA, DNA genotype) may be appropriate, especially
for determining the prognosis. In this study, we decided to implement this approach.

The aim of the study was to determining concordance and prognostic significance of level of
the KRAS mutations, to establish the possibility of using plasma levels of mutated KRAS ctDNA as
a replacement for FFPE tissue for prediction of treatment in cases where FFPE tissue is not available.
We used preoperative and postoperative plasma samples of patients treated for primary colorectal
carcinoma and then it’s liver metastases and the corresponding FFPE tissue samples together with
long-term clinical data for determining of the prognostic significance of mutated KRAS level determined
by the ddPCR method even in combination with routinely determined tumor marker CEA.

In patients with primary colorectal cancer, we detected KRAS mutation in the tissue in 54% of
cases, in liver metastases of these patients it was 47.8% of cases. This corresponds to the upper limit
given for larger sample sets [39]. The concordant mutation status between the primary carcinoma and
liver metastasis was found in the majority of patients (93.4%). In three patients (9.375%) with primary
cancer positivity, no mutation of the KRAS oncogene was observed in the metastasis, the opposite in
one patient (7.69%).

It makes sense to discuss the concordance, due to the number of samples, between the presence of
a mutation in the KRAS oncogene in liver metastasis tissue and the plasma of a preoperative sample of
liver metastases only. The overall percentage agreement between plasma-based and tissue-based KRAS
mutation status was 75.9%. Several previous studies evaluated the concordance of KRAS alterations
between tissue and ctDNA and found overall concordance to range 67-96% [40]. We also evaluated
the relationship between the levels of KRAS mutated fraction of ctDNA and the levels of determined
mutations in liver metastasis tissue. The KRAS fraction abundance positively correlated (R = 0.649)
between preoperative plasma samples and tissue samples of liver metastases. These results indicate the
limits of liquid biopsy as a substitute to tissue biopsy KRAS mutations analysis for treatment prediction.
At the same time, this indicate that the results of plasma vs. tissue assays provide different insights into
the biology of tumor behavior, discussed below. KRAS mutation in plasma disappeared after removal
of metastases in all patients where the assessment was available. It is possible due to relatively short
half-life time of DNA in plasma ranging from 15 min to several hours. It also points to the possibility
of minimal residual disease detection and non-invasive monitoring if tumor mass was completely
removed by surgery in patients with mutated KRAS. Likewise, achieving zero KRAS ctDNA level after
liver surgery is important for early detection of potential disease recurrence, where the KRAS ctDNA
can increase again.

We also investigated the relationship of KRAS mutated DNA levels to DFS and OS, both tissue and
plasma levels. Based on the concordance of the presence of KRAS mutations in the plasma and tissue
of patients with liver metastases, we would expect similar results regarding the possible prognostic
significance (OS and DFS). However, we recorded prognostic significance only for the determination
of mutated DNA of the KRAS gene in plasma. Patients with a fractional abundance value lower than
3.3% had got a significantly better prognosis (OS). Based on the relationship between the level of KRAS
mutated ctDNA and prognosis, our results indicate that, in certain cases, it may be more appropriate
to determine the presence of a KRAS mutation based on plasma results.
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Other studies showed that the quantification of ctDNA is the valuable prognostic factor for
CLM patients and support the idea of non-invasive detection of persistent minimal residual disease.
In the study by Cassinotti et al. and Frattini et al., the ctDNA concentration significantly decreased
after primary tumor resection. However, the ctDNA concentration dramatically increased in patients
with a relapse. In “disease-free” patients, the ctDNA level remains in decreasing tendency [41,42].
The preoperative assessment of ctDNA level might be useful for better prognosis estimation and
a postoperative assessment could early detect the cancer recurrence. Increased ctDNA level significantly
correlated with an unfavorable prognosis in another study as well [43]. In addition, our study showed
the benefits of quantifying of copies of KRAS ctDNA by the ddPCR.

In our opinion based on these results, it can be stated that the plasma level of the KRAS mutation
does not reflect the same biological properties of oncological disease as the level of the mutated KRAS
oncogene DNA determined in the tumor tissue. Plasma assays also include information on the ability
to release tumor molecules into the bloodstream. In addition, the result shows that we do not have two
groups of patients (KRAS+ and KRAS-), but rather three groups. The group without a mutation in the
KRAS oncogene, with a small amount of ctDNA in the bloodstream and a large amount of ctDNA.

There is evidence that ctDNA assessment could be a more preferable biomarker of prognosis than
CEA plasma levels. Vymetalkova et al. mentions that, at the time of recurrence, 80% of CRC patients
were ctDNA positive, while CEA levels were only elevated in 41% of CRC patients [43]. Reinert
et al. [44] and Carpinetti et al. [45] published that ctDNA assessment in follow-up period of CRC
patients may show cancer recurrence and therapy response an earlier in comparison with monitoring
of CEA or radiological evaluation. We observed the benefit of combining both ctDNA and CEA levels
for prognosis.

The limitations of our study must also be mentioned. These are mainly heterogenous treatment
protocols applied for oncological patients and also the limited number of plasma samples available for
analysis. On the other hand, the strengths are the use of the ddPCR method and detailed long-term
patient follow-up with a high maturity of the cohort of patients. The assay for ddPCR used in our
study is able to screen spectrum of KRAS mutations (as described in materials and methods) that is
very useful in the case of ctDNA analysis and limited amount of isolated DNA. This advantage is
limited by the impossibility to discriminate among individual mutations.

4. Materials and Methods

4.1. Patients and Samples

We retrospectively analyzed 71 patients who underwent primary surgery for colorectal carcinoma
and after the onset of disease progression into the liver who underwent surgery for CRC liver metastases
(Table 4). The study was approved by the institutional review board and local ethics committee of
the University Hospital in Pilsen. The ethical code is n0.1552016. Every patient signed an informed
consent form for the use of their blood samples in clinical research for the assessment of tumor markers.
Each FFPE sample of CRC and CLM patients was verified by a pathologist diagnosis. All CRC tumors
used in these study were histologically adenocarcinomas. CRC patients were staged base on the TNM
system of the International Union Against Cancer (IUCC, 7th edition) [46]. The median patients”
follow-up was 4.1 years. The evaluation of remission and recurrence were classified based on response
evaluation criteria in solid tumors (RECIST) [47].
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Table 4. Patient characteristics.

Patient Characteristics Number of Patients (%)
All patients in the study 71 (100%)
Gender
Female 29 (41%)
Male 42 (59%)
Mean age at liver surgery (min-max) 62.7 (29-77) years
Extent of liver surgery
RO resection 38 (54%)
R1 resection 21 (30%)
RFA ! 11 (16%)
Adjuvant chemotherapy
Yes 55 (77%)
No 16 (23%)

Adjuvant biological therapy
(bevacizumab or cetuximab)

Yes 15 (21%)
No 56 (79%)
Tumor grade (available in 44 pts.)

Grade 1 15 (21%)
Grade 2 23 (32%)

Grade 3 6 (9%)

Number of liver metastases
1 35 (49%)
>2 36 (51%)
Mean size of metastases (min-max) 38.5 (6-130) mm

Extrahepatic disease

Yes 4 (6%)
No 67 (94%)

! Radiofrequency ablation.

The quantitative estimation of 7 KRAS G12/G13 mutations was performed by ddPCR in 71
colorectal carcinoma tissue samples (FFPE) and paired 71 liver metastasis tissue samples (FFPE).
In these patients the quantitative KRAS estimation was also done in 7 preoperative (taken a day before
primary CRC surgery) and postoperative (taken a day after primary CRC surgery) plasma samples.
Similarly the mutated KRAS was quantified in 30 preoperative and postoperative plasma samples of
patients undergoing surgery for CLM.

4.2. Blood Samples

The peripheral blood samples were collected from the cubital vein using K3EDTA Vacutainer
tubes (Greiner Bio-One, Kremsmiinster, Austria). Plasma was prepared by two-step centrifugation of
6 mL of blood at 950 rcf at 10 min at 4 °C and then at 11,000 rcf at 10 min at 4 °C—to remove any cell
debris as a standard procedures used for cell-free DNA assessment.

For CEA detection, the blood serum was separated by centrifugation at 1700 rcf for 10 min from
4 mL of blood collected in Vacuette® blood collection tubes (Greiner Bio-One, Kremsmiinster, Austria).
Until analysis plasma and serum samples were stored frozen at —80 °C.
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4.3. DNA Isolation

Tissue DNA was isolated by AllPrep DNA/RNA FFPE kit (Qiagen, Hilden, Germany). Total circulating
DNA was isolated from 1 mL plasma by the QIAamp Circulating Nucleic Acid Kit kit (Qiagen, Hilden,
Germany), according to the manufacturer manual.

4.4. ddPCR Assay

Quantitative estimation of 7 KRAS G12/G13 mutations was done by ddPCR™ KRAS G12/G13
Multiplex Screening Kit (catalogue No. 186-350, Bio-Rad Laboratories, Hercules, CA, USA) on
QX200 Droplet Digital PCR System (Bio-Rad Laboratories, Hercules, CA USA). This assay enables
to screen KRAS variants G12A (dHsaCP2500586), G12C (dHsaCP2500584), G12D (dHsaCP2500596),
GI12R (dHsaCP2500590), G12S (dHsaCP2500588), G12V (dHsaCP2500592) and G13D (dHsaCP2500598).

For FFPE samples the total DNA load in reaction was 50 ng of isolated DNA per well. To overstep
the small amounts of mutated DNA in circulation generally, all plasma samples were analyzed in 3 well
simultaneously in each 5 pL of isolated DNA without dilution was added yielded 25-225 ng of DNA
per 3 merged wells. Data obtained in 3 wells (same sample) were merged for results as recommended
in Bulletin 6628A, Rare mutation detection (Best practices guidelines) by Bio-Rad Laboratories,
Hercules, CA, USA.

The analytical procedure was performed according to PrimePCR ddPCR assay manual-Bio-Rad
10,048,179 Rev. A, (Bio-Rad Laboratories, Hercules, CA, USA). No DNA digestion was used for samples,
while for FFPE and cell free DNA samples is not required. PCR master mix was prepared by 11 uL
2x ddPCR Supermix for Probe (no dUTP), 1 uL multiplex primers/probes (FAM + HEX) and 7.5 pL
nuclease-free water for each FFPE sample. For cell free DNA sample was 33 uL 2x ddPCR Supermix
for Probe (no dUTP), 3 uL multiplex primers/probes (FAM + HEX) and 15 uL nuclease-free water for
three wells. There was manually transferred 20 uL of final PCR mix into wells of a CG 8 cartridge and
added 70 uL Droplet Generation Oil for probes. Cartridge is loaded into QX200TM Droplet Generator
(Bio-Rad Laboratories, Hercules, CA, USA) for droplet generation, followed by transfer of 40 uL of
sample droplets into the 96-well PCR plate. Plate is heat sealed by foil using PX1 PCR Plate Sealer
(Bio-Rad Laboratories, Hercules, CA, USA). Amplification was performed in T100TM Thermal Cycler
with 96-Deep Well Reaction Module (thermal cycling protocol: 95 °C for 10 min, 40X cycle of 94 °C for
30's, 55 °C for 1 min, 98 °C for 10 min (all ramp rate 2 °C/s), and final cooling down to 4 °C, ramp rate
1°C/s). After thermal cycling, reading analysis was performed on QX200TM Droplet Reader (Bio-Rad
Laboratories, Hercules, CA, USA) with setting for FAM/HEX.

In all plates, positive controls for each detected KRAS mutation and negative samples were
screened for quality control and “cut-off” set-up. Control samples have checked DNA quality by
amplification of control genes: 100-600 bp (BIOMED-2), detection of mutations in positive control
samples were performed by PCR and reverse-hybridization accredited according to CSN EN 15189:2013.

Data were analyzed in Biorad-Laboratories software Quantasoft 1.7 and QuantaSoft™ Analysis
Pro 1.0. Thresholds were placed manually. Fractional abundance (FA) of targeted mutations in samples,
determined as positive, were calculated as percentage FA% = mutated copies/(mutated copies +
wildtype copies) x 100. FFPE samples, for which positive droplet count (FAM plus HEX channel) was
insufficient, were reanalyzed with DNA load app. 100 ng/well reaction.

According to false positive rate (FPR) 1625 (cumulatively 13 false positive droplets in 8 control
samples) in plasma sample plates, the 5 positive droplets were determined as a cut-off for merged
plasma sample results.
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To avoid any false positive results for FFPE samples, we have chosen relatively high cut-off value:
the fractional abundance of 5% for positivity of mutation occurrence, while mean FA% of negative
controls was 1.5% and maximum FA% in FEPE negative controls was approximately 3% in FFPE plates.

4.5. Quantitative Measurement of CEA

Serum levels of CEA protein were determined in monoplicates by chemiluminescent assay the
ACCESS CEA assay with the UniCel DxI 800 Instrument (Beckman Coulter, Brea, CA, USA). The cut
off value of the preoperative serum CEA level was set at 4.9 ng/mL.

4.6. Statistical Analysis

Statistical analysis was performed using the SPSS 22 software package (IBM, Armonk, NY, USA).
The statistical significance was considered with a p value of <0.05. Kaplan-Meier method with
an “optimal cut off” found with the lowest p-value of the log rank test was used for survival analysis.
Multivariate analysis was performed by the Cox regression model to test independent significance
while adjusting for covariates. Data were presented as hazard ratios (HR) and 95% confidence intervals
(95%CI). Spearman’s rank-order correlation method was used for mutual correlations. The Wilcoxon
signed-rank test was used for comparison of differences between pre- and post-operative levels of
circulating markers.

5. Conclusions

Published data on liquid biopsy based on ctDNA in colorectal cancer patients with advanced
disease provide additional information on the course and prognosis of the disease and may help
with the therapy decision making process. The best prognostic value in colorectal cancer patients
undergoing surgery for liver metastases was observed based on the detection of the level of KRAS
ctDNA in combination with routinely determined tumor marker CEA.
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Abbreviations

95% CI 95% Confidence interval

CEA Carcinoembryonic antigen

CLM Colorectal cancer liver metastases

CRC Colorectal cancer

CTC Circulating tumor cells

cfDNA Circulating cell-free deoxyribonucleic acid

tDNA Ci‘rculating cell-free tumor deoxyribonucleic
acid

ddPCR Droplet digital polymerase chain reaction

DFS Disease-free survival

DMFS Distant metastasis free survival

DNA Deoxyribonucleic acid

EGFR Epidermal growth factor receptor

FFPE Formalin-fixed, paraffin-embedded

FPR False positive rate

HR Hazard ratio

Tucc International union against cancer

KRAS Kirsten rat sarcoma viral oncogene homolog

mAb Monoclonal antibody

miRNA Micro-ribonucleic acid

NRAS Neuroblastoma RAS viral oncogene homolog

(03] Overall survival

PCR Polymerase chain reaction

pFA Plasma KRAS fractional abundance

pKRAS- Plasma KRAS negativity

pKRAS+ Plasma KRAS positivity

RECIST Response evaluation criteria in solid tumors

RFA Radiofrequency ablation

tFA Tissue KRAS fractional abundance

tKRAS+ Tissue KRAS positivity

TNM Tumor, node, metastases

References

1. Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:

GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin.
2018, 68, 394-424. [CrossRef] [PubMed]

Engstrand, J.; Nilsson, H.; Stromberg, C.; Jonas, E.; Freedman, J. Colorectal cancer liver metastases—A
population-based study on incidence, management and survival. BMC Cancer 2018, 18, 78. [CrossRef]
[PubMed]

Golubnitschaja, O.; Polivka, J.; Yeghiazaryan, K.; Berliner, L. Liquid biopsy and multiparametric analysis
in management of liver malignancies: New concepts of the patient stratification and prognostic approach.
EPMA . 2018, 9, 271-285. [CrossRef] [PubMed]

Kow, A.W.C. Hepatic metastasis from colorectal cancer. ]. Gastrointest. Oncol. 2019, 10, 1274-1298. [CrossRef]
[PubMed]

Rosty, C.; Young, J.P.; Walsh, M.D.; Clendenning, M.; Walters, R.J.; Pearson, S.; Pavluk, E.; Nagler, B.;
Pakenas, D.; Jass, J.R.; et al. Colorectal carcinomas with KRAS mutation are associated with distinctive
morphological and molecular features. Mod. Pathol. 2013, 26, 825-834. [CrossRef]

Normanno, N.; Tejpar, S.; Morgillo, F.; De Luca, A.; Van Cutsem, E.; Ciardiello, F. Implications for KRAS
status and EGFR-targeted therapies in metastatic CRC. Nat. Rev. Clin. Oncol. 2009, 6, 519-527. [CrossRef]
Malumbres, M.; Barbacid, M. RAS oncogenes: The first 30 years. Nat. Rev. Cancer 2003, 3, 459-465. [CrossRef]



Cancers 2020, 12, 2434 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Vasioukhin, V.; Anker, P.; Maurice, P.; Lyautey, J.; Lederrey, C.; Stroun, M. Point mutations of the N-ras gene
in the blood plasma DNA of patients with myelodysplastic syndrome or acute myelogenous leukaemia.
Br. ]. Haematol. 1994, 86, 774-779. [CrossRef]

Sorenson, G.D. Detection of mutated KRAS2 sequences as tumor markers in plasma/serum of patients with
gastrointestinal cancer. Clin. Cancer Res. 2000, 6, 2129-2137. [CrossRef]

Sorenson, G.D.; Pribish, D.M.; Valone, EH.; Memoli, V.A.; Bzik, D.]J.; Yao, S.L. Soluble normal and mutated
DNA sequences from single-copy genes in human blood. Cancer Epidemiol. Biomark. Prev. 1994, 3, 67-71.
Karapetis, C.S.; Khambata-Ford, S.; Jonker, D.J.; O’Callaghan, C.J.; Tu, D.; Tebbutt, N.C.; Simes, R.J.;
Chalchal, H.; Shapiro, J.D.; Robitaille, S.; et al. K-ras mutations and benefit from cetuximab in advanced
colorectal cancer. N. Engl. ]. Med. 2008, 359, 1757-1765. [CrossRef] [PubMed]

Douillard, J.-Y.; Oliner, K.S.; Siena, S.; Tabernero, J.; Burkes, R.; Barugel, M.; Humblet, Y.; Bodoky, G.;
Cunningham, D.; Jassem, J.; et al. Panitumumab-FOLFOX4 treatment and RAS mutations in colorectal
cancer. N. Engl. ]. Med. 2013, 369, 1023-1034. [CrossRef] [PubMed]

Peeters, M.; Oliner, K.S.; Price, T.].; Cervantes, A.; Sobrero, A.E,; Ducreux, M.; Hotko, Y.; André, T.; Chan, E.;
Lordick, F; et al. Analysis of KRAS/NRAS Mutations in a Phase III Study of Panitumumab with FOLFIRI
Compared with FOLFIRI Alone as Second-line Treatment for Metastatic Colorectal Cancer. Clin. Cancer Res.
2015, 21, 5469-5479. [CrossRef] [PubMed]

Van Cutsem, E.; Lenz, H.-J.; Kéhne, C.-H.; Heinemann, V.; Tejpar, S.; Melezinek, I.; Beier, F,; Stroh, C.;
Rougier, P,; van Krieken, ].H.; et al. Fluorouracil, leucovorin, and irinotecan plus cetuximab treatment and
RAS mutations in colorectal cancer. J. Clin. Oncol. 2015, 33, 692-700. [CrossRef] [PubMed]

Allegra, C.J.; Rumble, R.B.; Hamilton, S.R.; Mangu, P.B.; Roach, N.; Hantel, A.; Schilsky, R.L. Extended RAS
Gene Mutation Testing in Metastatic Colorectal Carcinoma to Predict Response to Anti-Epidermal Growth
Factor Receptor Monoclonal Antibody Therapy: American Society of Clinical Oncology Provisional Clinical
Opinion Update 2015. J. Clin. Oncol. 2016, 34, 179-185. [CrossRef] [PubMed]

Van Cutsem, E.; Cervantes, A.; Adam, R.; Sobrero, A.; Van Krieken, J].H.; Aderka, D.; Aranda Aguilar, E.;
Bardelli, A.; Benson, A.; Bodoky, G.; et al. ESMO consensus guidelines for the management of patients with
metastatic colorectal cancer. Ann. Oncol. 2016, 27, 1386-1422. [CrossRef] [PubMed]

Schmiegel, W.; Scott, R.J.; Dooley, S.; Lewis, W.; Meldrum, C.J.; Pockney, P.; Draganic, B.; Smith, S.; Hewitt, C.;
Philimore, H.; et al. Blood-based detection of RAS mutations to guide anti-EGFR therapy in colorectal cancer
patients: Concordance of results from circulating tumor DNA and tissue-based RAS testing. Mol. Oncol.
2017, 11, 208-219. [CrossRef]

Garcia-Foncillas, J.; Tabernero, J.; Elez, E.; Aranda, E.; Benavides, M.; Camps, C.; Jantus-Lewintre, E.;
Lépez, R.; Muinelo-Romay, L.; Montagut, C.; et al. Prospective multicenter real-world RAS mutation
comparison between OncoBEAM-based liquid biopsy and tissue analysis in metastatic colorectal cancer.
Br. J. Cancer 2018, 119, 1464-1470. [CrossRef]

Lecomte, T.; Berger, A.; Zinzindohoué, F.,; Micard, S.; Landi, B.; Blons, H.; Beaune, P.; Cugnenc, P.-H.;
Laurent-Puig, P. Detection of free-circulating tumor-associated DNA in plasma of colorectal cancer patients
and its association with prognosis. Int. ]. Cancer 2002, 100, 542-548. [CrossRef]

Lindforss, U.; Zetterquist, H.; Papadogiannakis, N.; Olivecrona, H. Persistence of K-ras mutations in plasma
after colorectal tumor resection. Anticancer Res. 2005, 25, 657-661.

Trevisiol, C.; Di Fabio, F.; Nascimbeni, R.; Peloso, L.; Salbe, C.; Ferruzzi, E.; Salerni, B.; Gion, M. Prognostic
value of circulating KRAS2 gene mutations in colorectal cancer with distant metastases. Int. . Biol. Markers
2006, 21, 223-228. [CrossRef] [PubMed]

Spindler, K.-L.G; Pallisgaard, N.; Vogelius, I.; Jakobsen, A. Quantitative cell-free DNA, KRAS, and BRAF
mutations in plasma from patients with metastatic colorectal cancer during treatment with cetuximab and
irinotecan. Clin. Cancer Res. 2012, 18, 1177-1185. [CrossRef] [PubMed]

Bai, Y,; Liu, X.; Wang, Y.; Ge, E; Zhao, C.; Fu, Y.; Lin, L.; Xu, J. Correlation analysis between abundance of
K-ras mutation in plasma free DNA and its correlation with clinical outcome and prognosis in patients with
metastatic colorectal cancer. Zhonghua Zhong Liu Za Zhi 2013, 35, 666-671. [PubMed]

Spindler, K.G.; Appelt, A.L,; Pallisgaard, N.; Andersen, R.F,; Jakobsen, A. KRAS-mutated plasma DNA as
predictor of outcome from irinotecan monotherapy in metastatic colorectal cancer. Br. . Cancer 2013, 109,
3067-3072. [CrossRef] [PubMed]



Cancers 2020, 12, 2434 17 of 18

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Xu, J.-M.; Liu, X.-J; Ge, E-J; Lin, L.; Wang, Y.; Sharma, M.R; Liu, Z.-Y.; Tommasi, S.; Paradiso, A. KRAS
mutations in tumor tissue and plasma by different assays predict survival of patients with metastatic
colorectal cancer. . Exp. Clin. Cancer Res. 2014, 33, 104. [CrossRef]

Siravegna, G.; Mussolin, B.; Buscarino, M.; Corti, G.; Cassingena, A.; Crisafulli, G.; Ponzetti, A.; Cremolini, C.;
Amatu, A; Lauricella, C.; et al. Clonal evolution and resistance to EGFR blockade in the blood of colorectal
cancer patients. Nat. Med. 2015, 21, 795-801. [CrossRef] [PubMed]

Spindler, K.L.G.; Pallisgaard, N.; Andersen, R.F,; Brandslund, I.; Jakobsen, A. Circulating free DNA as
biomarker and source for mutation detection in metastatic colorectal cancer. PLoS ONE 2015, 10, €0108247.
[CrossRef] [PubMed]

El Messaoudi, S.; Mouliere, F.; Du Manoir, S.; Bascoul-Mollevi, C.; Gillet, B.; Nouaille, M.; Fiess, C.; Crapez, E.;
Bibeau, F; Theillet, C.; et al. Circulating DNA as a Strong Multimarker Prognostic Tool for Metastatic
Colorectal Cancer Patient Management Care. Clin. Cancer Res. 2016, 22, 3067-3077. [CrossRef]

Luo, H.; Shen, K,; Li, B,; Li, R.; Wang, Z.; Xie, Z. Clinical significance and diagnostic value of serum NSE,
CEA, CA19-9, CA125 and CA242 levels in colorectal cancer. Oncol. Lett. 2020, 20, 742-750. [CrossRef]
Kang, H.Y.; Choe, EK,; Park, KJ.; Lee, Y. Factors Requiring Adjustment in the Interpretation of Serum
Carcinoembryonic Antigen: A Cross-Sectional Study of 18,131 Healthy Nonsmokers. Gastroenterol. Res. Pract.
2017, 2017, 9858931. [CrossRef]

Hall, C.; Clarke, L.; Pal, A.; Buchwald, P; Eglinton, T.; Wakeman, C.; Frizelle, F. A Review of the Role of
Carcinoembryonic Antigen in Clinical Practice. Ann. Coloproctol. 2019, 35, 294-305. [CrossRef] [PubMed]
Abdul-Wahid, A.; Cydzik, M.; Fischer, N.W.; Prodeus, A.; Shively, ].E.; Martel, A.; Alminawi, S.; Ghorab, Z.;
Berinstein, N.L.; Gariépy, J. Serum-derived carcinoembryonic antigen (CEA) activates fibroblasts to induce
a local re-modeling of the extracellular matrix that favors the engraftment of CEA-expressing tumor cells.
Int. J. Cancer 2018, 143, 1963-1977. [CrossRef] [PubMed]

Calinescu, A.; Turcu, G.; Nedelcu, R.I; Brinzea, A.; Hodorogea, A.; Antohe, M.; Diaconu, C.; Bleotu, C.;
Pirici, D.; Jilaveanu, L.B.; et al. On the Dual Role of Carcinoembryonic Antigen-Related Cell Adhesion
Molecule 1 (CEACAMI) in Human Malignancies. | Immunol. Res. 2018, 2018, 7169081. [CrossRef] [PubMed]
Pesta, M.; Kucera, R.; Topolcan, O.; Karlikova, M.; Houfkova, K.; Polivka, J.; Macanova, T.; Machova, L;
Slouka, D.; Kulda, V. Plasma microRNA Levels Combined with CEA and CA19-9 in the Follow-Up of
Colorectal Cancer Patients. Cancers 2019, 11, 864. [CrossRef]

Xie, H.-L.; Gong, Y.-Z.; Kuang, ] .-A.; Gao, F,; Tang, S.-Y.; Gan, J.-L. The prognostic value of the postoperative
serum CEA levels/preoperative serum CEA levels ratio in colorectal cancer patients with high preoperative
serum CEA levels. Cancer Manag. Res. 2019, 11, 7499-7511. [CrossRef]

Tan, E.; Gouvas, N.; Nicholls, RJ.; Ziprin, P.; Xynos, E.; Tekkis, P.P. Diagnostic precision of carcinoembryonic
antigen in the detection of recurrence of colorectal cancer. Surg. Oncol. 2009, 18, 15-24. [CrossRef]

Park, I].; Choi, G.-S.; Lim, K.H.; Kang, B.M.; Jun, S.H. Serum carcinoembryonic antigen monitoring after
curative resection for colorectal cancer: Clinical significance of the preoperative level. Ann. Surg. Oncol.
2009, 16, 3087-3093. [CrossRef]

Nicholson, B.D.; Shinkins, B.; Pathiraja, I.; Roberts, N.W.; James, T.].; Mallett, S.; Perera, R.; Primrose, ].N.;
Mant, D. Blood CEA levels for detecting recurrent colorectal cancer. Cochrane. Database. Syst. Rev. 2015,
CDO011134. [CrossRef]

Knijn, N.; Mekenkamp, L.J.M.; Klomp, M.; Vink-Bérger, M.E.; Tol, J.; Teerenstra, S.; Meijer, ] W.R.; Tebar, M.;
Riemersma, S.; van Krieken, J.HJ.M.; et al. KRAS mutation analysis: A comparison between primary
tumours and matched liver metastases in 305 colorectal cancer patients. Br. J. Cancer 2011, 104, 1020-1026.
[CrossRef]

Mardinian, K.; Okamura, R.; Kato, S.; Kurzrock, R. Temporal and spatial effects and survival outcomes
associated with concordance between tissue and blood KRAS alterations in the pan-cancer setting. Int. .
Cancer 2020, 146, 566-576. [CrossRef]

Cassinotti, E.; Boni, L.; Segato, S.; Rausei, S.; Marzorati, A.; Rovera, F,; Dionigi, G.; David, G.; Mangano, A_;
Sambucci, D.; et al. Free circulating DNA as a biomarker of colorectal cancer. Int. J. Surg. 2013, 11 (Suppl. 1),
S54-557. [CrossRef]

Frattini, M.; Gallino, G.; Signoroni, S.; Balestra, D.; Battaglia, L.; Sozzi, G.; Leo, E.; Pilotti, S.; Pierotti, M.A.
Quantitative analysis of plasma DNA in colorectal cancer patients: A novel prognostic tool. Ann. N. Y. Acad. Sci.
2006, 1075, 185-190. [CrossRef] [PubMed]



Cancers 2020, 12, 2434 18 of 18

43.

44.

45.

46.

47.

Vymetalkova, V.; Cervena, K.; Bartu, L.; Vodicka, P. Circulating Cell-Free DNA and Colorectal Cancer:
A Systematic Review. Int. ]. Mol. Sci. 2018, 19. [CrossRef]

Reinert, T.; Scheler, L.V.; Thomsen, R.; Tobiasen, H.; Vang, S.; Nordentoft, I.; Lamy, P.; Kannerup, A.-S.;
Mortensen, F.V,; Stribolt, K.; et al. Analysis of circulating tumour DNA to monitor disease burden following
colorectal cancer surgery. Gut 2016, 65, 625-634. [CrossRef]

Carpinetti, P; Donnard, E.; Bettoni, F.; Asprino, P.; Koyama, F; Rozanski, A.; Sabbaga, ].; Habr-Gama, A.;
Parmigiani, R.B.; Galante, P.A.F; et al. The use of personalized biomarkers and liquid biopsies to monitor
treatment response and disease recurrence in locally advanced rectal cancer after neoadjuvant chemoradiation.
Oncotarget 2015, 6, 38360-38371. [CrossRef] [PubMed]

Sobin, L.H.; Gospodarowicz, M.K.; Wittekind, C. (Eds.) TNM Classification of Malignant Tumours, 7th ed.;
Wiley-Blackwell: Chichester/West Sussex, UK; Hoboken, NJ, USA, 2011; ISBN 978-1-4443-3241-4.
Schwartz, L.H.; Litiere, S.; de Vries, E.; Ford, R.; Gwyther, S.; Mandrekar, S.; Shankar, L.; Bogaerts, J.; Chen, A;
Dancey, J.; et al. RECIST 1.1-Update and clarification: From the RECIST committee. Eur. ]. Cancer 2016, 62,
132-137. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



PRILOHA 7



BAI1 as a prognostic marker of clear cell renal cell carcinoma (ccRCC)

Martin Pesta, Ph.D.??, lvan Travnicek, M.D., Ph.D., Vlastimil Kulda, M.D., Ph.D.%", Jindra Windrichova,
Ph.D.>4, Hana Rezackova, Ing.?, Katerina Houfkova, Dr.?, Tereza Macanova?, Barbora Bendova, M.D.,
Andrea Nestorova, M.D.%, Ondrej Hes, M.D., Ph.D.¢, Milan Hora, M.D., Ph.D.¢, Ondrej Topolcan, M.D.,
Ph.D. and Jiri Polivka, Ph.D.>f

Department of Biology, Charles University, Faculty of Medicine in Pilsen, alej Svobody 76, 32300
Pilsen, Czech Republic

PLaboratory of Immunoanalysis, University Hospital in Pilsen, E. Benese 13, 30599 Pilsen, Czech
Republic

‘Department of Urology, University Hospital in Pilsen, E. Benese 13, 30599 Pilsen, Czech Republic
dDepartment of Medical Chemistry and Biochemistry, Charles University, Faculty of Medicine in Pilsen,
Karlovarska 48, 30166 Pilsen, Czech Republic

¢Department of Pathology, Faculty Hospital Plzen, Faculty of Medicine in Pilsen, Charles University,
Edvarda Benese 13, 305 99 Plzen, Czech Republic

‘Department of Histology and Embryology, Charles University, Faculty of Medicine in Pilsen,
Karlovarska 48, 30166 Pilsen, Czech Republic

* Corresponding author: Phone: +420-377-593-287

E-mail address: vlastimil.kulda@Ifp.cuni.cz (Vlastimil Kulda)

Department of Medical Chemistry and Biochemistry
Faculty of Medicine in Pilsen, Charles University

Karlovarska 48, 301 66, Plzen, Czech Republic



Abstract

Objectives: Clear cell renal cell carcinoma (ccRCC) belongs to the most common urological
malignancies across the world. Patients with advanced ccRCC are stratified into groups of favorable,
intermediate, and poor prognosis for the purpose of decision on treatment. Recently, there are efforts
being made to improve prognostication of patients by including new molecular biomarkers. The aim
of the study was to find prognostic biomarker for patients with ccRCC from the group of 97 genes
involved in angiogenesis.

Methods: The study was done on a set of matched (primary tumor, metastasis) FFPE tissue samples
(n=20). Quantitative estimation of mRNA of selected genes (TagMan human Angiogenesis Array, 97
genes including 3 reference genes) was performed by a real-time RT-PCR method with TagMan® array
card block. Expression data of additional 606 patients were obtained from TCGA Kidney Clear Cell
Carcinoma (KIRC) database.

Results: Using the Cox regression model 4 genes (PDGFB, FGF4, EPHB2 and BAI1l) were identified
whose expression was related to progression free interval (PFl). Further analysis using Kaplan Meier
method revealed the relationship of BAI1 expression to prognosis. Patients with higher BAI1 expression
had significantly shorter overall survival (OS) and PFI.

Conclusions: The identification of BAI1 as prognostic marker in ccRCC is the first step to involve this
gene in prognostic panels which could improve scoring systems on which the management of
metastatic ccRCC patients is based. Gene expression panels are a tool how to individualize patients’

treatment as a part of personalized medicine approach.

Keywords: clear cell renal cell carcinoma; biomarkers; prognostic; BAI1; FFPE



1. Introduction

Clear cell renal cell carcinoma (ccRCC) is the most common histological subtype of renal cancer
and belongs the most frequent urological malignancies worldwide. About one third of cases is
diagnosed in advanced stages with 5-year survival rate of 12% [1]. The Czech Republic belong to
countries with the highest incidence (29.0 per 100 000 in 2017) and mortality (9.7 per 100 000 in 2017)

rate of renal cell carcinoma across the world [2].

ccRCC can be one of the clinical manifestations of von Hippel-Lindau (VHL) disease resulting
from changes of the von Hippel Lindau (VHL) tumor suppressor gene. Metastatic ccRCC is a highly
angiogenic tumor with mutations, deletion or methylation of VHL, the most frequent genetic hallmark
of ccRCC. The second most common mutated gene in ccRCC after VHL is PBRM1, a component of the
chromatin remodeling complex [3]. Additional to genetics, many lifestyle, dietary and environmental
factors have also been associated with ccRCC. The major established risk factors include hypertension,
cigarette smoking and obesity [4]. Genetic alterations result in overexpression of VEGF. Therefore,
oncologic treatment is based on targeting the angiogenesis vascular endothelial growth factor
(VEGF/VEGFR) pathway by monoclonal antibodies or tyrosine kinase inhibitors (TKls) and

immunotherapies aiming to block immune checkpoints [5].

Patients with ccRCC are stratified into groups of favorable, intermediate, and poor prognosis
based on the Memorial Sloan Kettering Cancer Center (MSKCC) risk stratification model. Risk scores
are obtained from 5 clinical and laboratory parameters as performance status, time from diagnosis to
start of therapy, hemoglobin level, serum lactate dehydrogenase and calcium concentration [6,7].
Recently, there are efforts being made to improve prognostication of patients by including specific
molecular biomarkers. Voss et al. from Memorial Sloan Kettering Cancer Center proposed to involve

the mutation status of three genes (BAP1, PBRM1, and TP53) as genomic biomarkers of ccRCC [8].

Precise patient stratification should help personalize the treatment algorithms to match

individual patient profile according to the current approach of preventive, predictive, personalized (3P)



medicine [9]. For most prevalent solid tumors as colorectal cancer and breast cancer, there already are
clinically used multigene panels for predicting clinical outcome and treatment response (ColoPrint,
MammaPrint and Oncotype DX) based on assessment of expression of certain genes on mRNA level
[10,11]. Regarding ccRCC, currently there is no clinically used multigene mRNA expression panel for
predicting outcome and treatment response, however, there are promising results on identification

genes which could be a part of such panel [12,13].

The aim of our study was to evaluate the prognostic potential of mRNA expression of 97 genes
involved in angiogenesis (TagMan human Angiogenesis Array) in patients with metastatic ccRCC to
improve decision about the treatment. The study was done on a set of matched (primary tumor,
metastasis) formalin-fixed, paraffin-embedded (FFPE) tissue samples (n=20) and using the The Cancer

Genome Atlas (TCGA) [14] dataset (n = 606) to confirm the findings.

2. Materials and Methods

2.1. Patients

The study was approved by the Ethics Committee of the Faculty Hospital in Pilsen (approval
from the date 2016/01/06). It was a retrospective study. All patients signed an informed consent for
the use of their biological samples for the assessment of tumor markers. The study group consisted of
20 patients who underwent surgery for ccRCC at the Department of Urology of the University Hospital

in Pilsen between December 2007 and October 2017.

Each diagnosis of ccRCC was verified by a pathologist. The stage of disease was determined
using the TNM system of the Union for International Cancer Control (UICC, 7th edition) [15].
Metastases sites were located in lungs (7 cases), suprarenal glands (5 cases), vertebrae (4 cases), colon

(2 cases), brain (2 cases), spleen (2 cases) and retroperitoneal adipose tissue (1 case).

Treatment of 17 out of 20 metastatic ccRCC patients was based on sunitinib (Sutent)

administered in cycles consisting of 4 weeks at a dose of 50 mg daily followed by a 2-week rest period



(schedule 4/2), continuing until progression. Two patients were treated by sorafenib (Nexavar)
administered at a total daily dose of 800 mg continuously until progression. One patient received
pazopanib (Votrient) at a dose of 600 mg daily continuously until progression. The evaluation of
treatment response was based on Response Evaluation Criteria in Solid Tumors (RECIST) [16]. The

detailed characteristics of patients is provided in Table 1.

Table 1

Characteristics of patients in the study (at the time of ccRCC diagnosis)

Number of

Variables . %
patients
Number of patients 20 100
Gender
Male 16 80
Female 4 20
Type of surgery
Laparoscopic 8 40
Transperitoneal 12 60
Histologic grade
Gl 3 15
G2 6 30
G3 4 20
G4 2 10
Gx 5 25
T stage
T1 6 30
T2 5 25
T3 8 40
T4 1 5
N stage
NO 9 45
N1 4 20
Nx 7 35
M stage
MO 10 50
M1 8 40
Mx 2 10

We validated gene expression results obtained on our group of patients in additional datasets
from TCGA public database available on https://www.cancer.gov/tcga. Characteristic of 606 patients
from TCGA Kidney Clear Cell Carcinoma (KIRC) dataset is shown in Table 2. The patients underwent the

treatment based on the surgery, pharmaceutical therapy or radiation therapy.



After identification of BAI1 as a prognostic marker in ccRCC patients, due to comparison of
prognostic significance of BAI1 expression in ccRCC and other tumor types, where the involvement of
BAI1 in pathogenesis is more understood, we performed survival analysis based on BAI1 expression
also for glioblastoma and lung cancer adenocarcinoma patients. As a cohort of patients we used TCGA
Glioblastoma (GBM) dataset (166 patients) and TCGA Lung Adenocarcinoma (LUAD) dataset (567

patients).

Table 2

Characteristics of patients of TCGA Kidney Clear Cell Carcinoma (KIRC) dataset

Number of

Variables . %
patients
Number of patients 606 100
Gender
Male 398 65.7
Female 208 343
Histologic grade
Gl 15 2.5
G2 257 42.4
G3 235 38.8
G4 91 15.0
Gx 8 13
T stage
T1 301 49.7
T2 83 13.7
T3 209 34.5
T4 13 2.1
N stage
NO 278 45.9
N1 18 2.9
Nx 310 51.2
M stage
MO 475 78.4
M1 98 16.2
Mx 33 5.4

2.2. Assessment of mRNA expression

2.2.1. Tissue samples

Biopsy tissue samples were processed by standard laboratory techniques at Department of
Pathology of the University Hospital in Pilsen. FFPE tissue samples were stored at room temperature

until use. Paraffin sections (4-um thick) were stained with hematoxylin and eosin (H&E),



microscopically verified by pathologists and examined in order to identify sites with primary cancer
cells, metastasis and sites of adjacent non-cancerous epithelial tissue suitable for dissection. Areas
selected for expression analysis were highlighted manually. Matched samples of primary tumor,

adjacent normal tissue and metastasis were analyzed.

2.2.2. RNA isolation

Total RNA was extracted from FFPE sections following macrodissection of tissue of interest
using the RNeasy FFPE Kit (Qiagen, Hilden, Germany) as described previously [17]. The 15-um sections

corresponded to H&E representatives, on which the areas for macrodissection were highlighted.

2.2.3. RT Real time PCR

Quantitative estimation of mMRNA of selected genes (TagMan human Angiogenesis Array, 97
genes including 3 reference genes) was performed by a real-time RT-PCR method with TagMan® array
card block on QuantStudio™ 7 Flex Real-Time PCR System (Thermo Fisher Scientific, Foster City, CA,
USA) according to manufacturer’s protocol. Briefly, reverse transcription was performed on 50 ng of
total RNA with SuperScript IV VILO Master Mix (Thermo Fisher Scientific, Foster City, CA, USA) and
random hexamers as primers. The gqPCR reactions started with incubation at 50°C for 2 min and
followed by 10 min at 92°C. The amplification was carried out in 40 two-step cycles (95 °C for 1 s and

60°C for 20 s. ROX passive reference dye was used for normalization of interwell variations.

GAPDH, HPRT and [-actin were used as reference genes. Gene expression of particular sample was
only evaluated if the expression of all three housekeeping genes was present. The results are
presented as normalized values (2722 algorithm) using the geometric mean of quantifications (Ct) of

the three reference genes [18].

2.2.4. Statistical analysis



The statistical analysis was performed using the R software package. The TCGA datasets were
browsed using the Xena tool [19]. Downloaded raw data were also analyzed using R. Essential
descriptive statistics for all variables of interest were prepared based on the clinical and pathological
data of the patients. Cox regression model was applied for the evaluation of prognostic significance.
Kaplan—Meier survival curves for progression-free interval (PFI) and overall survival (OS) were

generated.

3. Results

We performed a search for prognostic biomarkers of ccRCC patients treated with
antiangiogenic targeted therapy by evaluating the relationship of tissue expression of genes involved
in angiogenesis. We evaluated the relationship of primary tumor and metastasis tissue expression of
94 genes to PFl. The evaluation of PFl was based on the length of the time period of treatment
administration, which continued if the patient responded to treatment, i.e. the patient was in the
condition of complete response (CR), partial response (PR), stable disease (SD) according to RECIST
criteria. Based on this analysis, we identified 4 genes (BAI1, PDGFB, FGF4 and EPHB2) whose expression
was related to PFI (Table 3) using the Cox regression model. For all these genes we observed that higher

level of expression was associated with shorter PFI.

Table 3

Relation of gene expression to progression-free interval (PFl) by Cox regression model

Gene Primary tumor p-value Metastasis p-value
BAI1 0.0758 0.0291
PDGFB 0.0329 0.4846
FGF4 0.0848 0.0412
EPHB2 0.2276 0.0581

For more detail analysis, Kaplan-Meier survival curves were generated for these genes. There

was a statistically significant difference in time to progression between the patients with low and high



BAI1 expression in ccRCC metastatic tissue (Fig. 1A). The patients with low BAI1 expression had better

prognosis. Similarly in the case of primary tumor, but statistical significance was not recorded (Fig. 1B).

We validated the relationship of BAI1 ccRCC primary tumor tissue expression to prognosis in a
group of 606 ccRCC patients whose data were available in the public TCGA Kidney Clear Cell Carcinoma
(KIRC) database. Patients with higher BAI1 expression have significantly shorter OS and PFI (Fig. 2). The

data on gene expression in metastatic tissue were not available.

As BAIl1is proposed tumor suppressor in many types of cancer and our results in ccRCC patients
presented above are contradictory to this proposed function, we explored the relationship of BAI1
expression to prognosis also in other types of cancer (in detail commented in the Discussion section).
Here we present data for glioblastoma and lung adenocarcinoma. Using the Xena tool we found no
relation of BAI1 expression to patients’ outcome in glioblastoma (TCGA Glioblastoma (GBM) database).
In lung adenocarcinoma (TCGA Lung Adenocarcinoma (LUAD) database) it was recorded that patients

with lower BAI1 expression had significantly shorter overall survival (OS) and progression free interval

(PF1), Fig. 3.
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Fig. 1. Kaplan-Meier curves showing relation of BAI1 metastasis (A) and primary tumor (B)
tissue expression level to progression-free survival in clear cell renal cell carcinoma (ccRCC) patients.

Patients with high BAI1 expression had worse outcome.
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Fig. 3. Kaplan-Meier curves showing relation of BAI1 expression to overall survival (OS) and to
progression-free survival (PFl) in TCGA Glioblastoma (GBM) group of patients (A,B) and in TCGA Lung
Adenocarcinoma (LUAD) group of patients (C,D). There is no relation of BAI1 expression to patients’
outcome in glioblastoma. In lung adenocarcinoma it was recorded that patients with lower BAI1

expression had significantly shorter both OS and PFI.

4. Discussion

In management of ccRCC patients, precise patient stratification on the basis of prognostic
algorithm helps personalize the treatment algorithms to match patient profiles (personalized
medicine). According to American Society of Clinical Oncology (ASCO) and European Society for
Medical Oncology (ESMO) guidelines [20,21], stratification of patients with advanced ccRCC into
groups of favorable, intermediate, and poor prognosis is important for the selecting appropriate
treatment regimen. There are efforts to find new molecular prognostic biomarkers to improve the
currently used Memorial Sloan Kettering Cancer Center (MSKCC) scoring system. It can be achieved by

employing advanced molecular technologies [7].

Based on the tissue expression of 97 genes involved in angiogenesis (TagMan human
Angiogenesis Array), applying Cox regression model, we identified 4 genes (PDGF-B, FGF4, EPHB2 and
BAI1) in relation to PFI. In our set of tissue samples we recorded that high expression levels of BAI1,

PDGF-B, FGF4, and EPHB2 were associated with shorter PFI.

Platelet-derived growth factor-B (PDGF-B) is responsible for proliferation and migration of cells
during vascular maturation. Wang et al. in 2015 showed that high expression of PDGF-B was associated
with significantly decreased risk of ccRCC mortality [22]. An-other study which included PDGF-B
expression in ccRCC did not observe any relation to prognosis [23]. Taken together with our data, the
results on PDGF-B are inconclusive. Fibroblast growth factor 4 (FGF4) has been reported to induce
epithelial-mesenchymal transition (EMT) in lung adenocarcinoma [24]. According to our knowledge,

there are no published data showing relation of FGF4 to prognosis ccRCC. EphB2 is a member of large



family of receptor tyrosine kinases with roles in cell motility, EMT and angiogenesis. It appears
prognostic in multiple malignancies, especially colorectal cancers [25]. Ghatalia et al. showed
differential expression of EphB2 between primary tumor and metastasis of ccRCC with higher

expression in metastases [26].

Using Kaplan Meier analysis applied on genes identified by Cox regression model and external
validation on publically available expression data (TCGA KIRC database), we identified the BAI1 as a
promising prognostic marker in ccRCC patients with the potential to be incorporated in the scoring

system.

Brain-specific angiogenesis inhibitor 1 (BAI1) also known as adhesion G protein-coupled
receptor B1 (ADGRB1) was isolated and characterized for the first time as a target gene transactivated
by P53 [27]. Today we know it belongs to the adhesion G-protein coupled receptors (aGPCRs) subfamily

of seven transmembrane spanning receptors (7TMRs) [28,29].

There is a high expression of BAI1 in the brain, however it is expressed also in other tissues like
kidney or lungs. It has been described that BAI1 is involved in neuronal synaptogenesis and process of
phagocytosis (ref). It was found BAI1 plays a role of tumor suppressor in glioblastoma (ref). BAI1 was
named for the ability of its inhibiting angiogenesis in glioblastomas. Liu et al. observed its tumor
suppressor effect in lung cancer cells [ref]. These results indicating tumor suppressor function of BAI
suggest that high levels of BAI1 have to be associated with better patients’ outcome. This corresponds
to the results we obtained from the public databases on lung adenocarcinoma patients, where a high
level of BAI1 expression meant a better prognosis (Figure 3 C,D). In the case of glioblastoma, we

revealed no relationship of BAI1 expression to prognosis (Figure 3 A,B).

In renal cancer, in 2007 Kudo et al. published a work on transgenic mice concluding that the
transfer of the BAI1 gene can suppress the tumor growth via the inhibition of angiogenesis [30].
Another study on renal cancer and BAI1 by lzutsu et al. was published in 2011. The authors observed

significant decrease in BAI1 mRNA in renal cell carcinoma tissue compared with normal kidney tissue



in a group of 47 renal cell carcinoma patients. Additional to that they detected lower expression in

advanced renal cell carcinoma than in localized renal cell carcinoma [31].

However, in our study on ccRCC patients both data obtained from our group (20 patients) and
data from TCGA database (606 patients) independently showed that the patients with high BAI1
expression in ccRCC tumor tissue had worse outcome in terms of both shorter OS and PFI. It suggests
more complex involvement of BAI1 in cancerogenesis. At this point it is necessary to mention that
majority of patients with ccRCC undergoes treatment based on antiangiogenic therapeutics. Of course,
there is a question how much BAI1 involved in angiogenesis and probably also in other processes is in

relation to the effect of antiangiogenic treatment.

Until now, there were a couple of gene expression panels for the assessment of prognosis of
ccRCC patients proposed (none of them included BAI1). Liu et al. constructed a panel containing a
cluster of 10 metabolism related genes (ALDH6A1, FBP1, HAO2, TYMP, PSAT1, IL411, PAHA3, HK3,
CPT1B, and CYP26A1) [32]. Pan et al. identified differentially expressed genes involved in the
metastasis of ccRCC and proposed a 5-gene (OTX1, MATN4, P13, ERVV-2, and NFE4) panel predicting

progression and prognosis [13].

5. Conclusions

The identification of BAI1 as prognostic marker in ccRCC is the first step to involve this gene in
expression prognostic panels which could improve scoring systems as MSKCC on which the
management of metastatic ccRCC patients is based. Gene expression panels are a promising tool how
to individualize patients’ treatment as a part of personalized medicine.
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Souhrn

Ve dnech 14.-17. listopadu 2018 se v Rimé uskute¢nila velkd mezinarodni konference Connec-
tive Tissue Oncology Group Annual Meeting 2018 (CTOS 2018), ktera svedla dohromady na-
prostou vétsinu nejvyznamnéjsich specialistl jak na molekuldrni biologii, tak i klinickou on-
kologii sarkomi, predeviim sarkom@ mékkych tkani. Ve dnech 8.-10. kvétna 2019 se potom
v Bergenu konala regionélini konference The 39" Plenary Meeting of the Scandinavian Sarcoma
Group (SSGM 2019). Soubory otézek, které byly na obou konferencich diskutovany formou
prednaskovych ¢i posterovych sdéleni, Ize rozdélit do nékolika zastfesujicich okruhd. Byl pred-
staven velky projekt zaméfeny na objasnéni germindlni genetiky sarkomd; dosavadni vysledky
ukazuji na prekvapivé velky vyznam gen( kédujicich proteiny, které zajistuji integritu telomer,
jakoz i existenci komplexnich mechanizmu genetické predispozice zahrnujici polygenni dédi¢-
nost ¢i modifika¢ni geny. Problematice somatické genetiky sarkomt dominuje analyza vzniku
a mechanizmu ucinku faznich onkogend odpovidajicich za iniciaci znacné ¢asti predeviim
pediatrickych sarkomu. U karyotypicky komplexnich sarkomi je evidentni snaha po patobio-
logické specifikaci do subtypd, at uz na zakladé specifické klinické charakterizace (uterinni
leiomyosarkom vs. leiomyosarkom mékkych tkani), ¢i specifickych expresnich profild gent
(molekularni subtypy nediferencovaného pleiomorfniho sarkomu). Molekuldrni charakterizace
muze byt voditkem pro koncipovani subtypové specifickych terapeutickych protokold, jak je
tomu v rizném méfitku u obou shora zminénych pfikladil. Mezi dalsi prominentni typy sar-
komd, u nichz se podafilo transformovat zékladni molekularné biologické poznatky do podoby
Uspésné cilené terapie, patfi napf. gastrointestinalni stromalni tumor, infantilni fibrosarkom ¢i
inflamatorni myofibroblasticky tumor, a rovnéz u svétlobuné¢ného sarkomu a dediferencova-
ného liposarkomu byly obdobné koncepty prezentovany, byt jejich dosavadni i¢innost ztstava
za oekavanim, a podobna situace zatim pretrvava u osteosarkomu. Z hlediska molekularnich
struktur, na které Ize zaméit cilenou terapii, zaujima v oblasti sarkom mékkych tkani zcela
zasadni postaveni signalni systém desti¢kového rustového faktoru, a to jak u vzacnych typa
zalozenych na pfimé inicia¢ni mutacni aktivaci (relativné mald ¢ast gastrointestinalnich stro-
malnich tumor(, infantilni hereditarni myofibromatéza, dermatofibrosarcoma protuberans),
u kterych cilenad terapie vyuziva pfedevsim nizkomolekuldrnich tyrozinkindzovych inhibitord,
tak rovnéz u sirokého spektra obvyklych typ( sarkom(, kde se soucasti kombinac¢ni chemote-
rapie stava specificka blokujici anti-PDGFRa-protilatka olaratumab. V oblasti klinické progndzy
byl pozoruhodny vyvoj zaznamenan zejména u tzv. prognostickych nomogramd. Zajimavé
vysledky byly rovnéz prezentovany v oblasti odvozeni novych experimentalnich model(i vzniku
a progrese sarkom.

Klicova slova
sarkomy mékkych tkéni — osteosarkom - geneticka predispozice — molekularni subtypy - cilena
terapie - prognostické nomogramy - experimentalni modely sarkomatogeneze
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NOVINKY Z GENETIKY, MOLEKULARNI BIOLOGIE A KLINICKE ONKOLOGIE SARKOMU

Summary

The Connective Tissue Oncology Group Annual Meeting 2018 (CTOS 2018) took place in Rome from 4 to 17 November 2018, and the 39" Plenary
Meeting of the Scandinavian Sarcoma Group (SSGM 2019) was held in Bergen from 8 to 10 May 2019. These two large international conferences
brought together an overwhelming majority of molecular and clinical specialists in the sarcoma field, especially those working on soft tissue
sarcoma. Topics discussed on the conferences included, among others, sarcoma genetics, clinical and molecular subclassification, targeted
therapy, clinical prognostication, and new experimental sarcoma models. A large ongoing international study on germinal sarcoma genetics
was presented, the interim results of which revealed the extremely complex nature of genetic disposition to sarcoma, and, surprisingly, a rather
prominent place among predisposing genes for those coding for structural telomere constituents. Fusion oncogenes dominate somatic sarcoma
genetics, especially because of their origin and impact on sarcoma clinical behaviour, and are especially relevant for karyotypically simple pae-
diatric sarcomas. A crucial issue in karyotypically complex sarcomas are the efforts being made to obtain a subclassification of sarcoma, other
than those based on pathology, using either the clinical characteristics of sarcomas (uterine leiomyosarcoma vs. soft tissue leiomyosarcoma) or
specific gene expression profiles (molecular subtypes in undifferentiated pleiomorphic sarcoma), which showed that molecular characterization
can open the way for subtype specific therapies. Other examples of where this type of strategy can be applied include gastrointestinal stromal
tumours, infantile fibrosarcoma, and inflammatory myofibroblastic tumours, where targeted therapy could be conceived based on the actio-
nable mutations identified. Attempts in this direction have been made also for clear cell sarcoma and dedifferentiated liposarcoma, albeit the
effectiveness of molecular-targeted treatments for these sarcomas is still poor, and progress in the treatment of osteosarcoma is still rather slow.
Actually, the platelet-derived growth factor signalling system holds a prominent position in searches for targeted therapies, not only against rare
sarcoma types, where are activated by mutations (some gastrointestinal stromal tumours, infantile hereditary myofibromatosis, and dermato-
fibrosarcoma protuberans), but also against other more usual sarcoma types, where the blocking anti-PDGFRa-antibody olaratumab has been
successfully integrated into combinatorial chemotherapeutic regimens. In the field of clinical prognostication, remarkable progress in sarcoma

nomograms was reported. Interesting results were also presented in the area of new experimental sarcoma models.

Key words

soft tissue sarcomas — osteosarcoma — chondrosarcoma — genetic predisposition — molecular subtypes - targeted therapy — prognostic nomo-

grams — experimental sarcoma models

Genetika sarkomu

Germinalni genetika sarkomd, tj. dé-
di¢na nadorova predispozice k sarkomu,
predstavuje neobycejné komplexni pro-
blematiku, a to nejen vzhledem k Sifi
rlznych konkrétnich diagnéz, které Ize
v soucasnosti uvniti rodiny mezenchy-
malnich nador( rozlisit (vice nez 70 rdz-
nych typut [1]). Nejnovéjsi vyvoj v ramci
projektu zaméfeného na zmapovani
genl zodpovédnych za dédi¢nou na-
dorovou predispozici k sarkomu na
konferencich Connective Tissue Onco-
logy Group Annual Meeting 2018 (CTOS
2018) a The 39" Plenary Meeting of the
Scandinavian Sarcoma Group (SSGM
2019) predstavila dr. M. Ballinger. Tento
projekt nese oznaceni International Sar-
coma Kindred Study (ISKS) a ve své ak-
tudini podobé zahrnuje 2 933 probandil
postizenych rGznymi typy sarkomd,
2 623 jejich pfibuznych 1. stupné, od
nichz je k dispozici celkem 4 328 vzorkd
DNA a cca 600 histologickych vzorka
nadorové tkéné, a rovnéz rodokmeno-
vou informaci zhruba 105 000 pfislus-
nikd téchto rodin. Od 1 109 probandu jiz
byla ziskana Uplna geneticka informace
metodikou celogenomového sekveno-
vani nové generace. Tyto impozantni
rozméry studie si vynutila fada kompli-

kujicich faktord genetiky sarkomu. Pie-
devsim, az na jednu vyjimku, o které
se zminime pozdéji, nebyl dosud po-
psan zadny mendelisticky dédi¢ny syn-
drom nadorové predispozice, ktery by se
tykal vylu¢né ¢i pfevazné sarkomu (ani
jakozto Siroké skupiny mezenchymal-
nich nadord, ani zadného z jednotlivych
konkrétnich typ(), jinymi slovy neexis-
tuje prakticky zadna sarkomové obdoba
napf. syndromu dédi¢né nadorové pre-
dispozice k nadordim prsu a vaje¢niku,
familiarni adenomatozni polypézy nebo
rodinného melanomu. Na druhé strané
jsou ovsem rdzné sarkomy stabilni sou-
¢asti fady raznych syndroml dédicné
nadorové predispozice, V<. tii vyse zmi-
nénych, a rovnéz napf. Lynchova syn-
dromu, Li-Fraumeniho syndromu ¢i
rodinného retinoblastomu. Jednim
z prabéznych vysledkd projektu ISKS
je stanoveni relativnich rizik pro vyvoj
sarkomu podminénych evidentnimi ¢i
pravdépodobnymi mutantnimi alelami
(ozna¢ovanymi jako C3, C4 a C5 alelické
varianty Mezindrodni agenturou pro vy-
zkum rakoviny (International Agency for
Research on Cancer)) celé fady znamych
,nadorovych” gend (tab. 1).

Jeden aspekt se v uvedené studii uka-
zal jako docela specificky pro rizné typy

sarkomu, a to velmi vyznamné posta-
veni genl kddujicich proteiny zodpo-
védné za integritu telomery (POTT, TIN2,
TRF1). Tyto proteiny spolu navzéjem in-
teraguji a spolu s dalsimi proteiny (TRF2,
TPP1 a RAP1) tvofi tzv. ,shelterin com-
plex”, ktery chrani terminalni ¢asti te-
lomery. POT1 ma kli¢cové postaveni,
protoze pfimo interaguje jednak s telo-
merovou jednofetézcovou DNA, jednak
prostiednictvim TPP1 i s celym ochran-
nym komplexem. POT1 blokuje pfistup
telomerazy, a je-li tato funkce porusena,
dochazi k aberantnimu prodlouzeni te-
lomer, coz ma za nasledek jejich destabi-
lizaci, kterd mlze byt dGlezitou soucasti,
¢i dokonce inicidtorem destabilizace ka-
ryotypu. Samotny POT1 byl nezavisle
identifikovan jakozto kauzalni mutovany
gen u Ctyf $panélskych rodin segreguji-
cich celé spektrum nadorl v¢. ¢etnych
sarkomd, i velmi vzacnych, jako je angio-
sarkom srdce ¢i prsu [2]. Identifikovand
mutace (R117C) vede ke ztraté afinity
jak vlci telomefe, tak vaci TPP1 a u no-
siteld mutace skute¢né dochazi jak k sig-
nifikantnimu prodlouzeni telomery, tak
k nardstu ohnisek poskozené DNA v ob-
lasti telomery. Dosavadni vysledky pro-
jektu ISKS tento predchozi raritni ndlez
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Ze mutace v POT1 genu predisponuji ob-
zvlasté ke vzniku castych karyotypicky
komplexnich sarkomd, jako je osteosar-
kom nebo leiomyosarkom. V této sou-
vislosti stoji oviem za to poukazat na
vysledky, které prokazaly, ze napf. u lipo-
sarkomu dochézi naopak ke stabilizaci

telomer aktivaci telomerdzy, a to bud’

bodovou mutaci v promotoru genu pro
katalytickou podjednotku telomerazy
hTERT, jako je tomu u myxoidniho lipo-
sarkomu [3], nebo v dusledku chromo-
zomalni translokace a zvyseni exprese
hTERT genu, ktera byla prokazana u de-
diferencovaného liposarkomu [4]. Tato
oblast tedy jesté ziejmé pfinese fadu
prekvapivych vysledku.

Jinou komplikaci dédi¢né nadorové
predispozice k sarkomu je existence po-
lygenni dédi¢né slozky. Jiz predchozi
publikované dil¢i vysledky projektu
ISKS ukazaly, ze C3 varianty maji vyraz-
nou tendenci chovat se aditivné, tj. sou-
¢asné zdédéni nékolika C3 variant v rliz-
nych genech proporciondlné zvysuje
riziko vzniku sarkomu [5]. Pfechodem
mezi monogennim a polygennim zpu-
sobem dédic¢nosti je uplatnéni tzv. genl
modifikatord, jejichz patologické alely
samy nemuseji nutné vést ke zvyse-
nému riziku, popf. mohou mit svdj speci-
ficky fenotypovy dopad, ale v kombinaci
s patologickou variantou tumorového
supresoru ¢i onkogenu vyrazné modi-
fikuji jejich fenotypovy projev, pene-
tranci a expresivitu. Také v tomto ohledu
mohou sarkomy nabidnout vyborny pfi-
klad — mutace v genech EXT1 a EXT2 pre-
disponuji ke vzniku mnohocetného be-
nigniho osteochondromu (mnohocetné
hereditarni exostdzy), v kombinaci s pa-

gen X

@\E

chr11
B

Tab. 1. Pfehled hlavnich predisponujicich lokust ke vzniku sarkomu ze studie

International Sarcoma Kindred Study.

Gen Vsechny pfipady  Kontrola
(n=1109) (n=2571)
TP53 18 0
POT1 8 0
ATRIP 6 0
BRCAT 4 1
NF1 10 3
ERCC2 10 5
BRCA2 16 10
APC 10 7
ATM 12 10
TINF2 5
TERF1 2

NS - neni signifikantni

tologickymi variantami celé fady ji-
nych genti (PMS2, WRN, RECQ4, MLH3,
FANCA, FANCL, BUB1B, XPC, TP53, BRCAT,
BRCA2, ERC, WTT) oviem signifikantné
zvysuji riziko vzniku osteosarkomu
a chondrosarkomu [5].

Somatické genetice sarkom( do-
minuje pfedevsim téma fuznich on-
kogenU; soucasné predstavy o mole-
kularni biologii a patologii sarkoma
zalozenych na fuznich onkogenech pre-
zentovala na konferenci CTOS 2018
prof. Cristina R. Antonescu. Onkogeny
aktivované genovou fuzi se pokladaji za
typickou vlastnost celé jedné skupiny
sarkomu, které se vyznacuji relativné
stabilnim karyotypem a relativné nizkym

chr X

chr22 N\ EWSRI
FLI1

Celkova odezva p-hodnota
(interval spolehlivosti)
0 (8,4-00) <0,0001
00 (3,5—0) <0,0001
0 (2,5-00) 0,001
9,3(1,0-218,8) 0,031
7,8(2,0-35,7) 0,001
4,7 (1,5-15,7) 0,004
3,8(1,6-8,9) 0,001
3,3(1,2-9,7) 0,015
2,8(1,1-7,0) 0,018
0 (2,0~0) 0,002
o0 (0,6-c) NS

vékem ndstupu, ktery ovsem vykazuje
znacné rozpéti u rtznych konkrétnich
sarkom, od novorozeneckych az po sar-
komy vyskytujici se v ¢asné dospélosti.
Biologickym dlsledkem genové fuze je
vznik chimérickych onkoproteind, které
typicky kombinuji specifické domény
dvou raznych protein(; v této formé ne-
jsou genové fuze nikterak specifické pro
sarkomy, tento muta¢ni mechanizmus
je velmi obvykly i u zna¢né casti leu-
kemii a lymfoma a rovnéz u nékterych
karcinomt (napf. karcinomu prostaty).
Dlouhou dobu se myslelo, Ze hlavnim
mechanizmem vzniku faznich onko-
gend jsou reciproké translokace, u nichz
dochazi k transloka¢nim zlom@m uvnitt

==

Schéma 1. Fuzni onkogeny jakozto vysledek komplexni chromozomalni piestavby - chromoplexie. Upraveno podle [6].
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Tab. 2. Sarkomy zaloZené na fuznich onkogenech zahrnujicich EWSR1 gen.

EWSR1 - ETS (FLI1, ERG)
EWSR1-WT1

EWSR1 - NR4A3
EWSR1-DDIT3
EWSR1-ATF1

EWSR1 - CREBT

EWSR1 - POUS5F1/
PBX1/3ZNF444/KLF17

EWSR1 - TFCP2

zuc¢astnénych onkogen(, popi. méné
¢asto inverze ¢&i intersticialni delece.
V dobé velmi nedavné byl objeven roz-
sahlejsi mechanizmus strukturaini pre-
stavby karyotypt vedouci k tvorbé fuz-
nich onkogen(, tzv. chromoplexe,
predstavujici soubor chromozomalnich
pfestaveb zahrnujicich nékolik chro-
mozomd, které jsou translokovany v ja-
kési uzaviené ,translokacni smycce’, tj.
prvni chromozom s druhym, druhy s tre-
tim, tieti se ¢tvrtym a Ctvrty zase s prv-
nim (schéma 1) [6]. Zd4 se, Ze se jednd
o Siroce pouzivany mechanizmus, jenz
byl zatim prokazan u Ewingova sar-
komu, ktery tvoti historicky, biologicky
i klinicky jakysi prototyp sarkomu zavis-
1ého na fuznim onkogenu, a déle u syno-
vidlniho sarkomu, chondromyxoidniho
fibromu a fosfaturického mezenchy-
malniho tumoru a jiz diive také v kom-
plexnéjsi podobé u karcinomu prostaty.
Odhaduje se, Ze 0 néco méné nez polo-
vina piipadd Ewingova sarkomu pfipada
na vrub chromoplexii, zbytek ptipada
na reciproké translokace, pficemz prvni
skupina vykazovala skoro dvojnasob-
nou ¢etnost relapsu — komplexni zptisob
chromozomalnich prestaveb v podobé
chromoplexického transloka¢niho cyklu
Ize tudiZ povazovat za jeden ze znaku
agresivity nadoru [6].

Ewinglv sarkom predstavuje paradig-
maticky typ sarkomu zavislého na fuz-
nim onkogenu jesté z nékolika hledi-
sek. Hlavnimi dvéma charakteristikami
této skupiny sarkomi a genli zdcastné-
nych na tvorbé fuznich onkogena jsou
promiskuita a heterogenita. Podkladem
klasického Ewingova sarkomu je ge-

Ewingv sarkom / primitivni neuroektodermalni tumor
desmoplasticky kulatobunécny tumor
extraskeletalni myxoidni chondrosarkom

myxoidni / kulatobuné¢ny liposarkom
svétlobunécny sarkom

angiomatoidni fibrézni histiocytom

myoepitelidlni tumory

rhabdomyosarkom

nova fuze mezi genem EWSRT a jednim
z genu kodujicich transkripéni faktory
Ets-rodiny, nejcastéji FLIT (90 %), méné
casto ERG (5-8 %) a vyjimectné ETV1, FEV
¢&i ETAF (souhrnné 1-2 %). EWSRT ko-
duje RNA-vazebny protein s kryptickou
transkrip¢né aktiva¢ni doménou, kterd
je mnohem silnéjsi nez pfirozené tran-
skripéné aktivaéni domény Ets-faktord,
fizni onkogen tedy kombinuje tuto sil-
nou transkripéné aktiva¢ni doménu pad-
vodem EWSR1 s DNA-vazebnou do-
ménou Ets-faktorl a tento aberantni
transkrip¢ni faktor vede k rozsahlé dere-
gulaci transkripce v bunce, kterd je pod-
kladem maligni transformace.

Jednim z moznych vysvétleni téchto
dramaticky rGznych cetnosti vzniku
raznych fuznich onkogend jsou vza-
jemné orientace transkripce zucastné-
nych gend; zatimco EWSRT a FLIT jsou
transkribovany v témze sméru (oba od
centromery k telomefe), ERG je tran-
skribovan v opa¢ném sméru. Vysled-
kem chromozomalni pfestavby musi byt
kontinualni biologicky smysluplna ké-
dujici sekvence. Jsou-li oba zucastnéné
geny orientovany na svych chromozo-
Lspravnou” kédujici sekvenci v dasledku
chromozomalni piestavby ziskat, a sku-
tecné zatimco EWSR1-FLIT muze byt vy-
sledkem jak reciproké translokace, tak
chromoplexie, EWSR1-ERG vznikéd vy-
hradné na podkladé chromoplexie [6,7].

Rada dalsich typG sarkom@ na pod-
kladé fuznich onkogent vykazuje tuto
molekuldrni heterogenitu, pficemz
jeden z konkrétnich fuznich onkogend
obvykle vysoce prevazuje. Napfiklad in-

flamatorni myofibroblasticky tumor za-
hrnuje vice nez deset alternativnich fuz-
nich onkogent obsahujicich gen pro
tyrozinovou kindzu ALK, synovialni sar-
kom je iniciovan fuzi genu SS18 a jed-
noho z gend SSX lokalizovanych na X
chromozomu (55X1, SSX2 nebo S5X4; je
zajimavé, ze SSX3, ktery je jako jediny
transkribovan v opa¢ném sméru, zatim
jakozto soucast fuzniho onkogenu iden-
tifikovan nebyl [7]) a u alveolarniho rhab-
domyosarkomu existuje heterogenita
v obou genech (PAX3/PAX7 a FOXO1/
NCOAT [7]). Na druhou stranu EWSR1 se
ucastni tvorby fuznich onkogend u pod-
statné Sirsiho souboru sarkomU nez je
Ewinglv sarkom (tab. 2) a soucasné
Ewinguv sarkom vykazuje ndpadné mor-
fologické i klinické podobnosti se sar-
komy, jejichz podkladem jsou jiné fuzni
onkogeny, napi. CIC-DUX4 (ve srovnani
s klasickym Ewingovym sarkomem pro-
gnosticky horsi a s vyraznou preferenci
pro mékké tkané) ¢i BCOR-CCNB3 (pro-
gnosticky srovnatelny s klasickym Ewin-
govym sarkomem, s vyraznou tkano-
vou preferenci pro kost); véechny tyto tfi
typy jsou v soucasnosti fazeny do rodiny
Ewingova sarkomu (Ewing- and Ewing-
-like tumours [8]).

V nékterych pfipadech mize dokonce
prakticky jeden a tentyz fuzni onkogen
tvotit podklad rdznych typd sarkomd,
napi. EWSR1 fizovany s geny pro tran-
skrip¢ni faktory ATF/CREB (tab. 3). Jak je
mozné vysvétlit tuto fenotypovou va-
riabilitu? Hlavnim moznym vysvétlenim
jsou odlisné sekundérni mutace typické
pro kazdy jednotlivy typ nebo rozdily
v buné¢nych typech, u nichz dochazi
k prvotni chromozomalni pfestavbé
a iniciaci sarkomageneze.

Je zajimavé, ze pouziti celogenomo-
vého sekvenovani nové generace umoz-
nilo detekovat fuzni onkogeny i u typl
sarkomd s komplexnim karyotypem,
jako leiomyosarkom, dediferencovany
liposarkom [4] nebo nediferencovany
pleiomorfni sarkom, neni ovéem dosud
jasné, jakd je jejich patobiologicka
funkce v iniciaci sarkomageneze téchto
komplexnich sarkom, na rozdil od pie-
desle diskutované skupiny pfevazné pe-
diatrickych sarkom se stabilnim karyo-
typem, kde vsechno hovofi pro to, ze
fuzni onkogeny hraji naprosto klicovou
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Ulohu, predstavuji tzv. ,driver-mutace”.
Rovnéz vzhledem ke znacné nestabi-
lité karyotypicky komplexnich sarkom
neni jasné, jestli fzni onkogeny pfetr-
vavaji napf. v jistém klonu sarkomovych
bunék, nebo jestli jsou kontinudlné vy-
tvafeny a ztraceny.

Molekularni subtypy sarkomi

Odhlédneme-li od zajimavych moleku-
larné genetickych aspektt zminénych
vyse, je nepochybné, Ze stanoveni kau-
zalni mutace, napf. ve formé kritického
fuzniho onkogenu, je kli¢ové pro stano-
veni diagndzy. Se stale se prohlubujicim
porozuménim molekularni biologii i kli-
nickému chovani sarkoma pfitom po-
zorujeme stale jemnéjsi a podrobné;jsi
diagnostické ¢lenéni, kdy se dfive jed-
notnd diagnostickd skupina ukazuje
jako heterogenni a rozpada se do jem-
néjsich, homogennéjsich a moleku-
larné i klinicky Iépe definovanych pod-
skupin. Zajimavy vyvoj v tomto sméru
byl pozorovén napf. u embryonalniho
rhabdomyosarkomu (prof. C. R. An-
tonescu, CTOS 2018). Na rozdil od al-
veolarniho rhabdomyosarkomu s jeho
dobfte definovanymi flznimi onkogeny
PAX3/PAX7-FOXO1/NCOAT u embryo-
nalniho rhabdomyosarkomu doposud
zadné molekuldrné ¢i patologicky de-
finované podskupiny znamy nebyly,
obecnou genetickou charakteristikou
byla absence chromozomalnich presta-
veb a zésadni onkogenni funkce bodo-
vych mutaci v klicovych onkogenech
a tumorovych supresorovych genech.
V posledni dobé byla definovana nova
patologicka skupina oznacena jako vie-
tenobunécny/sklerozujici rhabdomyo-
sarkom, jejiz molekularni charakteristika
opét prozradila zna¢nou Uroven hetero-
genity. Jedna ¢ast téchto prevézné pe-
diatrickych nadorl je opét iniciovédna
fuznimi onkogeny mezi geny kdduji-
cimi transkrip¢ni faktory podilejici se vy-
znamné na diferenciaci kosterniho svalu
(SRF, TEAD1, VGLL2) a transkrip¢nimi ko-
represory CITED a NCOA2 - vysledkem je
transkripcni represe gend, které by nor-
malné mély byt v pribéhu diferenciace
kosterniho svalu aktivovany, tedy de-
diferenciace a sarkomageneze. Druha
skupina vietenobunécného/sklerozuji-
ciho rhabdomyosarkomu ma svidj mo-

Tab. 3. Sarkomy zalozené na fuznich onkogenech mezi EWSR1 genem a geny pro

transkrip¢ni faktory ATF-CREB rodiny.

svétlobunécény sarkom / angiomatoidni fibrézni histiocytom

myxoidni intrakranidlni mezenchymalni tumor

primérni plicni myxoidni mezenchymalni tumor

EWSR1 - ATF1
hyalinizujici svétlobunécny sarkom
pediatricky mezoteliom

EWSR - CREB1 svétlobunécny sarkom
angiomatoidni fibrézni histiocytom

EWSR1 - CREM

svétlobunécény sarkom

lekularni podklad v inaktivujicich bo-
dovych mutacich v genu kédujicim
klicovy a hierarchicky nadfazeny tran-
skrip¢ni faktor diferenciace kosterniho
svalu MyoD1 (nejcastéjsi je bodova mu-
tace zmény smyslu L122R v DNA-va-
zebné doméné). Podstatné je, Ze se tyto
dva typy vietenobunécného/sklerozuji-
ciho rhabdomyosarkomu podstatné lisi
progndzou - zatimco subtyp zalozeny
na fuznich onkogenech je prognosticky
pfiznivy, u MyoD1-mutovanych nadord
se jedna o velice agresivni typ spojeny
s vysokou a ¢asnou mortalitou.

Z nadorG s komplexnim karyotypem
se uz dlouhou dobu spekuluje o jisté
molekuldrni dichotomii u leiomyosar-
komu, presnéji opakované se objevuji
nazory, ze uterinni leiomyosarkom neni
biologicky ani klinicky totozny s leio-
myosarkomem mékkych tkani. V dobé
velmi neddvné byla provedena kom-
plexni transkriptomicka a genomicka
analyza v rdmci projektu The Cancer Ge-
nome Anatomy (TCGA), kterd poskytla
témto hypotézam c¢astecnou oporu [9].
Pfestoze uterinni leiomyosarkom a leio-
myosarkom mékkych tkani si jsou svym
expresnim profilem a mutaénim vzo-
rem navzéajem blizsi nez kazdy z nich
vuci jakémukoliv jinému typu sarkomu,
prece se v segregacni analyze fadi do
odlisnych skupin, a bylo mozné iden-
tifikovat molekuldrni drahy, které jsou
typické pro kazdy z nich. U uterinniho
leiomyosarkomu tak byla vyznamné
aktivnéjsi draha aktivovana poskoze-
nou DNA (DNA damage response path-
way), zatimco leiomyosakrom mékkych

myxoidni intrakranidlni mezenchymalni tumor

tkani mél signifikantné aktivnéjsi sig-
nalni drahu aktivovanou hypoxii a tran-
skripénim faktorem HIF1a. Je také uz
delsi dobu zndma rozdilna aktivita ste-
roidnich receptori; vyse uvedena stu-
die TCGA prokazala specifickou hypo-
metylaci cilovych gent pro estrogenovy
receptor (ERa) specificky u uterinniho
leiomyosarkomu a zvy$end exprese a ak-
tivita samotného estrogenového, jakoz
i progesteronového receptoru u ute-
rinniho leiomyosarkomu vedla jiz k né-
kolika malym klinickym studiim testu-
jicim prospésnost integrace inhibitor(
aromataz do rdznych lé¢ebnych pro-
tokoltd [10]. Tyto vysledky byly na kon-
ferenci CTOS 2018 rozsifeny o imuno-
histochemickou analyzu velkého sou-
boru nadord shromazdénych v podobé
Jtissue microarrays” (TMA) (pfednéaska
dr. I. M. Schaefer) (tab. 4), kterd potvrdila
signifikantni rozdily v ¢etnosti mutaci
klicovych tumorovych supresorovych
genl a v expresi steroidnich receptor(
mezi obéma subtypy leiomyosarkomu.
Za povsimnuti stoji jeden rozpor mezi
uvédénou studii TCGA a vysledky imu-
nohistochemické analyzy TMA - zatimco
prvni z nich identifikovala zna¢nou frek-
venci deleci TP53 genu, v imunohisto-
chemické studii TMA prezentované na
konferenci byl naopak nalezen ve velké
vétsiné piipadd aberantné exprimovany
p53 prozrazujici jeho stabilizaci specific-
kymi bodovymi mutacemi. Zatim neni
jasné, co by mohlo byt pfi¢inou tohoto
rozdilu, jedna se oviem o otazku, kterd
je svymi dlsledky, zejména s ohledem
na moznou perspektivni terapii, docela
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Tab. 4. Vysledky imunohistochemické analyzy leiomysarkomi mékkych tkani a uterinnich leiomyosarkomi.

Imunoprofilace

Inaktivni forma

p16

RB1

p16 (w/ponechany RB1)

TP53

PTEN

PTEN +TP53

PTEN + p16 (W/ponechany RB1)

Stiedné vysoka/vysoka exprese
ER/PR
ER/PR (w/inaktivni PTEN)

Vsechny
pripady
100% (n=712)

Leiomyosarkom Uterinni
mékkych tkani

52 % (n = 358)

16 % 13%* 19%*
89 % 93 %* 84%*
5% 4% 7%
87 % 90 % 84 %
41 % 48 % 32%*
35% 44 % 25%*
1% 2% 0%
34% 15% * 54 % *
9% 6% * 13%*

* p < 0,05; *zahrnuje lokalni recidivy a vzdalené recidivy
ER - estrogenovy receptor, PR — progesteronovy receptor

dulezita, ponévadz stabilizovany bo-
dové mutovany p53 mize byt pfistupny
navraceni do nativni konformace speci-
fickymi malymi molekulami [11] (autofi
vyse uvedené prednéasky dokonce spe-
kulovali o budouci moznosti této Iécby),
coz samoziejmé u deletovaného p53 ne-
pfichazi v uvahu.

Neni asi nikterak prekvapujici, ze jed-
nou ze sarkomovych diagnéz, kterd
piimo volala po identifikaci molekular-
nich subtypd, je nediferencovany pleio-
morfni sarkom (undifferentiated pleo-
morphic sarcoma - UPS), diagndza, ktera
je casto prijimana vylu¢ovacim zpuso-
bem a je tudiz ze své podstaty hetero-
genni. Ostatné uz vyse citovana kom-
plexni studie TCGA prokazala kontinuum
mezi nediferencovanym pleiomorfnim
sarkomem a myxofibrosarkomem. Pro-
blematiku heterogenity UPS objasnila
ve své pfednasce na konferenci CTOS
2018 dr. M. Toulmondé, ktera podrobila
sérii 26 primarnich nadorovych vzorkd
diagnostikovanych s timto typem sar-
komu komplexni expresni (RNA sekve-
novani) i genomové (celoexomové sek-
venovani) a proteomické analyze. Vzorky
nediferencovaného pleiomorfniho sar-
komu se na zakladé zejména expresni

analyzy rozpadly do tii skupin, dvou vy-
hranéné odlisnych a mezi nimi jedné
intermediarni. Jedna ze skupin v sobé
nesla ¢ast expresniho profilu prozrazu-
jiciho aktivni zanétlivou reakci (pojme-
novand jako ,hot-nadory”). Tato sku-
pina méla signifikantné vyssi hladinu
bodovych mutaci; neni vylouceno, ze
zde existuje oboustranna pfi¢inna sou-
vislost s aktivni zanétlivou reakci — kys-
likové a dusikové radikaly vyluc¢ované
zanétlivymi burikami maji prokazatel-
nou mutagenni aktivitu, sou¢asné vy-
sokda uroven bodovych mutaci a z toho
vyplyvajici prezentace nadorovych an-
tigenl muze prildkat do prostiedi na-
doru imunokompetentni buriky. Druha,
vyhranéné odlisné skupina nadort, na-
zvana pfipadné ,cold”, vykazovala vy-
razné vyssi strukturdlni chromozomalni
nestabilitu (copy number alteration,
tj. rozsahlejsi delece a amplifikace) a byla
prognosticky signifikantné méné ptiz-
niva. Jednou ze signalnich molekul spe-
cificky aktivovanych v této skupiné je
FGFR2, receptorova tyrozinova kindza,
pro niz jsou k dispozici specifické nizko-
molekularni inhibitory v pokrocilé fazi
vyvoje, a skutec¢né jeden z téchto inhi-
bitor( (JNJ-42756493) vyznamné inhi-

leiomyosarkom
50 % (n =354)

Primarni Recidiva*

tumor

44 % (n=312) 56 % (n = 400)

18 % 14 %
87 % 90 %
7% 4%
84 % 89 %
46 % * 39%*
38 % 33%
1% 1%
28%* 39%*
12%* 1%*

boval proliferaci ,cold-UPS” buné¢nych
linii i primarniho xenotransplanta¢niho
modelu; tento efekt byl vysoce speci-
ficky, u,hot-UPS" experimentélnich mo-
deld jej nebylo mozné detekovat. Na-
opak signalni drahy typické pro ,hot”
podskupinu zahrnovaly transkrip¢ni fak-
tor Myc a dale faktory asociované s epi-
telidiné-mezenchymalni tranzici. Vzhle-
dem k vysoké imunitni infiltraci by se
v tomto piipadé nabizel imunoterapeu-
ticky postup, napf. formou protilatek
proti klicovym inhibitordm T lymfocytd
(tzv. checkpoint inhibitory - CTLA-4,
PD-1 ¢i PD-1L [12]), o nichz se dnes dis-
kutuje v souvislosti s vétsinou nadord,
v¢. sarkomU (napf. pravé probihajici stu-
die IMMUNOSARC [13] ¢i mozné uplat-
néni imunomoduldtoru mifamutridu,
které se pozvolna zacina stale vice pro-
sazovat u osteosarkomu - viz dale).

Molekularni biologie sarkomii
jakozto cesta k identifikaci
racionalni personalizované
terapie

Piiklad molekularnich subtypt nedife-
rencovaného pleiomorfniho sarkomu
ukazuje moznou hlavni aplikaci moleku-
larni biologie sarkomageneze, totiz moz-
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nou identifikaci optimalni protinddorové
terapie, kterd by byla ptesné pfizpUso-
bena molekularnim zménam v nadoro-
vych burikach a pfesné na tyto zmény
zacilena [14]. Bohuzel uz vyse uvedené
pfiklady sarkom0 zalozenych na fuz-
nich onkogenech naznacily, ze pro vét-
sinu z nich je podobna strategie zatim
nedostupnd, ponévadz hlavni funkéni
kategorii protein(, kterych se vznik fuz-
nich onkogenut tyka, jsou aberantni tran-
skrip¢ni faktory a v soucasné dobé neni
k dispozici zddna klinicky zrald strate-
gie jejich inhibice. Jiz sou¢asné pouziti
cilené terapie u karcinomt a hematolo-
gickych malignit prozrazuje, ze naopak
v zasadé dobie zvladnuta je farmako-
logicka inhibice rdznych onkogennich
kinaz. Bohuzel jen nemnoho sarkoma
je molekuldrné zalozeno pravé na abe-
rantni kindzové aktivité. Nicméné ta-
kové priklady také existuji a u nékterych
znich byl na konferenci prezentovan po-
zoruhodny terapeuticky pokrok.
Pomérné velkd pozornost byla na
konferenci CTOS 2018 vénovéna infan-
tilnimu fibrosarkomu (satelitni sym-
pozium vedené dr. G. S. Demetrim,
dr. S. DuBoisem a prof. J. Y. Blayem, pied-
naska pronesend dr. N. Federmanem).
Jedna se o vzacny novorozenecky az dét-
sky nador, jehoz metastaticka kapacita je
sice omezend, ktery ale roste rychle a lo-
kalné invazivné, coz pfi radikdlnim ope-
rativnim zasahu s sebou ¢asto nese trva-
lou invalidizaci ditéte, a pro néjz nebyl
kdispozici spolehlivy chemoterapeuticky
rezim, nehledé na obecnou problematic-
nost klasické chemoterapie u déti takto
nizkého véku. Jiz koncem 90. let 20. sto-
leti byla u infantilniho fibrosarkomu od-
halena fuze genu pro transkrip¢ni faktor
ETV6 a genu NTRK3 kédujiciho tyrozino-
vou kindzu TRKC [15]; v tomto pfipadé,
piestoze se genové flze ucastni gen pro
transkripéni faktor, je jeji dopad odlisny
nez u pfikladi citovanych vyse, poné-
vadz ETV6 prispiva do vysledného fuz-
niho onkogenu, resp. onkoproteinu to-
liko svym promotorem a dimerizacni
doménou, a NTRK3 dodava intracelularni
doménu v¢. katalytické domény recep-
torové tyrozinkindzy TRKC. Vysledkem
fuze tedy neni globalni deregulace tran-
skripce, ale konstitutivné aktivni kindza.
TRKC je jednou z trojice receptorovych

kindz pro neurotrofni rGstové faktory,
zbylé dvé jsou TRKA a TRKB, kédované
geny NTRK1 a NTRK2 [16], jejichz genové
fuze byly v nddorech rovnéz identifiko-
vany, v¢. infantilniho fibrosarkomu (napf.
TMP3-NTRK1, PDE4DPI-NTRK1, SQSTM1-
-NTRK1 nebo LMNA-NTRK1 [17,18];
5'-fuzni partner vzdy musi dodavat pro-
motor aktivni v mezenchymalnich buni-
kach, jelikoz uvedené kinazy slouzici
jako receptory pro neurotrofni rdstové
faktory jsou fyziologicky exprimovany
v nervové tkani, a néjakou formu dimeri-
zacni ¢i oligomeriza¢ni domény - di-
merizace jakékoliv receptorové kinazy
ligandem je nezbytnou soucasti jejich fy-
ziologické aktivace [16]. Fizni onkopro-
teiny zahrnujici TRK-receptorové kinazy
jsou nalézany v celém spektru nador(,
v¢. velmi obvyklych karcinomd (napf.
plic, prsu, kolorekta, pankreatu aj.), me-
lanomu ¢i akutni lymfoblastické a my-
eloidni leukemie ¢i gastrointestindlniho
stromalniho tumoru (GIST), vzdy oviem
tvoii pouze vyraznou mensinu piipadd,
typicky kolem 5 %. Naproti tomu u in-
fantilniho fibrosarkomu a nékolika dal-
Sich détskych nadorl (jako détsky se-
kretujici karcinom prsu ¢i mezoblasticky
nefrom) jsou NTRK-fuzni onkogeny prak-
ticky defini¢ni a vyskytuji se ve vice nez
90 % pfipadu [16]. Podstatné je rovnéz,
Ze mame k dispozici velmi dobré nizko-
molekularni inhibitory entrectinib a la-
rotrectinib. U infantilniho fibrosarkomu
znamenalo nasazeni téchto inhibitord
opravdovy pralom v 1é¢bé, pfedevsim
v neoadjuvantnim a ¢aste¢né i adjuvant-
nim rezimu ve spojeni se $etrnou a ne-
invalidizujici chirurgickou Ié¢bou, pfi ve-
lice pfiznivém profilu vedlejsich ucinka.
Existuje nékolik dalsich typt mezen-
chymaélnich nador(, u kterych lé¢ba za-
hrnuje ¢i je pfimo postavena na vyuziti
cilenych kinazovych inhibitord. Pikla-
dem, ktery neni mozné opominout, je
samoziejmé GIST, jeden z paradigmatic-
kych pfikladd cilené protinddorové te-
rapie [14]. Prestoze GIST Ize rovnéz za-
fadit ke spektru nadord, u nichZ je mala
¢ast pfipadl zplUsobena shora uvede-
nymi NTRK-fiznimi onkogeny, a tudiz
i citliva vici entrectinibu nebo larot-
rectinibu, v naprosté vétsiné pripadi je
mutacni mechanizmus odlisny a spo-
¢ivé v bodovych aktivacnich mutacich

genU pro receptorové tyrozinkinazy
c-Kit (80-85 % ptipadl) a PDGFRa (10 %
pfipadi), a bylo stastnou shodou okol-
nosti, Ze se velice zahy zjistilo, Ze vétsina
téchto nadort je citliva vici jednomu
z prvnich dostupnych kinazovych inhi-
bitorl imatinibu. V soucasné dobé exis-
tuji s touto lécbou jiz bohaté zkusenosti
a do popredi se tak dostava otazka tera-
peutické rezistence a jejiho adekvatniho
feseni, at se uz jedna o primarné rezis-
tentni nadory (napf. nddory nesouci spe-
cifickou mutaci PDGFRa D842V), nebo
pokud se tyce vyvoje sekundarni rezis-
tence v disledku selekce klonG nesou-
cich specifické mutace v ATP-vazebné
doméné nebo aktiva¢ni smycce c-Kit
nebo PDGFRa. Novou nadéji pro tyto
pacienty jsou kindzové inhibitory nové
generace, jednak avapritinib (BLU-285 -
pfednaska na konferenci CTOS 2018,
dr. M. Heinrich), jednak DCC-2618 (pred-
naska na konferenci CTOS 2018,
dr. S. George). Obé pfednasky prezento-
valy vysledky klinickych studii faze | za-
hrnujici pacienty s pokrocilym GIST s his-
torii nékolika linii pfedchozi standardni
terapie a obé prokazaly akceptovatelny
profil toxicity a velmi povzbudivou kli-
nickou ucinnost.

V 1é¢bé sarkomd nachazi uplatnéni
rovnéz crizotinib, dualni inhibitor kinaz
ALK a MET. V piipadé ALK je zjevnou
aplikaci inflamatorni myofibroblasticky
tumor (viz vyse) a v pfipadé MET je to
svétlobunécny sarkom. Ten je sice zalo-
zen na translokacich t(12;22)(q13;912)
¢i t(2;22)(932.3;912), které vedou k vy-
tvofeni fuznich onkogend EWSRI1-ATF,
resp. EWSR1-CREBT (tab. 3), nedochazi
tedy k piimé ligand-nezavislé aktivaci ki-
nazy jako napt. u infantilniho fibrosar-
komu, nicméné tento aberantni tran-
skripéni faktor aktivuje, pravdépodobné
s vyraznym pfispénim jiného transkrip¢-
niho faktoru MITF, gen kédujici tyrozino-
vou kindzu MET. Vysledky prezentované
malé klinické studie (pfednaska na kon-
ferenci CTOS 2018, dr. P. Schoffski) jsou
ovsem dosti skromné, jen u necelych
4 % pacientt doslo k objektivni ¢aste¢né
klinické odpovédi, nicméné u zna¢né
&asti (60 %) doslo ke stabilizaci onemoc-
néni. Tato studie ovsem trpéla nékte-
rymi koncep¢nimi nedostatky, jednak
u pacientd nebyla analyzovana a pou-
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Zita jako vstupni kritérium exprese/ak-
tivita MET, jednak jsou dnes jiz k dispo-
zici G¢innéjsi inhibitory MET-kindzy nez
crizotinib, takze definitivni zavér jesté
neni mozné ucinit. Posledni ze skupiny
kindzovych inhibitord, které byly na
konferenci diskutovany, jsou inhibitory
CDK4 (abemaciclib a ribociclib) u dedi-
ferencovaného liposarkomu; podkla-
dem je zde notorickd amplifikace ¢asti
chromozomu 12 (12q13-q15), ktera za-
hrnuje CDK4 gen a rovnéZ gen pro inhi-
bitor p53 MDM2, v(i¢i némuz jsou také
k dispozici specifické farmakologické in-
hibitory (napf. nutliny nebo SAR405838).
Obé dvé skupiny inhibitor( byly neza-
visle samostatné testovény (prednasky
na konferenci CTOS 2018, dr. M. Goun-
der a dr. M. A. Dickson) a vysledky obou
studii prezentovanych na konferenci
jsou opét relativné stfizlivé, s nejcastéjsi
odpovédi ve formé stabilizace onemoc-
néni. Vyvstéva proto myslenka kombi-
nace obou inhibitor(, otazkou oviem je,
jestli takova terapie nebude zatiZzena pfi-
li§ vysokou toxicitou.

Systém destickového rustového
faktoru jakozto terapeuticky cil
sarkomi mékkych tkani

Zcela specifické a do jisté miry vyji-
mecné postaveni v sarkomagenezi ma
signalni systém desti¢ckového riistového
faktoru (platelet-derived growth factor -
PDGF). Lidsky genom nese celkem Ctyfi
PDGF geny, oznacované jako A, B, Ca D.

Signalné aktivniligand je dimer, a to bud’

homodimer, nebo heterodimer PDGFAB.
K dispozici jsou dva geny pro receptory,
PDGFRA a PDGFRB (receptory samotné
se oznacuji jako a a B), pficemz tak jako
u vsech tyrozinkinazovych receptord
prvnim krokem transdukce signadlu je
vazba ligandu a ligandem zprostfedko-
vana dimerizace receptoru, jejimz vy-
sledkem tedy mohou byt tii formy ak-
tivovaného receptoru (aa, aff a Bp).
Existuji pfitom dosti komplexni prefe-
rence mezi dostupnymi péti ligandy
a tfemi receptorovymi komplexy [19].
PDGF je jednim z nejsilngjsich mito-
gend pro mezenchymalni buriky a ma
klicové kauzalni postaveni u nékolika
typl karyotypicky jednoduchych sar-
komd. Jiz byla fe¢ o aktiva¢nich somatic-
kych mutacich PDGFRA u asi 10 % GIST.

Germinalni aktivacni mutace u PDGFRB
jsou podkladem vzacného syndromu dé-
di¢né nadorové predispozice (ziejmé je-
diného, ktery se manifestuje vylu¢né ve
formé sarkomu - viz vy3e) — hereditarni
infantilni myofibromatézy [20,21]. Jedna
se o nadory tvorené aktivovanymi fibro-
blasty, které mohou vznikat v jakémkoli
véku, ovsem casto jsou pediatrické, a je-
jichz klinické chovéni velmi zavisi na vy-
chozi tkani. Pokud vznikaji v kaizi, pod-
kozi, svalu ¢i kosti, je jejich chovani ¢asto
indolentni a dochazi u nich ¢asto do-
konce ke spontanni regresi, pokud se vy-
vijeji ve vnitfnich orgdnech, jsou casto
agresivni a spojené s vysokou morta-
litou. Z&dn4 standardni terapie nebyla
pro tyto nadory formulovana, na kon-
ferenci CTOS 2018 byly prezentovany
vysledky izraelské skupiny s klasickou
chemoterapeutickou lé¢bou (poster
dr. M. Manisterski) spocivajici v kombi-
naci nizkodavkovaného metotrexatu
a vinblastinu, pficemz ze Ctyf pediat-
rickych pacientll s postizenim vnitf-
nich organt tii prezili (jeden ovsem
zaznamenal relaps onemocnéni po vy-
sazeni chemoterapie) a jeden zemfel.
Mozna je rovnéz také cilend lécba ki-
nazovymi inhibitory imatinibem nebo
sunitinibem, s nimz byla u pozoru-
hodné kazuistiky Uspésna brnénska
skupina [22].

Samotny ligand PDGFB ma kauzalni
postaveni v pfipadé dermatofibrosar-
coma protuberans, kozniho sarkomu ini-
ciovaného translokaci t(17;22)(q22;q13),
jejimz vysledkem je fuzni gen mezi
genem pro kolagen 1A1 a pravé PDGFB
genem. Translokac¢ni zlom je u kolage-
nového genu velmi variabilni, podstatné
je, ze jeho promotor fidi transkripci fuz-
niho onkogenu. U PDGFB je naproti
tomu translokac¢ni zlom lokalizovan vzdy
v prvnim intronu. Kolagenovy promotor
je samoziejmé v mezenchymalnich bun-
kach velmi aktivni, vysledkem je tedy
masivni nadprodukce PDGFB-faktoru.
Také v tomto pfipadé je u lokdlné po-
krocilych nebo metastatickych nadord,
které se oviem vyskytuji velmi vzacné,
indikovan imatinib [23].

Zatimco vySe uvedené piiklady se
vzdy tykaji jen zcela specifické, gene-
ticky pfesné definované a pocetné zpra-
vidla malé skupiny pacient(, signalni

systém PDGF se v nedavné dobé stal ci-
lovou strukturou terapie sarkomt mék-
kych tkani v této Siroké specifikaci, tj.
napfi¢ raznymi typy a v¢. obvyklych ka-
ryotypicky komplexnich typt. Stalo se
tak v podobé zavedeni terapeutické
protilatky proti PDGFRa olaratumabu.
Jedna se o lidskou monoklonalni proti-
latku tiidy IgG1, kterd specificky a s vyso-
kou afinitou rozeznava extracelularni li-
gand-vazebnou doménu PDGFRa, ¢imz
zabranuje vazbé ligandu a aktivaci re-
ceptoru. V in vitro a in vivo podminkach
olaratumab signifikantné inhiboval rdst
fady sarkomovych bunécnych linii [24]
a prekvapivé dobrého vysledku bylo
dosazeno v kombinované klinické stu-
dii faze I/1l (studie JGDG), u které kombi-
nace olaratumabu a doxorubicinu prak-
ticky zdvojnasobila celkovou dobu preziti
oproti monoterapii doxorubicinem u sou-
boru pacientd s pokrocilymi sarkomy
meékkych tkani [25]. Na konferenci CTOS
2018 byla predstavena navazna studie
(pfednaska dr. S. Bauer), u které byl kombi-
novan olaratumab s kombina¢nichemote-
rapii doxorubicinem a ifosfamidem. Studie
faze |, ktera byla predmétem prednasky,
zahrnovala 15 pacientt (3 se synovidlnim
sarkomem, 3 s malignimi tumory z po-
chvy periferniho nervu (malignant peri-
pheral nerve sheath tumours — MPNST),
3 s liposarkomem, 2 s leiomyosarkomem,
2 se svétlobuné¢nym sarkomem a 2 s ne-
diferencovanym pleomorfnim sarko-
mem). Pldnovana kombinacni chemo-
terapie zahrnovala sest cykld s podénim
olaratumabu (15mg/kg) 1.a 8. den, doxo-
rubicinu (75mg/m?) 1., 2. a 3. den a ifos-
famidu (20g/m?) 1., 2,, 3. a 4. den, nasle-
dovanymi monoterapii olaratumabem az
do progrese. V ramci vysledku studie faze
| nebyla pfidavkem olaratumabu zazna-
menana zvysena toxicita oproti publiko-
vané toxicité kombinacni chemoterapie
samotné [26]. Z pacient(, ktefi dokon-
¢ili planovany rezim, zaznamenal pouze
1 progresi, u 5 doslo k ¢aste¢né odpo-
védi (z ¢ehoz ovsem 1 progredoval pfi
monoterapii olaratumabem), u 6 doslo
ke stabilizaci onemocnéni (klinickd od-
povéd'25 %, kontrola onemocnéni 69 %).
U 3 pacient umoznila dosazend klinicka
odpovéd naslednou operaci.

Bude nepochybné zajimavé sledovat
tuto studii v del$im ¢asovém horizontu,
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aby bylo mozné vyhodnotit disledky
pro celkové preziti. Lze rovnéz doufat,
Ze tato nova kombinace pomuze osvétlit
nékteré z ne zcela jednoznacné interpre-
tovatelnych zavéra studie JGDG, napt.
ne zcela snadno vysvétlitelny nesoulad
mezi jen pomérné skromnym zvysenim
doby do progrese a pomérné razantnim
zvysenim celkového preziti, jakoz i ne-
moznost prokazat jakykoliv vztah mezi
expresi PDGFRa v nadoru a Ié¢ebnou
odpovédi [25].

Otevie molekularni biologie
osteosarkomu dvere k nové
terapii?

Jednim z ¢astych typd sarkomd, u kte-
rych by zavedeni novych terapeutic-
kych postuptl bylo skute¢né na misté, je
osteosarkom. Pro tyto pacienty zUstava
zakladni 1é¢ebny protokol prakticky ne-
zménén od 70. let, kdy byla formulovéna
zakladni kombina¢ni chemoterapie me-
totrexatem, doxorubicinem a cisplati-
nou a u refrakternich a relapsujicich na-
dorl gemcitabinem a docetaxelem.
Jedinou inovaci, kterd oviem stale zG-
stava pojimana jako experimentaini
1é¢ba, je doplnéni této polychemotera-
pie imunomodula¢ni latkou mifamurti-
dem, ktery pravdépodobné stimuluje
tumoricidni aktivitu alveoldrnich mak-
rofagl a snizuje tak pravdépodobnost
rdstu a progrese plicnich metastaz [26];
prestoze se jedna o experimentalni
1é¢bu, vétsina na osteosarkom specia-
lizovanych ucastnik( konference SSGM
2019 se spise priklani k nazoru, ze je
tato imunomodulaéni lé¢ba klinicky
pfinosna.

Neblahou vlastnosti osteosarkomu je
nahly explozivni rist a pomérné rychla
progrese, takze naprosta vétsina nador(i
je diagnostikovéana jakozto ,high grade”
a u vétsiny pravdépodobné jiz v dobé
diagndzy byly zaloZzeny mikrometastazy.
Jedna se rovnéz o sarkom s vyhranéné
nestabilnimi karyotypy s desitkami,
mozna stovkami numerickych a struktu-
rélnich chromozomovych aberaci a po-
lyklondlnim vyvojem [27]. Svymi vlast-
nostmi osteosarkom docela prekvapivé
pfipomina serézni ,high grade” ova-
rialni karcinom, a mozna pravé to bylo
impulzem k tomu, ze v neddvné dobé
byl osteosarkom podrobné geneticky

analyzovan na aktivitu enzymatickych
komplext DNA-reparac¢ni dréahy homo-
logni rekombinaci (tzv. BRCAness, podle
BRCA-1 a BRCA-2 gen) a skute¢né se
zjistilo, Ze tato reparacni draha je poru-
$ena u znacné casti osteosarkom, coz
samoziejmé hned vyvolalo nadéji na
mozné lécebné uplatnéni PARP-inhibi-
tor [28]. Pfestoze se zprvu zdalo, Ze se
jedna o skoro univerzalni vlastnost os-
teosarkomu, situace asi bude o mnoho
slozitéjsi a zejména heterogennéjsi. Na
konferenci SSGM 2019 prezentoval po-
mérné rozsahlou experimentalni studii
citlivosti etablovanych osteosarkomo-
vych buné¢nych linii vic¢i PARP-inhibi-
toru BMN 673 prof. O. Myklebost a zjis-
til jednak zna¢nou heterogenitu, jednak,
aspon prozatim, nemoznost predpové-
dét citlivost na zakladé jakékoli mole-
kularné biologické charakteristiky. Stu-
die pravé publikovand na primarnich
osteosarkomovych liniich udrzova-
nych ve formé xenotransplantat( (pa-
tient derived xenografts — PDX), viz dale,
tento nélez potvrdila [29]. Bez identifi-
kace spolehlivého prediktivniho mar-
keru Ize tudiz o této terapii uvazovat jen
obtizné.

Prognostické nomogramy
sarkomi mékkych tkani

Vidéli jsme jiz, ze jak v ptipadé Ewin-
gova sarkomu, rhabdomyosarkomu
i nediferencovaného pleomorfniho sar-
komu nese v sobé molekularné gene-
tickd charakterizace, at uz v jakékoliv po-
dobé (mutacni mechanizmus, konkrétni
»driver” mutace, molekularni subtyp
charakterizovany specifickym expresnim
profilem), také vyznamnou prognostic-
kou informaci. Stanoveni prognézy one-
mocnéni na zékladé takové molekuldrné
genetické informace je v oblasti sarkomu
mékkych tkani ovéem pfinejlepsim zéle-
Zitosti klinickych studii a pro standardni
odhad prognézy onemocnéni jsou ur-
Cujici klinické a patologické charakte-
ristiky. Ty je mozné kombinovat v po-
dobé tzv. prognostickych nomogram.
Klasicky prognosticky nomogram pred-
stavuje graficky prognosticky nastroj,
kdy je kazda nezavisla prognosticky vy-
znamna charakteristika vynesena na své
podélné ose a jeji pfima ¢i konverto-
vand kvantitativni hodnota je pfevedena

do podoby bodového skére [30]. Prav-
dépodobnost, ze k definované klinické
udalosti (celkové preziti, sarkom-speci-
fické preziti, pfeziti bez metastatického
rozsevu apod.) dojde v pfedem stanove-
ném c¢asovém okamziku, je odvozena od
celkového bodového souctu po secteni
bodového prispévku vsech zohledné-
nych klinickych charakteristik [31,32].
Nékteré z klinickych ukazatell vstupuji
do prognostickych nomogramt jakozto
kvantitativni veli¢iny (typicky napft. vék
pacienta), nékteré kvantitativni pro-
ménné mohou byt nékdy naopak dicho-
tomizovany (napf. velikost nadort maze
do prognostickych nomogramu vstupo-
vat jako kvantitativni veli¢ina nebo na-
dory mohou byt napf. diferencovany
a odlisné bodové ohodnoceny podle
toho, jestli nedosahuji ur¢ité arbitrarné
stanovené hodnoty, napf. 15cm, nebo
ji naopak presahuji [33]). Nékteré ze
vstupnich proménnych maji dudini cha-
rakter samy o sobé (napf. fokalita — uni-
fokalni vs. multifokdlni nadory), nékteré
jsou ze své podstaty kvalitativni a bo-
dové ohodnoceni je jim pfidéleno speci-
ficky v ramci daného nomogramu (u sar-
kom0 typicky histopatologicky typ).
Rovnéz zalezi na tom, jestli je konstru-
ovan obecny nomogram, nebo nomo-
gram specializovany pouze na urcitou
podskupinu. Prvni sarkomovy nomo-
gram [34] mél obecny charakter, no-
véjsi nomogramy jsou uz specializované.
K této specializaci mize u sarkomu do-
chéazet ve dvou ohledech - jednak jsou
k dispozici nomogramy omezené jen na
specificky histopatologicky typ (napf. sy-
novialni sarkom [35] ¢i uterinni leiomyo-
sarkom [36]) ¢i histopatologickou rodinu
(liposarkom [37]), jednak byly konstruo-
vany nomogramy specializované na ur-
¢ité anatomické misto prezentace na-
doru (retroperitonealni sarkomy [38]
a koncetinové sarkomy [39]). Diisledkem
této specializace je moznost vzit pfi kon-
strukci nomogramu v Uvahu specifické
proménné, které maji dominantni posta-
veni jen u urcité skupiny sarkomu. Napf.
u retroperitoneélniho liposarkomu byly
pfi konstrukci specializovaného liposar-
komového nomogramu rozliseny pfi-
pady, kdy chirurgicka resekce mohla byt
zamérena jen na nador jako takovy, od
pfipadd, kdy predmétem resekce musel
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byt také néjaky vnitini organ, s vyssim
bodovym ohodnocenim druhé z moz-
nosti [37]. Nékdy se dokonce muze jed-
nat o odliSnou formu distribuce spo-
le¢né kvantitativni proménné. Napiiklad
u sou¢asného nomogramu zaméfeného
na koncetinové sarkomy je velikost na-
doru zohlednéna jakozto kvantitativni
proménna s linearni distribuci [40], za-
timco soucasny nomogram konstru-
ovany pro retroperitonealni sarkomy
nahlizi na velikost nadoru jako na kvan-
titativni proménnou s nelinealni dis-
tribuci — extrémné velké nadory do-
sahuji nizsiho bodového ohodnoceni
nez nadory s velikosti 30cm, coz je hra-
ni¢ni hodnota, do které je distribuce li-
nedrni [41]. Pfi¢inou je skutecnost, ze
obzvlasté velké retroperitonedlni sar-
komy jsou z velké vétsiny dobfe dife-
klinickym prabéhem nez jiné typy sar-
kom{, jako napt. dediferencovany lipo-
sarkom ¢i leiomyosarkom [42]. Tento po-
sledni priklad rovnéz ilustruje interakci
rdznych proménnych, které, a¢ a priori
stanovené jako nezavislé, se navzajem
podminuji. Konstrukce nomogram je
statisticky pomérné komplexni problém,
kvalita kazdého nomogramu je urcena
pfedevsim dvéma ukazateli - kalibraci
a diskriminaci [40,42]. Kalibrace je gra-
ficky vyraz validace prognostické hod-
noty nomogramu, kdy na jedné ose vy-
nasime vypocitanou predpokladanou
hodnotu veli¢iny (napf. celkové preziti),
na druhé ose hodnotu redlnou - u ideél-
niho nomogramu bychom tak méli zis-
kat pfimku se smérnici 45°. Diskriminace
je pravdépodobnost, Ze z ndhodné vy-
brané dvojice pacientd se predpokla-
dana udalost, jejiz pravdépodobnost
nomogram stanovuje (smrt, rekurence,
metastadza apod.) objevi dfive u pacienta
s vyssim bodovym souctem, a tudiz vy3si
vypocitanou pravdépodobnosti. Idedlni
diskriminace dosahuje hodnoty 1
(tj. 100 %), diskriminace 0,5 (50 %) zna-
mena nulovou prognostickou hodnotu
nomogramu. Spolehlivost nomogramu
je zejména déna jeho externi validaci,
tj. spolehlivy nomogram dosahuje po-
dobné kalibrace a diskriminace u et-
nicky a geograficky rlznych populaci
pacientd osetfovanych v riiznych spe-
cializovanych centrech [43].

Prispévky na konferenci CTOS 2018 se
tykaly tfi aspektd vyvoje prognostic-
kych nomogramua sarkomd mékkych
tkani. Nevyhnutelna interakce raznych
proménnych byla zohlednéna ve speci-
fické modifikaci nomogramu pro konce-
tinové sarkomy, tzv. dynamickém pro-
gnostickém nomogramu (pfednaska
prof. D. Callegaro). Jak toto oznaceni jiz
nechava tusit, tou hlavni proménnou,
jejiz interakce s ostatnimi je predmétem
této modifikace, je cas; zatimco klasické
nomogramy, o nichz jsme diskutovali
vys$e, umoznuji jednorazovy odhad umrti,
rekurence ¢i metastatického rozsevu na
zakladé hodnot jednotlivych promén-
nych zjisténych v okamziku operace,
tento dynamicky nomogram umoziuje
opakovanou kalkulaci po 12, 24 a 36 mé-
sicich, a to na zakladé jak vstupnich kli-
nickych dat v okamziku operace, tak
i klinického vyvoje od okamziku ope-
race po provedeni opakované kalku-
lace. Druhym aspektem je integrace mo-
lekuldrné genetické informace; v nasem
dosavadnim textu jsme prognostické
nomogramy davali do jakéhosi proti-
kladu k molekularné genetickym a mo-
lekuldrné biologickym faktordim odhadu
prognozy, a to ¢isté z davodu logického
¢lenéni textu. Lze ovsem téméf s jistotou
pfedpovédét, Ze tato hranice se bude
v budoucnosti ¢im déle tim vice stirat
amolekularné geneticky ¢i biologicky za-
loZené charakteristiky individudlnich na-
dorll se stanou jednémi z proménnych
prognostickych nomogram. Jakousi
predzvésti tohoto vyvoje byla pred-
naska dr. I. Wei, ktera ukazala moznosti
integrace konkrétni muta¢ni informace
(tfi nejcastéjsi mutace CTNNBT genu ¢i
wt-alela ¢i jind mutace) do prognostic-
kého nomogramu rekurence desmoidni
fibromatdzy; podstatné piitom je, Ze za-
¢lenénim této molekuldrni proménné
doslo ke zvyseni diskriminace z hod-
noty 0,707, dosazené pouze s klinickymi
proménnymi, na 0,729 u viech pacientd
a 0,744 u pacientd s primarné dia-
gnostikovanou desmoidni fibromaté-
zou. Konecné, tieti oblasti, ve které pro-
gnostické nomogramy sarkomu doznaly
v posledni dobé vyznamného rozvoje,
je jejich aplika¢ni forma. Cilem je co nej-
vice rozsifit a usnadnit jejich praktické
pouziti v kazdodenni klinické praxi. Sar-

kulator je jedna z takovych aplika¢nich
inovaci (www.sarculator.com). Jedna se
o volné dostupnou aplikaci vyvinutou
pro smartphony a tablety, ktera je ur-
¢ena dospélym pacientlim po resekci re-
troperitonealniho a koncetinového sar-
komu. Poskytuje odhad onkologickych
vysledk(l na zékladé véku pacienta, sta-
dia onemocnéni a velikosti a histolo-
gie nadoru. Po vloZeni téchto specific-
kych kovariatd do aplikace je uzivateli
vykalkulovana pravdépodobnost cel-
kového preziti, bezptiznakového pfre-
Ziti nebo vyskytu vzdalenych metastaz
po resekci primarniho sarkomu. Kon-
cepcné podobnd, i kdyz v detailech od-
lisnd, a nikoliv Siroce dostupna aplika¢ni
forma byla vyvinuta také specificky pro
myxoidni liposarkom (poster dr. D. D. Mc-
Millan). Jednim z pfikladd uplatnéni Sar-
kulatoru je studie prezentovana v pred-
nasce dr. S. Pasqualiho, jejimz cilem bylo
pokusit se redefinovat postaveni adju-
vantni chemoterapie v 1é¢bé koncetino-
vych sarkom@ mékkych tkani. Dosavadni
klinické studie poskytly velmi rozporu-
pIné vysledky; posledni velkd randomi-
zovana klinicka studie [41] neprokazala
klinicky benefit kombinac¢ni adjuvantni
chemoterapie doxorubicinem a ifosfami-
dem. Jestlize oviem totozni pacienti byli
ex post stratifikovani na zakladé Sarkula-
torem kalkulovaného odhadu pravdépo-
dobnosti 8letého celkového preziti (jako
hrani¢ni hodnota bylo zvoleno 60 %),
pak u vysoce rizikovych pacienti (tzn.
s kalkulovanou pravdépodobnosti celko-
vého 8letého preziti pod 60 %) byl efekt
adjuvantni terapie statisticky vyznamny.

Nové experimentalni modely
sarkomu mékkych tkani

Jednim z probléma experimentalni on-
kologie sarkom(l obecné je nedostatek
vhodnych experimentalnich model;
ostatné to bylo také téma nasich pfi-
spévkl. Na konferenci CTOS 2018 jsme
posterovou formou prezentovali nase
dosavadni vysledky ziskané analyzou
progresivni série fibrosarkomovych bu-
nécnych linii odvozenych z fibrosar-
komu indukovaného hlubokym pora-
nénim u v-jun transgenni mysi [42,43],
zejména vysledky transkriptomické ana-
lyzy. Tento experimentalni systém zahr-
nuje relativné malo transformovanou
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sarkomovou linii JUN-2 s nizkou trovni
proliferace, motility a invazivity, z ni od-
vozenou dcefinou linii JUN-2fos3, ktera
si zachovava nizkou uroven prolife-
race, ale doslo u ni k vyrazné manifes-
taci buné¢né motility a invazivity, a vy-
soce transformovanou sarkomovou
linii JUN-3 s vysokou urovni proliferace,
motility i invazivity. Tato unikatni se-
stava sarkomovych bunéc¢nych linii ndm
umoznila identifikovat v jediné tran-
skriptomické analyze jak geny zodpo-
védné za proliferaci (kontrastni expresni
profil u JUN-3 oproti JUN-2 a JUN-2fos3),
tak geny zodpovédné za motilitu a in-
vazivitu (kontrastni expresni profil
u JUN-3 a JUN-2fos3 oproti JUN-2). Uka-
zalo se tak, Ze JUN-3 sarkomové bunky
disponuji zna¢nou autokrinni aktivaci
jak bunécné proliferace, tak motility;
jeden z téchto autokrinnich motilitnich
faktord, chemokin Ccl8, muze byt farma-
kologicky inhibovan, a skute¢né tato in-
hibice signifikantné snizuje motilitu této
sarkomové buné¢né linie. Autokrinni re-
gulace buné¢né proliferace ma ziejmé
komplexnéjsi charakter; JUN-3 bunky
skutec¢né specificky nadmérné exprimuji
fadu rlstovych faktord (amfiregulin, epi-
regulin, fibroblastové rlstové faktory
10 a 13, hepatocytarni ristovy faktor)
¢i receptorll (rovnéz vyse diskutovany
PDGFRa) a jejich proliferace neni za-
visla na obsahu séra v médiu, na druhou
stranu jimi kondiciované médium speci-
ficky inhibuje riist JUN-2 sarkomovych
bunék.To by mohlo otevfit cestu k objas-
néni interakce nezavislych nadorovych
klont v komplexnich nadorech v¢. kla-
sického fenoménu klonalni dominance.
Na konferenci SSGM 2019 jsme potom
formou komentovaného posteru tento
model rozsifili o dal3i progresivni sarko-
movou sérii zalozenou na velice obvyklé
preadipocytarni bunéé¢né linii 3T3L1.
Francouzska skupina publikovala spon-
tanni transformaci této preadipocytarni
bunécné linie in vivo do dediferencova-
ného liposarkomu, ze kterého byla odvo-
zena prislusna bunécné linie LM3D [44].
Opét jsme postupovali cestou celoge-
nomové transkriptomické analyzy, ktera
nam poskytla vhled do moznych zéklad-
nich mechanizma vzniku a progrese na-
dorl tukové tkané. Obecnéjsi vyznam
by mohl mit bioinformaticky identifi-

kovany prinik transkriptomickych pro-
fill obou agresivnich sarkomovych linii,
tj. JUN-3 a LM3D, ktery jsme oznacili
jako ,sarcoma progression signature”.
Celkem se nam podafilo identifikovat
95 souhlasné transkripéné aktivovanych
gend a 78 souhlasné transkrip¢né repri-
movanych gend, které by mohly ukry-
vat obecnéjsi informaci o biologickych
mechanizmech progrese sarkomu.
Prvotni analyza aktivovanych genl od-
halila pfitomnost piekvapivé rdzno-
rodé skupiny genu, které byly v rizném
kontextu publikovany jakozto inhibi-
tory klasické, tzv. konvencni Wnt/B-ka-
teninové signaini drahy (Dickkopf-2 a -3,
Apcdd1, Meg3, Fibulin-5, Ints6, Msx1),
a soucasné téz aktivaci exprese genu
kédujiciho receptor tyrosine kinase-
-like orphan receptor 2 (Ror-2); to by na-
povidalo, Ze béhem progrese sarkomu
(na rozdil od mnohych karcinoma) do-
chazi k utlumeni klasické Wnt/B-kateni-
nové signélni drahy a k jejimu nahrazeni
tzv. nekonvenéni Wnt5a/Ror-2 signalni
dréhou [45]. To by potvrzovala i pfitom-
nost nékterych gen, které byly publi-
kovény jakozto aktivované pravé touto
nekonven¢ni Wnt5a/Ror-2 signalni dra-
hou, mezi aktivovanymi geny naseho
,sarcoma progression signature”, jako
je gen pro onkoprotein c-jun anebo
geny pro metaloproteinazy matrix, kon-
krétné MMP-16. Podle stejné logiky by
farmakologické aktivatory konven¢ni
Wnt/B-kateninové drahy mohly pred-
stavovat slibné kandidaty pro novou
chemoterapii pokrocilych sarkom;
za zminku v tomto ohledu stoji napf.
bortezomib [46].

Obecnym problémem klasickych bu-
néc¢nych kultur jsou arteficidlni pod-
minky rdstu nadorovych bunék, které
nemohou napodobit komplexni mik-
roprostiedi nadoru [47]. Jednou z moz-
nosti, jak zmirnit tento problém, jsou
xenotransplanta¢ni modely, kdy se na-
tivni fragmenty nadord piimo im-
plantuji pfisné imunodeficientni mysi,
tzv. PDX (patient-derived xenografts).
Tuto techniku vyuzila i skupina, ktera
popsala molekularni subtypy nedife-
rencovaného pleomorfniho sarkomu
pro analyzu uc¢innosti FGFR2 - specific-
kych inhibitord u tzv.,cold-UPS” nadord,
nebo nedéavna studie hledajici nové te-

rapeutické moznosti u osteosarkomu
(viz vyse) [29]. Skupina z belgické univer-
zity v Leuvenu (projekt XenoSarc - poster
na konferenci CTOS 2018, dr. A. Wozniak)
se takto zaméfila na celou $kalu sarkom
mékkych tkani zahrnujici myxofibrosar-
kom, dediferencovany liposarkom, syno-
viadlni sarkom, MPNST, leiomyosarkom,
epitelioidni hemangioendoteliom, me-
zenchymalni chondrosarkom, rhabdo-
myosarkom a nediferencovany pleio-
morfni sarkom. Celkem se v soucasnosti
jedna o 30 xenotransplanta¢nich mo-
deld, a soucasné s nimi je pfipravovana
i odpovidajici tissue microarray, takze
by mélo byt mozné soucasné analyzo-
vat jednotlivé sarkomy imunohistoche-
micky i funkénim testem. Samoziejmé Ze
metodika PDX je o mnoho komplikova-
néjsi a zejména experimentalné méné pii-
stupna nez klasické bunécné kultury. Sku-
pina z mildnského Istituto Nazionale dei
Tumori (poster na konferenci CTOS 2018,
dr. C. Colombo) se pokusila tento pro-
blém zmirnit sou¢asnym odvozenim xe-
notransplantatl i klasickych buné¢nych
linii ze vzork( ziskanych po chirurgickém
odstranéni retroperitonealné lokalizo-
vanych dediferencovanych liposarkomi
a podle prezentovanych vysledkl se zda,
Ze Uspésné; ze tii dediferencovanych li-
posarkom( se podafilo odvodit para-
lelné oba modely a vyuzit je pro zatim za-
kladni screening chemosenzitivity. Jinou
moznosti, jak zachovat komplexni nado-
rové interakce a soucasné ziskat experi-
mentélné pfistupnéjsi model, nez jsou xe-
notransplantaty, je pouZzit trojrozmérné
buné¢né kultivace. Skupina z némecké
kliniky Helios (poster na konferenci CTOS
2018, dr. M. Gaebler) se zamérila pravé
timto smérem. Jednd se o tzv. sarkomové
organoidy, tedy trojrozmérné mikrona-
dory kultivované v komplexni extracelu-
larni matrix (tzv. Matrigel); tento systém
se oznacuje PD3D (patient-derived 3D-
-culture). Smyslem je ziskat experimen-
talné schldny systém, ktery bude napt.
pfistupny dlouhodobé kultivaci s cilem
identifikovat potencialné terapeuticky vy-
uzitelné mutace kazdého individualniho
sarkomového pacienta a na zakladé toho
formulovat individualizovanou terapii,
nebo pouzit tento systém jakozto scree-
ningovou platformu pro identifikaci no-
vych farmakologicky zajimavych molekul.
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Primarni bunécné kultury klinickych
sarkomi predstavuji metodicky po-
mérné nelehky Ukol; vzhledem k histo-
patologické variabilité je obtizné defi-
novat kultiva¢ni podminky tak, aby se
podafilo ustanovit primarni buné¢né
kultury s rozumnou Uspésnosti u raz-
nych pacientl se sarkomy. Pozoruhod-
ného Uspéchu, prezentovaného formou
prednéasky a komentovaného posteru na
konferenci SSGM 2019, doséhla v tomto
ohledu $védska skupina z Karolinska In-
stitutet [48], kterd s vice nez 50% Uspés-
nosti kultivovala primarni nadorové
kultury odvozené z aspiratd ziskanych
tenkou jehlou nebo z chirurgicky zis-
kanych vzorkd nékolika typl sarkomu
(Ewingova sarkomu, embryonélniho
rhabdomyosarkomu, alveoldrniho sar-
komu mékkych tkani, angiosarkomu).
Primarni bunécné kultury byly nasledné
podrobeny expresni analyze a souc¢asné
testovany na citlivost vici farmakolo-
gické knihovné zahrnujici 525 farmako-
logicky aktivnich latek a nasledné kon-
frontovany s pozorovanou odpovédi
pacientd na empiricky podanou chemo-
terapii. Dosavadni vysledky (rozsah stu-
die je zatim maly - 14 priméarnich bu-
nécnych kultur) ukazuji na velmi dobrou
schopnost predpovédét klinickou rezis-
tenci a v jednom pfipadé rovnéz senzi-
tivitu. Prezentovanym cilem projektu je
tento kultiva¢ni a screeningovy systém
v blizké budoucnosti pouzit jakozto plat-
formu pro in vitro test chemosenzitivity
a podle néj modifikovat, ¢i dokonce for-
mulovat individualizovanou terapii.
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motility and angiogenesis. Pharmacologic inhibition of one of the autocrine motility factors identified,
Ccl8, significantly diminished both motility and invasiveness of the highly transformed fibrosarcoma
cell. This progression series could be greatly valuable for deciphering crucial aspects of sarcoma
progression and defining new prognostic markers and potential therapeutic targets.

Keywords: fibrosarcoma; progression series; invasiveness; transcriptome; Ccl8

1. Introduction

Sarcomas represent a very heterogeneous group of tumours of mesenchymal origin,
accounting for ~1% of human malignancies, affecting about 200,000 people per year across
the globe. At the genomic level, sarcomas can be classified into two broad categories. The
first group, especially prevailing among paediatric cases, involves tumours of near diploid
karyotypes, featuring well-defined focused mutational changes, like specific translocations,
amplifications, or activating point mutations in crucial driver oncogenes or inactivating
mutations in key tumour suppressor genes. The second group comprises adult-type
sarcomas including adult fibrosarcoma, osteosarcoma, chondrosarcoma, most liposarcomas,
angiosarcoma, leiomyosarcoma, and undifferentiated pleomorphic sarcoma, with complex
and unbalanced karyotypes and extensive genomic instability [1-5]. The clinical behaviour
of sarcomas can be highly variable, ranging from indolent to highly aggressive invasive
and metastatic tumours. Whereas localised tumours can frequently be successfully treated
by surgery alone or in combination with radiotherapy, the prognosis of advanced stage
metastatic sarcomas is poor, with a median overall survival of only 8-12 months [2,6].
While the issue of sarcoma initiation has experienced substantial progress in recent years,
both regarding the identification of a plethora of driver fusion oncogenes in translocation-
dependent sarcomas [3,7] and concerning mesenchymal stem cells as a probable cell of
origin for most sarcomas [8], relatively little progress has been achieved in deciphering
the mechanisms of sarcoma progression. This issue is of utmost importance, nevertheless,
the metastatic dissemination is the principal cause of sarcoma-related death according
to all the available evidence [9]; interestingly, a similar prognostic impact on patient
survival as the metastatic dissemination seems to be the already existent presence of
histologic invasion, suggesting that invasiveness might be a rate-limiting step of the
entire metastatic cascade [10]. Moreover, a survey of recent soft tissue sarcoma phase III
clinical trials revealed that up to 50% of enrolled patients experience rapid progression,
which might obscure any effect of an investigational agent if it is not dramatic enough.
Such rapid progressors are seen across histopathological subtypes, suggesting that a
yet to be identified general aspect of disease biology might underlie them [11]. The
CINSARC gene expression signature has been identified with the implicit assumption that
metastatic ability is intimately connected to genome destabilisation, and there is convincing
evidence that it can significantly outperform available clinical parameters in forecasting
sarcoma cases with propensity to metastasise [12]. However, all the CINSARC-genes
function primarily within the context of cell division, mitotic regulation, and chromosome
integrity, and while some of the genes identified might have additional functions in classical
progression-coupled traits like motility and invasiveness [13], the CINSARC signature as
such probably reflects the mere proclivity to progress that is greatly facilitated by genome
destabilisation in order to accumulate further mutations, rather than revealing the very
biological mechanisms of progression. Indeed, the CINSARC signature is able to predict
progression in tumour types that are as biologically different as sarcomas, carcinomas,
lymphomas, and leukaemias [14]. Important insights into the mechanistic basis of sarcoma
progression could be achieved by analysing several experimental model systems. A
remarkable rat fibrosarcoma progression series has been instrumental in unravelling an
important mechanistic basis of motility, invasiveness, and metastatic competence in terms
of cytoskeletal dynamics [15,16]. Another interesting animal sarcoma progression series
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A single clone expressing the highest level of the c-fos transcript (clone 3, Figure S1)
was designated as JUN-2fos-3 and used for all other analyses.

2.3. Expression of Fos and Jun Genes in Fibrosarcoma Cell Lines

Total RNA was isolated from cell lines using the RNeasy mini kit (Qiagen, Hilden,
Germany). Then, 250 ng of total RNA were reverse transcribed using SuperScriptIII re-
verse transcriptase (Invitrogen), with random hexamer primers in a reaction volume of
20 pL. The c-fos transcript was amplified by the pair of primers with the following se-
quences: C-FOS forward 5-GAC TCC TTC TCC AGC ATG GGC TC-3’; C-FOS reverse,
5-GCT CTG GTC TGC GAT GGG GCC ACG-3’; the primer sequences are conserved be-
tween the murine (i.e., endogenous) and human (i.e., transfected) c-fos gene and the PCR
amplicon was of 173 bp in length. The jun transcript was amplified by the pair of primers
with the following sequences: JUN forward 5-CAT CCA CGG CCA ACA TGC-3'; JUN
reverse, 5-TCA AAA CGT TTG CAA CTG-3’; the primer sequences are conserved be-
tween the murine c-jun and the v-jun genes [25] and the PCR amplicon was of 113 bp in
length. The analysis was performed in technical duplicates on the Stratagene M x3005P
apparatus (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s
protocol. The amplification included initial denaturation at 95 °C for 10 min, followed
by 40 cycles of 95 °C (10 s), 95 °C (30 s), 55 °C (1 min), and 72 °C (1 min). The qualita-
tive PCR was performed by iTaq Universal SYBR® Green SuperMix (Bio-Rad, Hercules,
CA, USA). The 2 AACq method was used for the quantification of qPCR data; the expres-
sion was normalised to GAPDH gene with the following sequences: GAPDH forward
5-AGG TCG GTG TGA ACG GAT TTG-3'; GAPDH reverse, 5'-TGT AGA CCA TGT AGT
TGA GGT CA-3'.

2.4. Indirect Immunofluorescence

Cells were sparsely seeded on a coverslip and grown to 70% confluence, fixed with
100% ice-cold methanol for 30 min, permeabilised in 0.1% saponin-TBS solution, and
blocked in 2% normal goat serum in PBS for 60 min. Cells were then sequentially incubated
with the primary polyclonal rabbit anti-v-Jun antibody (Antibodies—online ABIN1109458,
cross reactivity for avian and mammalian c-Jun) or primary polyclonal rabbit anti-human
c-Fos antibody (Sigma F7799, cross reactivity for mouse, rat, and pig c-Fos, Sigma, Prague,
CZ) (1% in PBS for 90 min at room temperature) and Atto 488-labelled goat anti-rabbit IgG
secondary antibody (Sigma 18772—0.5% in PBS, 60 min at room temperature in dark, Sigma,
Prague, CZ), with extensive washing after each incubation. The negative control staining
wascarried out by omitting the respective primary antibody (Figure S2). The coverslips
were mounted in Vectashield mounting medium (Vector Laboratories, Burlingame, CA,
USA) and analysed using the Olympus AX70 fluorescent microscope equipped with the
Olympus DP71 camera system.

2.5. Analysis of Cell Morphology

Basic morphological evaluation was carried out by routine phase contrast micro-
scopic observation. The cell size analysis was described by a published procedure [26].
Briefly, phase contrast photographs of growing cells were taken at a 10x magnification
by the Hamamatsu Orca-ER camera mounted on the Olympus IX 70 inverted microscope
(Olympus, Tokyo, Japan). The QuickPHOTO Industrial 2.3 (Promicra Ltd., Prague, Czech
Republic) software was used for the photo evaluations. The area of the cells in each clone
(n =15) was calculated based on the polygon surface created by tracing the contour of cells.

2.6. Evaluation of Growth Characteristics

The characteristics related to deregulated proliferation were analysed with the aid
of the xCELLigence system (Roche, Basel, Switzerland) [27]. The xCELLigence system
monitors the cellular events in real time by measuring electrical impedance using micro-
electrodes at the bottom of each cell culture plate well. The RTCA software calculates
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the cell index (CI) as a relative change in measured impedance. Two major parameters
were assessed—the slope of the linear phase of the growth curve describing the steepness
incline, and the doubling time (DT), i.e., the period of time required for a given quantity
to double in size or value; assuming an exponential growth, the relationship between
these parameters is: slope = log2/DT. The procedure was performed according to the
instructions provided by the manufacturer. Briefly, 5000 cells in 100 uL. DMEM per well
were seeded in triplicate (E plate 16), in the final volume of 200 puL of growth medium and
maintained in a culture under standard conditions. Dynamic cell proliferation and growth
were monitored every 15 min for 77 h. Each cell line produced a distinct profile with the
RTCA HT Instrument, corresponding to differences in growth rate, cell morphology or
doubling time, and the values of the cell index were calculated and plotted on the graph.
Experiments were performed in triplicates and repeated at least twice with similar results.

2.7. Anchorage-Independent Growth

The ability of anchorage-independent growth was quantified as clonogenicity in 15%
methylcellulose-containing full growth medium [28]. Cells were harvested by routine
trypsinisation, dissolved in 15% methylcellulose-containing full growth medium and parti-
tioned in triplicates onto ultra-low attachment surface 6-well plates (Corning); 20,000 cells
per well were used. Colonies were counted after four weeks of culture, with supplementa-
tion with the normal growth medium every week. Photographic documentation was taken
by the Olympus IX 70 inverted microscope equipped with the Hamamatsu Orca-ER camera.
Experiments were performed in triplicates and repeated four times with similar results.

2.8. Sphere Formation Assay and Side Population Assay

The ability to grow in sarcospheres was assessed as described [29,30]. Briefly, cells were
harvested by routine trypsinisation at ~80% confluence. Then, 100,000 cells were seeded
per one well in ultra-low attachment surface 6-well plates (Corning, NY, USA) in serum-free
DMEM/1% methylcellulose medium supplemented with the recombinant mouse FGF2
(Sigma SRP4038-10 ng/mL, Sigma, Prague, CZ) EGF from murine submaxillary gland
(Sigma E4127-10 ng/mL, Sigma, Prague, CZ) and 1 x N2 supplement (Gibco/Invitrogen),
with regular addition of FGF-2 and EGF every other day. Following 10-14 days in culture,
colonies that contained >10 cells were quantitated by inverted phase contrast microscopy.
Experiments were performed in triplicates and repeated a minimum of twice with similar
results. The side population was analysed as DyeCycle™ Violet (ThermoFischer Scientific,
Carslbad, CA, USA) dim cells, as described previously [31].

2.9. Motility Assay

The motility assay was performed as the in vitro wound-healing assay as described
previously [20]. Briefly, cells were plated onto plastic Petri dishes (60 mm diameter)
and grown to confluence. The confluent monolayers were wounded using white plastic
micropipette tips, washed with culture medium, and returned to the incubator. The course
of the healing was followed for 48 h in Olympus IX70 phase-contrast microscope, and
photo-documented at several time points using the Olympus C-35AD-4 camera.

2.10. Assessment of Invasive Ability

Two independent approaches were applied to assess the invasiveness of JUN- sarcoma
cell lines. First, the BD BioCoatTM MatrigelTM Invasion Chamber (Becton Dickinson,
Franklin Lakes, NJ, USA) was used, following the instructions of the manufacturer, with
minor modifications, as described previously [20]. Briefly, after trypsinisation and har-
vesting, 50,000 cells were seeded onto 8 um pore Matrigel-coated invasion chambers. The
invasion test was left for 24 h, with complete, serum-supplemented culture medium in both
the lower and upper compartments of the chamber. At the conclusion of the incubation
time, cells attached to the upper surface of the membrane (i.e., non-invading) were me-
chanically removed. The invading cells were fixed using the Carnoy fixative and Giemsa
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(Sigma, Prague, CZ)-stained. Cell invasion was evaluated in triplicate and repeated twice
and expressed as an absolute average number of invading cells from five randomly chosen
fields using an Olympus IX 70 inverted microscope.

Second, we adopted a recently described method of three-dimensional invasion as-
say [32]. Multicell tumour spheroids were generated by a liquid overlay technique [33] by
placing 200,000 cells into agarose-covered 6-well plates; spheroids were harvested after
10 days. The spheroids were embedded into type I collagen (Sigma, Prague, CZ); stock
solution was made by diluting type I collagen in 0.02 M acetic acid to the final concentration
of 8.5 mg/mL at 4 °C overnight. The experimental collagen type I solution was made by
quickly mixing equal volumes of the stock solution and sterile neutralizing buffer (100 mM
HEPES in 2 x PBS). Next, 200 uL of the experimental collagen solution was quickly pipetted
per well into a 24-well plate and allowed to solidify for 2 h in a standard CO, incubator
at 37 °C, 95% humidity, and 5% CO,. Afterwards, the single spheroids were carefully trans-
ferred onto the top of the gels and overlaid by 100 uL of experimental collagen solution
and again incubated at 37 °C, 95% humidity, and 5% CO, for an additional 2 h to allow
for the solidification of the upper collagen layer. Finally, 50 uL of full growth medium
was added to the top of the sandwich and the plate was returned into the CO; incubator.
After embedding, changes in the spheroids’ shape reflecting the active movement and
invasion of tumour cells out of an embedded spheroid into the surrounding collagen
matrix were monitored by phase contrast microscopy over a period of two weeks and
photo-documented as described above. This experiment was repeated twice.

2.11. Analysis of Cellular Energy Metabolism

Oxygen consumption by JUN-1 (n = 8), JUN-2 (n = 8), JUN-3 (n = 11), and JUN-2fos3
(n = 9) cells was analysed by high-resolution respirometry in 2 mL glass chambers of
oxygraph Oroboros at 37 °C using DatLab software for data acquisition and analysis
(Oroboros, Innsbruck, Austria). The oxygen flux was calculated online as a negative time
derivative of the oxygen concentration and its values were corrected for instrumental
background measured in separate experiments performed in the same medium without
cells. After equilibration, the cells were injected into the chambers, mixed, and counted.
Respiratory activity of cells was assessed as routine respiration (ROUT; R). State LEAK (L)
reflecting intrinsic mitochondrial uncoupling due to the proton leak, proton and electron
slip, and cation cycling [34] was measured after inhibition of ATP synthesis by oligomycin
(2 ug/mL). Uncoupler trifluorocarbonylcyanide phenylhydrazone (FCCP; 0.05 umol/L
titration steps) was used to induce the state ETS capacity (E), i.e., the maximum capacity
of the electron-transporting system. The residual oxygen consumption (ROX) remaining
after the inhibition of ETS was determined by antimycin A injection (2.5 umol/L). In the
results, oxygen fluxes recorded in the individual titration steps were corrected for ROX.
The results were expressed per IU of citrate synthase (CS) activity reflecting mitochondrial
content in cells, assayed in the samples aspirated from each oxygraph chamber [35,36]. The
assay medium consisted of 0.1 mmol/L 5,5-dithio-bis-(2-nitrobenzoic) acid, 0.25% Triton-X,
0.5 mmol/L oxalacetate, 0.31 mmol/L acetyl coenzyme A, 5 umo/L EDTA, 5 mmol/L
triethanolamine hydrochloride, and 0.1 mol/L Tris-HCI, pH 8.1 [35]. Then, 200 pL of
the mixed and homogenised chamber content was added to 800 pL of the medium. The
enzyme activity was measured spectrophotometrically at 412 nm and 30 °C for 200 s and
expressed in mIU per 10° cells.

The cell culture medium glucose measurement was performed according to method
using a glucose assay kit (GAHK-20, Sigma, Prague, CZ) [37]. Briefly, with this method,
glucose is phosphorylated by hexokinase (HK) in the presence of adenosine triphosphate
(ATP) to produce glucose-6-phosphate (G-6-P) and adenosine diphosphate (ADP). Glucose-
6-phosphate dehydrogenase (G-6-PDH) specifically oxidises G-6-P to 6-phosphogluconate
with the concurrent reduction of nicotinamide adenine dinucleotide (NAD) to nicotinamide
adenine dinucleotide reduced (NADH). The NADH absorbs light at 340 nm and can be
detected spectrophotometrically as an increased absorbance.
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Lactate secretory activity was determined using the enzymatic colourimetric assay
of conditioned culture media. Medium from each treatment was collected and tested
for lactate concentration using an L-lactate Assay Kit (#1200012002, Eton Biosciences
Inc., San Diego, CA, USA) [38]. Briefly, L-lactate is oxidised to pyruvate by the specific
enzyme lactate oxidase (LOD) and hydrogen peroxide (H,O5). In the next reaction, enzyme
peroxidase (POD) is used to generate a colour dye using the hydrogen peroxide created
in the first reaction. The intensity of the colour formed is directly proportional to the
L-lactate concentration. It is determined by measuring the increase in absorbance at 552 nm
wavelength. Experiments were performed in triplicates and repeated a minimum of two
times with similar results.

2.12. Transcriptomic Profiling

Total cellular RNA were extracted from dry pellets of JUN-2, JUN-2fos-3, and JUN-3
cells (each cell line in biological triplicates; Figure S3) by mirVana™ miRNA Isolation Kit
(Invitrogen™; ThermoFisher Scientific, Carslbad, CA, USA ) according to manufacturer
protocol. DNase treatment of extracted RNA was performed by DNA-free™ DNA Removal
Kit (Invitrogen™; ThermoFisher Scientific, Carslbad, CA, USA) to remove possible genomic
contaminations. Quality and integrity of purified RNA was determined by NanoDrop
2000c (ThermokFisher Scientific, Carslbad, CA, USA) and TapeStation RNA ScreenTape
(Agilent Technologies, Santa Clara, CA, USA) to select appropriate RNA samples for
analysis. The subsequent synthesis of labelled and fragmented cRNA was performed by
GeneChip™ 3" IVT PLUS Reagent Kit (Applied Biosystems™; ThermoFisher Scientific,
Carslbad, CA, USA) according to the manufacturer protocol. Subsequent high-throughput
gene expression analyses were performed using the hybridisation technology GeneChip
Mouse Genome 430 2.0 Array (ThermoFisher Scientific, Carslbad, CA, USA) according to
the manufacturer protocol; intensity values for each probe cell (.cel file) were calculated
using Affymetrix GeneChip Command Console (AGCC) software. These arrays cover over
39,000 mouse transcripts. All data were pre-processed and further analysed by the software
packages included in the R/Bioconductor, and pre-processing was performed by the RMA
method [39]. Complete linkage clustering (farthest neighbour clustering) with Euclidean
distance measurements were applied for the visualisation of sample similarities and clus-
ters. As it was impossible to visualise the heatmap structure of all the genes included in the
full data matrix of expression data consisting of 22,690 genes, the heatmap was based on
expression data of 2000 randomly selected genes. To identify differentially expressed tran-
scripts, the LIMMA approach was applied with additional Benjamini-Hochberg correction
of p values. Gene set over-representation analysis on upregulated and downregulated gene
groups was performed using ConsensusPathDB-mouse (Max Planck Institute for Molec-
ular Genetics in Berlin, Germany, Retrieved from http://cpdb.molgen.mpg.de/MCPDB,
(Accessed date on 24 July 2020)) using default settings to detect pathways across various
databases (KEGG, MouseCyc, Reactome, and Wikipathways) connected to our gene groups.
If the same pathway was detected in various databases, the one with the lowest p-value
was used. All pathways were sorted in ascending order according to their p-value.

2.13. Pharmacologic Inhibition of CCL8 Activity

JUN-3 cells were used to test consequences of pharmacologic inhibition of both the
ligand CCL8 by Bindarit [40,41] (Abcam ab143292) and of its major receptor CCR5 by
Maraviroc [42,43] (Sigma, Prague, CZ), either individually or in combination. The drugs
were dissolved in DMSO (Sigma, Prague, CZ) with 50 mM stock solutions. The effects of
CCL8-CCRS5 inhibition on cell motility was analysed using special migration plate with
8 um pore membranes (CIM-Plate®; used with the xCELLigence® RTCA DP system from
ACEA Biosciences, USA; contains electronically integrated Boyden chambers) [44]. Briefly,
20,000 cells in 90 uL of serum-free medium were seeded to each well of the upper chamber,
then 10 pL of drug solutions was added (final concentration of inhibitors: 10 uM Maraviroc
and 250 uM Bindarit). The wells of the bottom chamber were filled with 160 mL of 10%
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serum-containing media. The DP instrument with CIM-Plate 16 was placed in a standard
CO; incubator. The xCELLigence software was set to collect impendence data (reported
as cell index—CI) at every 15 min for 30 h. Finally, we analysed the cell index curves
and determined the cell migration activity. Experiments were performed in triplicates
and repeated a minimum of two times with similar results. The consequences of either
inhibitor on cell invasiveness were evaluated by 3D collagen invasion assay as described
above, with the addition of either inhibitor directly into the type I collagen gel (final
concentration of inhibitors: 10 tM Maraviroc and 250 pM Bindarit), and monitoring of the
invasiveness of JUN-3 spheroids by phase contrast microscopy over a period of two weeks.
This experiment was repeated twice.

2.14. Additional Statistical Analysis

Statistical analyses and data visualisations were performed in R statistical software [45].
Parametric statistical analyses were extended by permutational (hypothesis testing) or
bias-corrected and accelerated bootstrap [46] (estimation of 95% confidence intervals)
techniques (10,000-21,000 permutations/resamplings), which do not rely on assumptions
of parametric methods and give reliable results even for small sample sizes. Comparisons
between groups were performed by permutational ANOVA followed by permutational
t-test (exact if N < 11, Monte-Carlo otherwise) with false discovery rate correction for
multiple comparisons [47] as a post hoc, both using predictmeans’ R package [48] and
our previously used and published R scripts [49,50]. Heteroscedastic residuals were
stabilised by appropriate data transformation. Plots were created using ‘beeswarm’ [51]
and ‘vioplot’ [52] R packages.

3. Results
3.1. Extension of JUN-Sarcoma Progression Series for the JUN-2fos-3 Cell Line

The JUN-fibrosarcoma progression series described previously [20] featured a linear
gradation of all the transformation-related traits from relatively non-transformed JUN-2
cells, through JUN-1 with an intermediate transformation status to the highly transformed
JUN-3 cells. We also noticed an inverse relationship between the v-jun oncogene expression
and the transformation grade. This relatively high and ubiquitous v-jun expression in JUN-
2 cells presenting a low transformation status encouraged us to address the possibility of
their targeted in vitro transformation by virtue of overexpressing the cooperating oncogene
c-fos; indeed, we were able to establish a derivative cell line, JUN-2fos-3, with a high level of
c-fos expression (Figure S1, Table S1). We could verify that both JUN-2 and its new daughter
cell line expressed a high level of jun oncogenes (v-jun and c-jun) (Figure 1). As both jun and
fos oncogenes code for nuclear transcription factors, we were also interested in subcellular
localisation of the respective oncoproteins. Both JUN-2 and its derivative daughter JUN-
2fos-3 displayed prominent high nuclear expression of both fos and jun oncoproteins.
Remarkably, we could not see any nuclear c-fos signal in JUN-1 cells, and we saw very
unusual subcellular localisation of the c-fos protein in JUN-3 cells, with a very prominent
perinuclear localisation, as opposed to the diffuse pan-nuclear staining in JUN-2, and
especially in JUN-2fos-3 cells. With regard to the jun expression, our immunofluorescence
analysis showed, in addition to the high nuclear expression in both JUN-2 and JUN-2fos-3
cell lines, a low but evident expression in JUN-1 cells, and minimal expression in the bulk
of the JUN-3 cells; interestingly, we noticed individual scattered JUN-1 as well as JUN-3
cells showing appreciably high nuclear jun oncoprotein expression, whose identity remains
to be established (Figure 2, cells are marked with arrows; Figure S2).
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Figure 1. Fos and Jun expression in fibrosarcoma cell lines. (A,B) Comparison of jun and fos expression in different JUN-
sarcoma cell lines. Results of permutational ANOVA: F; 5y = 1531, ** p < 0.01 (jun expression) and F3 5y = 2948, * p <0.01

(fos expression). See Table S1 for results of contrasts between pairs of lines, their confidence intervals, and exact p-values.

Each point represents an individual experiment (n = 6). Violin plots with means 4+ SEM are shown.

Morphologically, isolated JUN-2fos-3 cells presented with prominent lamellipodia
and the largest cell size, whereas the JUN-3 cells represented the opposite size phenotype,
being the smallest of the series (Figures 2 and 3A-C, Table 52).

3.2. Proliferation Characteristics

We applied two assays to evaluate the proliferative activity of the cells. Proliferation
in a two-dimensional culture setting was quantified with the aid of two variables—the
doubling time and the slope of the exponential growth phase. The results of this analysis
are shown in Figure 4A,B, Table 1 and Table S3. We verified the previous results obtained
with simpler methodology for JUN-1, -2, and -3 cell lines [20], with JUN-3 being the fastest
growing cell line and JUN-1 and JUN-2 showing an intermediary growth intensity. The
proliferative activity of the newly established derivative JUN-2fos-3 was inferior to all the
other sarcoma cell lines of the series, even below the proliferative activity of its parental
cell line JUN-2.

Proliferation in three-dimensional culture was analysed as anchorage-independent
growth by evaluating clonogenicity in methylcellulose-containing medium. We evalu-
ated two characteristics—the total number of colonies and their size. We saw the same
distribution of sarcoma cell lines as in the two-dimensional culture. JUN-3 was by far
the most active cell line in both the total colony number and their size (Figure 4C,D,
Table S3), whereas JUN-2fos-3 showed the weakest proliferation activity in the methylcel-
lulose clonogenicity assay. JUN-1 and JUN-2 reached practically identical colony numbers,
with distinctly larger colonies produced by the JUN-1 cell line.
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3.3. Sarcosphere Formation and Clonogenic Activity Is Not Associated with Apparent
Side Population

The results of the anchorage-independent growth can be interpreted in two ways.
Apparently, the clonogenicity in a semisolid medium may reflect a combination of the
proliferative activity and evasion from anoikis, and the overall excellent correlation between
the steepness of growth curves in a classical two-dimensional culture and the clonogenicity
in methylcellulose suggests that the general proliferative activity could indeed be essential
for the anchorage-independent growth of the JUN-sarcoma cell lines. On the other hand,
clonogenicity in semisolid media is also increasingly viewed as an assay for cancer stem
cells [53,54], and in this case, differences in the clonogenicity in methylcellulose among
the JUN-sarcoma cell lines could be more indicative of differences in a relative frequencies
of sarcoma stem cells. To resolve this question, we performed the sarcosphere assay
(Figure 4E,F, Table S3). Remarkably, the JUN-2fos-3 cell line showed the second highest
sarcosphere formation efficiency, indicating that its poor clonogenicity in methylcellulose
could be rather attributed to its overall low proliferation activity. The significantly highest
sarcosphere formation efficiency was observed in the JUN-3 cell line, which thus couples
a high proliferation intensity with the relatively highest frequency of sarcoma stem cells
(Figure 4E, Table S3).

On the other hand, we were unable to evidence any appreciable side population
in JUN-3 cell line (data not shown); the biological underpinnings of clonogenic and
sarcosphere-founding cells thus remains to be further characterised.

3.4. JUN-2fos-3 and JUN-3 Cell Lines Are Highly Motile and Invasive

Besides the growth characteristics, we were also interested in the progression charac-
teristics of JUN-sarcoma cell lines; as noted above, our initial characterisation of JUN-1,
-2, and -3 cell lines revealed a perfect correlation between growth and progression-related
transformation characteristics [20]. A surprising finding was that the newly established
JUN-2fos-3 cell line was highly motile in the in vitro wound-healing assay (Figure 5A,B).
Although the invasiveness expressed as the total number of cells invading the Matrigel-
coated insert and adhering on its bottom in the Matrigel invasion assay were 3.92 times
lower than for the highly invasive JUN-3 cell line (Figure 5C,D, Table S4), we noticed that
for both the JUN-2fos-3 and JUN-3, the bottom of the Matrigel insert was covered by a
confluent cell layer, and indeed, this coefficient was practically identical to the size relation
between the JUN-2fos-3 and JUN-3 cells (adherent cell area of JUN-2fos-3 is 3.85 times
larger than that of JUN-3 cells). Therefore, we hypothesised that the observed difference in
the Matrigel invasion was due to the difference in the cell size of JUN-3 and JUN-2fos-3.
To corroborate this notion, we performed an independent invasion assay that could not
be influenced by differences in the cell size, namely the three-dimensional invasion assay
of spheroids embedded in type I collagen. Both the JUN-2fos-3 and the JUN-3 cell lines
showed comparatively intensive invasion in this assay (Figure 5C). The JUN-1 cell line
displayed an intermediate invasion in the Matrigel invasion assay and minimal invasive-
ness in spheroids embedded in type I collagen, whereas the JUN-2 cell line was completely
non-invasive in both the invasion assays.

3.5. Invasive Cell Lines Have Different Metabolic Profiles

Figure 6A,C and Table S5 depict the values of respiratory states of all cells under inves-
tigation. Interestingly, JUN-2fos-3 cells displayed significantly higher oxygen consumption
in the states R, L, and E compared to the least transformed non-invasive, non-motile JUN-2
cells. Accordingly, their respiration related to mitochondrial ATP production calculated as
a difference between routine and leak respiration (R-L; free routine activity) did not differ
from that measured in the most transformed JUN-3 cells. In addition, the spare respiratory
capacity (excess E-R capacity), i.e., the difference between the fully uncoupled and routine
cellular oxygen consumption, was higher in invasive and motile cell lines (JUN-3 and
JUN-2fos-3) than in cells with limited motility and invasiveness (JUN-1 and JUN-2).
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Figure 2. Fos and Jun oncoproteins expression in fibrosarcoma cell lines. Indirect immunofluo-
rescence analysis. Notice the high nuclear expression of both oncoproteins in JUN-2 as well as
JUN-2fos-3 cells and their low expression levels in JUN-1 cells. Fos seems to be quite highly ex-
pressed in JUN-3 cells as well, with an unusual perinuclear localisation. Both JUN-1 and JUN-3 seem
to be generally devoid of appreciable nuclear Jun, except some individual scattered cells (arrows).
Pictures were taken by Olympus IX70 fluorescent microscope equipped with the Olympus DP71
camera system (Bar: 100 pm) Negative controls are shown in Figure S2.

Table 1. Growth characteristics of the JUN-sarcoma cell lines.

Slope of the Exponential

Cell Line Doubling Time (h) Growth Phase
JUN-1 9.5 0.032
JUN-2 10.4 0.029

UN-2fos-3 309 0.010

I

JUN-3 7.4 0.041
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Figure 3. Morphological characteristics of JUN-sarcoma cell lines. (A-C) Size analysis of single adherent cells of JTUN-
sarcoma cell lines. Three parameters were evaluated—the total cell area of an adherent cell (um?; permutational ANOVA:
F33; = 3.4, p = 0.021), the cell perimeter (um; permutational ANOVA: F534 = 45, p < 0.001), and the cell roundness
(permutational ANOVA: F3 34 = 3.8, p = 0.018). The JUN-2-fos-3 cell line presented the largest cell size with prominent
lamellipodia. * p < 0.05, ** p < 0.01, ** p < 0.001. The statistical significances are based on permutational t-test with FDR

correction. See Table S2 for effect sizes, their confidence intervals, and exact p-values. Each point represents an individual
cell (n = 15). Violin plots with means = SEM are shown.

If expressed per 10° cells, the JUN-2 cell line had a relatively high capacity of oxidative
phosphorylation and the lowest production of lactate (Figure 6B, Table S5), suggesting
that ATP is generated, especially aerobically, through the respiratory chain. In contrast,
JUN-2fos-3 cell line displayed high oxphos and electron-transporting capacities and a
high production of lactate in parallel. The most transformed JUN-3 cell line combined
relatively high oxphos parameters with the highest production of lactate and consumption
of glucose, taking advantage of both pathways of energy production. Accordingly, the
glucose consumption rate was also significantly higher in both invasive sarcoma sublines
(Figure 6D, Table S5).

Citrate synthase activity was the highest in JUN-2fos-3 cell line (77.2 = 10.9 mIU/10° cells),
comparable in JUN-2 and JUN-3 cells (62.1 & 25.2 and 51.3 &= 20.6 mlU/10° cells, respec-
tively), and the lowest in JUN-1 cells (27.4 & 16.7 mIU/10°) with intermediary proliferation,
motility, and invasiveness characteristics.

3.6. Distribution of Transformation Traits among JUN Fibrosarcoma Cell Lines Allows for the
Straightforward Identification of Genes Potentially Responsible for Sarcoma Cell Proliferation and
Motility/Invasiveness

These unique combinations of transformation-related traits made it possible for us
to identify two separate groups of genes tentatively involved in sarcoma progression in
a single transcriptomic analysis—on the one hand, proliferation-related genes could be
identified by their differential expression in JUN-3 compared to both JUN-2 and JUN-2fos3,
and, on the other hand, motility and invasiveness-related genes could be identified by their
common expression pattern in JUN-2fos3 and JUN-3 cells compared to JUN-2 (Table 2). The
former will be addressed in a separate article, and for the remainder of this article, we focus
on genes potentially underlying the invasive character of JUN-2fos3 and JUN-3 cell lines.
Starting with individual comparisons of each of the invasive sarcoma cell lines with the
reference cell line JUN-2 (Tables 59 and 510), we finally arrived at a common transcriptomic
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profile in both the invasive cell lines. In total, we identified 126 genes that were significantly
upregulated and 249 genes that were significantly downregulated in the motile/invasive
fibrosarcoma cell lines JUN-2fos3 and JUN-3 compared to JUN-2 (Table S6). The gene
set enrichment analysis (Figure 7 and Table S7) revealed that the downregulated genes
are dominated by extracellular matrix and cell adhesion, as well as antigen presentation,
whereas upregulated pathways, surprisingly, involve an unexpected number of molecular
pathways related to cell cycle regulation and DNA replication.

Table 2. Overall strategy of transcriptomic analysis. The distribution of transformation traits among JUN-2, JUN-2fos-3 and

JUN-3 fibrosarcoma cell lines made us possible to identify separate sets of genes responsible for motility /invasiveness and

proliferation, respectively, in a single transcriptomic analysis *.

Motility and invasiveness-related genes

JUN31 JUN2£31 JUN2J and JUN3] JUN2{3) JUN2%
(activators of motility) (suppressors of motility)

Proliferation-related genes

JUN37 JUN2f3| JUN2] and JUN3] JUN2f31 JUN21
(activators of proliferation) (suppressors of proliferation)

* Arrows indicate expression change of a hypothetical gene from the two biological groups in individual sarcoma cell lines.

3.7. CCL8 Represents a Druggable Target to Curtail Motility and Invasion

As an initial proof of conceptual correctness and usefulness of our transcriptomic
screen, we chose CCLS8 to test for pharmacological targeting of motility and invasiveness.
We were lead in our choice mainly by the availability of clinically applicable pharmacologic
inhibitors for both the ligand by Bindarit [55], and its major receptor CCR5 by Maravi-
roc [56]. Both inhibitors were able to substantially decrease both the motility of JUN-3
cells in the real-time xCELLigence® RTCA DP system assay (Figure 8A, Table S8) and the
invasion of JUN-3-derived multicellular spheroids into type I collagen gels (Figure 8B),
with an indication for their additive effects upon drug combination.
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Figure 4. Proliferation and stemness-related characteristics of JUN-sarcoma cell line. (A) Proliferation
of JUN-sarcoma cell lines. The doubling time and slope analysis (Table 1) were performed on linear
growth phase, set arbitrarily as growth curve interval between 45 and 75 h (permutational ANOVA:
F334 = 33, p < 0.001). The JUN-3 cell line showed the fastest growth. The proliferative activity of
the newly established derivative JUN-2fos-3 was inferior to all the other sarcoma cell lines of the
series, even below the proliferative activity of its parental cell line JUN-2. (B) Growth curve of the
JUN-sarcoma cell lines. The proliferative activity of the newly established derivative JUN-2fos-3
was inferior to all the other sarcoma cell lines of the series, even below the proliferative activity of
its parental cell line JUN-2. (C) Clonogenicity in semisolid media differ among JUN-sarcoma cell
lines (permutational ANOVA: Fy 53 = 252, p < 0.001). JUN-3 was the most active cell line, whereas the
JUN-2fos-3 showed the weakest clonogenicity. Representative pictures of colonies formed in 15%
methylcellulose are shown in (D). The pictures were taken by the Olympus IX 70 inverted microscope
equipped with the Hamamatsu Orca-ER camera at 100 x magnification. (E) Sarcosphere formation
capacity differed among JUN-sarcoma cell lines (permutational ANOVA: F3 5 = 14.8, p < 0.001).
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Both JUN-2fos-3 and JUN-3 presented rather high sarcosphere formation activity. Representative
pictures of spheres are shown in (F). The pictures were taken by the Olympus IX 70 inverted
microscope equipped with the Hamamatsu Orca-ER camera at 40 magnification. * p < 0.05,
** p < 0.01, ** p <0.001 (A,C,E, respectively). The statistical significances are based on a permutational
t-test with FDR correction. See Table S3 for effect sizes, their confidence intervals, and exact p-values.
Each point represents an individual well. Violin plots with means = SEM are shown.
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Figure 5. Invasion-related characteristics of JUN-sarcoma cell line. (A-D) JUN-2fos-3 cells are highly
motile and invasive. (A) Cell motility after 24 and 48 h in vitro wound-healing test. The newly
established JUN-2fos-3 cell line was highly motile in the in vitro wound-healing assay compared
to its mother cell line JUN-2. Representative pictures were taken by the Olympus IX 70 inverted
microscope at 40x magnification (at 100 x magnification in detail (B)). (C) Invasion of multicell
tumour spheroids of JUN-sarcoma cell lines embedded into type I collagen at 100 x magnification.
JUN-3 and JUN-2fos-3 cell lines showed comparatively intensive invasion, whereas the JUN-2 cell
line was completely non-invasive. JUN-1 cell line displayed minimal invasiveness in type I collagen.
(D) Matrigel in vitro invasion assay differed among JUN-sarcoma cell lines (permutational ANOVA:
F353 =910, p <0.001). Both the JUN-2fos-3 and the JUN-3 cell lines showed comparatively intensive
invasion in this assay. * p <0.05, ** p < 0.01 The statistical significances are based on permutational
t-test with FDR correction. See Table S4 for effect sizes, their confidence intervals, and exact p-values.
Each point represents an individual well. Violin plots with means = SEM are shown.
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Figure 6. Metabolic analysis of JUN-sarcoma cell lines. (A,C) Mitochondrial oxygen consumption in JUN-sarcoma cell lines.
Cell lines differed in oxygen consumptions in state R (permutational ANOVA: F3 35 = 4, p = 0.015), L (permutational ANOVA:
F332 = 3.2, p < 0.032), and E (permutational ANOVA: F3 3 =6, p = 0.0021), and also differed in E-R capacity (permutational
ANOVA: F3 3, = 9.5, p < 0.001) but not R-L capacity (permutational ANOVA: F3 3, = 1.3, p = 0.3). The JUN-2fos-3 cell line
displayed significantly higher oxygen consumption in the states R, L, and E compared to the least transformed non-invasive,
non-motile JUN-2 cells. The spare respiratory capacity (excess E-R capacity) was higher in both invasive and motile cell
lines, JUN-3 and JUN-2fos-3, than in cells with limited motility and invasiveness, JUN-1 and JUN-2. (B) The production of
L-lactate differed among JUN-sarcoma cell lines (umol/1000 cells; (permutational ANOVA: F3 2 = 25, p < 0.001). The JUN-2
cell line had a relatively high capacity of oxidative phosphorylation and the lowest production of lactate, suggesting
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that ATP is generated especially aerobically through the respiratory chain. (D) The consumption of glucose differed
among JUN-sarcoma cell lines (umol /1000 cells; (permutational ANOVA: F5 53 = 9.9, p < 0.001). Both the invasive cell lines
JUN-2fos-3 and JUN-3 combined relatively high oxphos parameters with the highest production of lactate and consumption
of glucose, taking advantage of both pathways of energy production. * p <0.05, * p < 0.01, ** p < 0.001. The statistical
significances are based on permutational t-test with FDR correction. See Table S5 for effect sizes, their confidence intervals,
and exact p-values. Each point represents an individual experiment. Violin plots with means + SEM are shown. (ROUT:
(R)—resting respiration of intact cells, LEAK (L)—oxygen consumption essential for compensation for the proton leakage,
ETS cap (E)—uncoupled respiration, i.e., maximum capacity of the electron-transporting system. R-L—ATP-linked oxygen

consumption, E-R—spare respiratory capacity).
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downregulated genes are dominated by extracellular matrix and cell adhesion, as well as antigen
presentation, whereas among upregulated pathways, those related to cell cycle regulation and DNA
replication are particularly frequent (see Table 57 The gene set enrichment analysis for complete list
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Figure 8. Pharmacological inhibition of Ccl8 - Cer5 signalling entails a significant decline in invasive capacity. Cells were
treated with Bindarit (Ccl8 inhibitor, 250 uM), Maraviroc (Ccr5 inhibitor, 10 uM), or their combination and their invasiveness
was analysed by xCelligence motility assay (A) and by the invasion of multicell tumour spheroids of JUN-sarcoma cell lines
embedded into type I collagen identically to or. (B) Linear model revealed that both Bindarit (S5 = —0.89 (95% CI: —1.15,
—0.69), p < 0.001) and Maraviroc (S5 = —0.54 (—0.82, —0.26), p < 0.001) significantly decreased the motility of JUN-3 cells,
but we were not able to detect significant effect of their interaction (S5 = —0.48 (—1.04, 0.08), p = 0.072). *** p < 0.001. The
statistical significances are based on permutational t-test with FDR correction. See Table S8 for effect sizes, their confidence
intervals, and exact p-values. Each point represents an individual well. Violin plots with means + SEM are shown.

4. Discussion

In the previous report [20], we established three sarcoma cell lines from two con-
secutive sarcomas initiated in a single female H2-K/v-jun transgenic mouse. These cell
lines—JUN-1, -2, and -3—exhibited a gradual level of transformation, with JUN-2 being
the least transformed cell line, JUN-3 being highly transformed, and JUN-1 presenting
with an intermediate transformation status; strikingly, both proliferation and progression
(motility, invasiveness) characteristics followed this distribution in each cell line. The
expression of the v-jun oncogene displayed an inverse relationship to the transformation,
which prompted us to speculate that the o-jun transgene expression merely provided an
initial trigger for sarcoma development in this transgenic model system.

In an attempt to further develop this progression series, we reasoned that the least
transformed cell line JUN-2 could be, by virtue of its high v-jun expression [20], an excellent
candidate for a further in vitro transformation by the c-fos oncogene. Oncoproteins of
the jun and fos families, together forming the oncogenic transcription factor AP-1, have
a particular relevance in sarcoma biology [57,58]. Both oncogene families were founded
by viral oncogenes of acutely transforming retroviral strains, and both of them initiated
sarcomagenesis in susceptible animal hosts (chicken fibrosarcoma in the case of v-jun
and murine osteosarcoma for v-fos). This predilection for transformation of mesenchymal
lineage was preserved in the respective transgenic mice; transgenic c-fos overexpression
resulted in osteosarcomas [59], whereas v-jun overexpressing transgenic mice developed
fibrosarcomas secondary to deep wounding [21]. The c-jun has been indeed verified as a
bona fide human oncogene, by discovering its amplification in a non-negligible proportion
of aggressive dedifferentiated liposarcomas [60,61].
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Indeed, we were able to establish a derivative cell line, JUN-2fos-3, with a high level
of c-fos oncoprotein expression. Overall, we could see a very good correlation between
respective quantitative mRNA expression level and a more qualitatively conceived im-
munofluorescence analysis (Figures 1 and 2), indicating that transcription is the primary
regulatory level for both oncogenes. Nevertheless, we also found indications for the ex-
istence of additional regulatory mechanisms. Especially conspicuous is the observation
of the prominent perinuclear localisation of c-fos in JUN-3 cells. Strikingly in this respect,
c-fos has been described as a lamin A-interaction protein, leading to its affinity towards
nuclear lamina [62], which can be modulated by mitogenic signalling [62,63]; whether this
can explain our immunofluorescence finding and inasmuch as this could impact the high
transformation status of JUN-3 sarcoma cells awaits further analyses. Another point deserv-
ing a short discussion is the heterogeneity within the sarcoma cell population, especially
remarkable for the jun oncoprotein in JUN-1 and JUN-3 cells. As for the latter, we have
preliminary evidence that the frequency of nuclear jun-positive cells significantly increases
in cells treated with the leukaemia inhibitory factor and connective tissue growth factor,
respectively, in both cases accompanied by marked increase in anchorage-independent
clonogenicity. This suggests that the JUN-3 cells featuring high nuclear jun expression
could correspond to clonogenic stem-like cells.

The newly derived JUN-2fos-3 sarcoma cell subline is especially remarkable by its un-
coupling of proliferation on the one hand, and its motility /invasiveness on the other hand,
which was essential to our aim to unravel a complex molecular basis of sarcoma motil-
ity /invasiveness, as a crucial and rate-limiting step in sarcoma progression and metastatic
dissemination. Two specific aspects stand out in this respect—the specific metabolic adap-
tation and a specific signalling context as revealed by the specific transcriptomic profile.

As for the former, the targeted overexpression of c-fos in JUN-2fos-3 cells resulted in
a markedly affected pattern of the cellular energy metabolism compared to the relatively
non-transformed JUN-2 cells. Besides enhanced mitochondrial oxygen consumption, the
cells also featured increased dependence on glycolytic energy production. The combination
of the two ATP-generating pathways approached the metabolic profile of JUN-2fos-3 cells
to the most transformed JUN-3 cell line. The deregulation of cellular energetics with
changing patterns of glycolytic and mitochondrial contributions in relation to the degree of
transformation is not a new finding, although the precise role of these alterations in the
chemoresistance, metastasis, and cancer aggressiveness is yet not fully understood [64].

In any case, the JUN progression series is somewhat reminiscent of a previously
analysed entirely in vitro-based fibroblastic progression, where an increase in tumourigenic
potential was initially associated with the increasing levels of markers of mitochondrial
biogenesis and citric-acid cycle metabolites to switch over to increased dependency on
glycolysis for energy production in highly transformed sarcoma cells [19]. Analysis of an
analogical transformation series of human mesenchymal stem cells (MSCs) suggested that
during transformation, not only did MSCs not undergo a similar metabolic reprogramming,
but their dependency on oxidative phosphorylation was even increased, and glycolysis
served only as a backup energy supply in case of hypoxia [18]. Our data obtained from
largely genuine sarcoma cell lines draw a more complex picture, with concurrent activation
of both the glycolytic pathway and mitochondrial respiratory chain in highly invasive
sarcoma cells.

The most remarkable metabolic commonality of both the invasive sarcoma cell lines
JUN-2fos-3 and JUN-3 is the increased spare respiratory capacity. There are just a few
reports, and none in the sarcoma field, connecting increased spare respiratory capacity and
invasiveness. Such observations have been reported in invasive and metastatic ovarian
cancer cell lines [65], as well as a specific aspect of Kriipel-like factor 4-induced invasiveness
of glioblastoma cells [66,67]. There is still a vivid debate about the exact physiological inter-
pretation of the spare respiratory capacity [68]. It may reflect an ability to increase energy
production in response to a sudden need, such as stress, and it can also be interpreted as a
synthetic expression of the bioenergetics fitness of the cell. Indeed, active cell locomotion
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is unthinkable without an immediate supply of energy, and this correlation between en-
hanced spare respiratory capacity and motility and/or invasiveness could be biologically
meaningful. As is the case in other experimental systems, it is rather difficult to relate this
complex metabolic phenotype with particular genes, as revealed in our transcriptomic
analysis. On the one hand, the transcriptomic profile of invasive sarcoma cells revealed
increased expression of both hexokinase-1 (Hk-1) and phosphofructokinase-P (Pfk-p), two
important enzymes of glycolytic pathway, in good agreement with their extra glycolytic
proficiency. On the other hand, the downregulation of Nupr1, Psph, and Tgfb genes was
observed in their transcriptome; these genes are part of a specific 10 gene signature of defect
mitochondria that has been recently reported in hepatocellular carcinoma [69], which could
be interpreted as a reflexion of greater mitochondrial fitness exhibited by invasive sarcoma
cell lines. Together with the pyruvate supplied by the activated glycolytic pathway, this
provides a plausible mechanistic explanation for their enhanced spare respiratory capacity.
Even less clear is their regulatory context. Taking a lesson from the glioblastoma experi-
mental system cited above, as well as from the largely complementing and overlapping
metabolic impact of all the pluripotency transcription factors [70], we can hypothesise
that the increased expression of Sox-2 found in our invasive sarcoma cell lines could be
the crucial regulatory factor. On the other hand, our pathway analysis (Figure 6 and
Table S6) disclosed a downregulation of pluripotency stemness along with a concomitant
upregulation of Hippo-pathway stemness, and indeed, Sox-2 can be viewed as a crucial
factor in both these stemness circuits [71,72]. Supporting this notion, both Hk-1 and Pfk-p
have also been described as Yap-downstream genes [73].

Indeed, the transcriptomic profile of fibrosarcoma cell invasiveness that emerged from
our analysis of the JUN-progression series indicates a far more complex interplay involving
a plethora of factors, as opposed to a great part of previous studies aimed at deciphering the
molecular framework of cancer (especially sarcoma) cell invasiveness, which concentrated
each on a small number of “strong” factors, either taken a priori by a candidate gene
approach, or extracted from genomic profiling analyses. Interestingly, we have little
evidence for an essential role of any proteolytic enzymatic activity, in concert with findings
reported independently on a rat sarcoma progression series [16] that strongly argued that
it is the cell motility that constitutes a rate-limiting ability of the invasive phenotype in
sarcoma; in fact, the gene most profoundly downregulated in the invasive sarcoma sublines
codes for the matrix metalloproteinase 13, and Mmp-3 expression is diminished as well.
Among the genes overexpressed in our invasive transcriptomic profile, we can find several
known activators of cell motility/invasiveness and/or genes independently associated
with progression in soft tissue sarcoma (BIRC5 coding for surviving [74], RHAMM [75])
or other cancer types, such as CCLS8 (breast carcinoma [76], melanoma [77]), Tetraspanin 2
(lung carcinoma [78]), Protein Phosphatase and Actin Regulator 1 (breast carcinoma [79]),
Semaphorin 3A (glioblastoma [80]), or FOXD1 (osteosarcoma [81], lung carcinoma [82],
melanoma [83]); importantly, in the context of the overall strategy of our transcriptomic
screen, at least for melanoma, FOXD1 was described as a pure motility /invasiveness factor,
with little impact on cell proliferation [83].

With regard to the CCLS8, the major difference in our results and the results from the
other studies cited above is that, whereas in both breast carcinoma [76] and melanoma [77]
this activating chemokine is provided by activated cancer stroma, this paracrine motility
regulation switched to autocrine in our invasive sarcoma cells. Indeed, the tumour mi-
croenvironment can be both the source of the inflammatory chemokines including CCLS, as
well as the major recipient of their signals, as revealed by analysis of a chemically induced
fibrosarcoma model, where increased chemokine expression could be correlated with the
recruitment of regulatory T-cells and local immunosuppression [84]. Likewise, effects of
the pharmacologic inhibition of the CCL8-CCRS signalling pathway in various cancer
models, either with the CCL8 inhibitor Bindarit [85,86], or by inhibiting its major receptor
CCR5 by Maraviroc [42,87,88], has been thus far, for the most part, attributed to their
complex effects on the tumour microenvironment, e.g., by diminution of cancer-related



J. Clin. Med. 2021, 10, 2297

21 of 28

inflammation and myeloid or suppressor T-cell cell infiltration, or by limiting accumulation
of cancer-associated fibroblasts. Both the inflammatory chemokines and the CCR5 receptor
have recently been attributed to cancer cell-autonomous effects, nevertheless, they are
notable as activators of cell motility and invasiveness, and, accordingly, both Bindarit and
Maraviroc exert direct effects on these transformation traits [89-92]. Our results are, to our
knowledge, the first showing similar cell-autonomous effects of both drugs in sarcoma and,
thus, warrant further experimental and translational research effort in this direction.

Semaphorin 3A is another autocrine motility factor, as already described in glioblas-
toma [80]; it is worth noting that the initial identification of the Semaphorin 3A-Neuropilin-1
(a canonical constituent of the Semaphorin 3A receptor) signalling system as an activator of
cell motility in glioblastoma resulted initially from a systematic proteomic screen performed
in the HT1080 human fibrosarcoma cells [80], providing an independent confirmation of
our results. In fact, the Semaphorin 3A has been described as a motility factor even for
normal mesenchymal cells, like vascular smooth muscle cells [93].

On the other hand, signalling consequences of the Semaphorin 3A are remarkably
pleiotropic, and one of its strongest effects is a pronounced angiogenesis inhibition [93]. It
would seem to be counterintuitive that any cancer cell line progression series would activate
a strong antiangiogenic program, and indeed, we can find in our invasive transcriptomic
profile at least two established angiogenic activators—Angiopoietin-2 [94] and c-fos-induced
growth factor coding for vascular endothelial growth factor D [95]. The latter has been
traditionally regarded as an activator of lymphangiogenesis, which is presumed to have
a marginal impact (albeit significant within a small fraction of cases [96]) in sarcoma
biology, as sarcomas preferentially disseminate via blood vasculature. Recent findings have
somewhat questioned this traditional view, nevertheless, they have shown that VEGFD
is also involved in vascular angiogenesis and, moreover, one of the VEGFD receptors,
VEGEFR3, has been found to be expressed on the very tumour cells in a fraction of soft
tissue sarcomas, with a significant negative prognostic relevance [97]. Indeed, VEGFD has
been repeatedly described as a direct motility factor for both activated fibroblasts [98] and
various sarcoma cells, like chondrosarcoma [99] or Kaposi sarcoma [95].

Intriguingly, the same dual role, i.e., angiogenic activator counterbalancing the Sema
3A-induced antiangiogenic action and being a direct motility /invasiveness activator, has
been ascribed to the Angiopoietin-2 as well. Ang-2, by engaging the specific receptor
tyrosine kinase Tie-2, is crucial for vascular remodelling at sites of active vessel sprouting;
this activity relies on simultaneous presence of VEGFs and its specific therapeutic inhibition
is actually actively pursued and clinically tested [100]. At the same time, nevertheless, Ang-
2 can directly stimulate motility /invasiveness of both monocytes/macrophages [101] and
tumour cells [102], by serving as an adhesion ligand to various integrins. Ang-2-activated
macrophage motility /invasion is directed towards fibrin clots that may result from the
vascular sprouting itself, and it generates a specific fibrin degradation product, D-dimer,
whose negative prognostic relevance has been described for many cancer types, including
sarcomas [103,104]. The Ang-2 receptor mediating this fibrinolytic activity of macrophages
is Integrin 3, which is traditionally viewed as a specialised leukocyte integrin. Quite
unexpectedly in this respect, and not without interest, the Integrin (3, is a part of our
sarcoma invasiveness transcriptomic profile as well.

All in all, this suggests a remarkable network of cooperating, antagonizing, and
compensating biological activities, co-opted from various normal as well as transformed
cell types, which collectively underlie sarcoma cell motility and invasion in our model,
and which call for a similar paradigmatic change in viewing this process, from individual
“strong” factors regarded in isolation to such molecular networks.

Interestingly, among the genes downregulated in invasive sarcoma cells, the gene
showing the second highest fold diminution of expression was Xist, coding for a long
non-coding RNA, which is crucial for X-chromosome inactivation in female mammals. The
role for long non-coding RNAs in tumourigenesis is increasingly appreciated [105], and
as for Xist, strikingly conflicting results have been reported, even within the context of a



J. Clin. Med. 2021, 10, 2297

22 of 28

single tumour type like osteosarcoma [106,107]. Importantly, Xist-targeted deletion in foetal
haematopoietic stem cells is dramatically protumourigenic [108], resulting in fully pene-
trant, female-specific carcinogenic transformation encompassing chronic myelomonocytic
leukaemia, myeloproliferative disease, and a rare haematologically derived sarcoma—
histiocytic sarcoma. It is tempting to speculate that we witness a milder version of a similar
protumourigenic effect in our sarcoma model resulting from a diminished expression rather
than a hard mutation; it should be noticed in this regard that the entire JUN-fibrosarcoma
progression series originated from a single female mouse [20]. On the other hand, we
did not see a widespread activation of X-linked oncogenes in our model, a mechanism
proposed for the leukaemogenic mouse model cited above; in fact, from the overexpressed
genes discussed above, only the gene coding for VEGFD is X-linked, suggesting another
molecular mechanism. Another interesting point is the mechanism of Xist downregulation.
It has been reported that pluripotency transcription factors are major Xist repressors in
embryonic stem cells [109]; our transcriptomic screen revealed Sox-2 among the activated
genes in invasive sarcoma cell lines and, possibly, a similar role of a stemness factor could
also be ascribed to FOXD1, at least in the context of induced pluripotent stem cells [110]. On
the other hand, as noted above, the pathway analysis suggested a general downregulation
of the pluripotency stemness pathway; thus, the biological relevance of the mechanism
suggested above remains uncertain.

5. Conclusions

In conclusion, we believe that our fibrosarcoma progression model and the differ-
entially expressed genes identified by its transcriptomic analysis can provide important
new information on biology of soft tissue sarcoma progression. We showed that motil-
ity /invasiveness is a druggable target, fitting into the current concept of migrastatics as a
new class of pharmacological weapons to combat metastasizing cancer [111,112]. Impor-
tantly, in addition to CCL8 inhibitors used paradigmatically here, there are pharmacologic
inhibitors available for several other molecules identified in our transcriptomic screen,
like Sema3A [113], Ang-2 [100], or survivin [114]. Moreover, our results strongly suggest
that any pharmacological intervention must take into account the complex relationship
between the different signalling molecules; the Sema3A inhibition would thus probably
only be thinkable if combined with an antiangiogenic therapy. In any case, we believe that
the presently studied series of sarcoma progression cell lines will be an elegant model to
explore novel therapeutic targets, potential drug candidates, and prognostic markers in the
near future. On the other hand, the current analysis is based entirely on in vitro experimen-
tal approaches, and an extension to the in vivo system would be desirable and is intended
in future research. As mentioned above, this article focuses exclusively on exploiting the
JUN-fibrosarcoma progression series for the identification of potential invasiveness mark-
ers and therapeutic targets, and we have good indications that the complementary part
of our transcriptomic analysis resulting in the identification of proliferation-related genes
(Table 2) bears a great potential for improving our understanding of complex sarcoma
biology as well.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/jcm10112297 /s1: Figure S1. Indirect immunofluorescence analysis—negative control (NC).
Figure S2. Northern analysis of c-fos for JUN-2fos-X cell line clones. Figure S3. Cluster of dendrogram
(transcriptomic analyses were performed in three biological replicates per cell line.). Table S1. Table
of contrasts from comparisons of jun (a) and c-fos (b) expressions in different JUN-sarcoma cell
lines. Table S2. Table of contrasts (post hoc tests) from comparison of cell area (a), cell perimeter
(b), and cell roundness (c) of different lines of sarcoma cells. Table S3. Table of contrasts (post
hoc tests) from comparison of proliferative capacity (a; measured as cell index), clonogenicity (b),
sarcosphere formation (c), and invasiveness (d) of different lines of sarcoma cells. Table S4. Table of
contrasts (post hoc tests) from comparison of invasiveness (a) and motility (b) of JUN-3 sarcoma cells
treated with Bindarit (Bind), Maraviroc (Marav), or their combination (comb) compared to untreated
control. Table S5. Table of contrasts (post hoc tests) from comparison of metabolic measures across
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enrichment analysis (available in xls.). Table S8. Table of contrasts (post hoc tests) from comparison
of invasiveness of JUN-3 sarcoma cells treated with Bindarit (Bind), Maraviroc (Marav), or their
combination (comb) compared to untreated control. Table S9. Genes with significantly changed
expression in JUN-2 compared to JUN-3 (available in xls.). Table S10. Genes with significantly
changed expression in JUN-2fos3 compared to JUN-2 (available in xls.). Supplementary Tables of
genes (Tables S6, S7, S9 and S10 in xIs.)
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Chapter 7 L)
Sarcoma Stem Cell Heterogeneity i

Jiri Hatina, Michaela Kripnerova, Katerina Houfkova, Martin Pesta,
Jitka Kuncova, Jiri Sana, Ondrej Slaby, and René Rodriguez

Abstract Sarcomas represent an extensive group of divergent malignant diseases,
with the only common characteristic of being derived from mesenchymal cells. As
such, sarcomas are by definition very heterogeneous, and this heterogeneity does
not manifest only upon intertumoral comparison on a bulk tumor level but can be
extended to intratumoral level. Whereas part of this intratumoral heterogeneity
could be understood in terms of clonal genetic evolution, an essential part includes
a hierarchical relationship between sarcoma cells, governed by both genetic and
epigenetic influences, signals that sarcoma cells are exposed to, and intrinsic devel-
opmental programs derived from sarcoma cells of origin. The notion of this func-
tional hierarchy operating within each tumor implies the existence of sarcoma stem
cells, which may originate from mesenchymal stem cells, and indeed, mesenchymal
stem cells have been used to establish several crucial experimental sarcoma models
and to trace down their respective stem cell populations. Mesenchymal stem cells
themselves are heterogeneous, and, moreover, there are alternative possibilities for
sarcoma cells of origin, like neural crest-derived stem cells, or mesenchymal com-
mitted precursor cells, or — in rhabdomyosarcoma — muscle satellite cells. These
various origins result in substantial heterogeneity in possible sarcoma initiation.
Genetic and epigenetic changes associated with sarcomagenesis profoundly impact
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the biology of sarcoma stem cells. For pediatric sarcomas featuring discrete recipro-
cal translocations and largely stable karyotypes, the translocation-activated
oncogenes could be crucial factors that confer stemness, principally by modifying
transcriptome and interfering with normal epigenetic regulation; the most exten-
sively studied examples of this process are myxoid/round cell liposarcoma, Ewing
sarcoma, and synovial sarcoma. For adult sarcomas, which have typically complex
and unstable karyotypes, stemness might be defined more operationally, as a reflec-
tion of actual assembly of genetically and epigenetically conditioned stemness fac-
tors, with dedifferentiated liposarcoma providing a most thoroughly studied
example. Alternatively, stemness can be imposed by tumor microenvironment, as
extensively documented in osteosarcoma. In spite of this heterogeneity in both sar-
coma initiation and underlying stemness biology, some of the molecular mecha-
nisms of stemness might be remarkably similar in diverse sarcoma types, like
abrogation of classical tumor suppressors pRb and p53, activation of Sox-2, or inhi-
bition of canonical Wnt/fB-catenin signaling. Moreover, even some stem cell mark-
ers initially characterized for their stem cell enrichment capacity in various
carcinomas or leukemias seem to function quite similarly in various sarcomas.
Understanding the biology of sarcoma stem cells could significantly improve sar-
coma patient clinical care, leading to both better patient stratification and, hopefully,
development of more effective therapeutic options.

Keywords Sarcoma - Liposarcoma - Ewing sarcoma - Chondrosarcoma - Synovial
sarcoma - Osteosarcoma - Mesenchymal stem cells - Sarcoma stem cells - Sarcoma
cells of origin - Genetic and epigenetic plasticity - In vitro sarcoma progression
models - Sox-2 - p53 - pRb - Wnt/p-catenin pathway - Dickkopf

Sarcomas represent an unusually wide, extensive, and heterogeneous group of
tumors, whose sole common denominator is that they originate from mesenchy-
mal cells. They could be divided according to various criteria. The most traditional
histopathologic classification divides sarcomas into two large groups according to
the type of tissue of primary manifestation, namely bone sarcomas, including osteo-
sarcoma and chondrosarcoma, and soft tissue sarcomas, including liposarcoma,
fibrosarcoma, undifferentiated pleomorphic sarcoma, leiomyosarcoma, rhabdomyo-
sarcoma, and a large group of other pediatric sarcomas [1]. Besides, we can classify
sarcomas according to genetic criteria, and, again, we can distinguish two large
groups: sarcomas with largely normal karyotypes and discrete structural chromo-
somal changes and sarcomas with complex karyotypes and pronounced karyotypic
instability. The first group includes especially pediatric sarcomas, which rely for the
most part on reciprocal translocations to activate specific oncogenes (Table 7.1).
The adult sarcomas — including osteosarcoma, chondrosarcoma, most liposarco-
mas, fibrosarcoma, angiosarcoma, leiomyosarcoma, and undifferentiated pleomor-
phic sarcoma — carry usually very complex karyotypes with numerous structural
and numerical alterations [2, 4]. Researchers have only begun to understand the
complex mechanisms behind this karyotypic instability. Especially dedifferentiated
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Table 7.1 Most frequent structural chromosomal aberrations found in sarcomas®

Tumors Cytogenetic events Genes involved/fusion
Fibrosarcoma, infantile t(12;15)(p13;q26) ETV6-NTRK3
Synovial sarcoma t(X;18)(pl1.2;q11.2) SS18-SSX1, SSX2
Clear cell sarcoma t(12;22)(q13;q12) EWSRI-ATFI
1(2;:22)(q32.3:q12) EWSRI-CREBI
Alveolar thabdomyosarcoma t(2;13)(q35:q14) PAX3-FOXOI1
t(1;13)(q36;q14) PAX7-FOXO1
Mesenchymal chondrosarcoma del(8)(q13;3q21.1) HEYI-NCOA2
Alveolar soft-part sarcoma t(X;17)(p11;925) ASPSCRI-TFE3
Lipoma 12q15 rearrangement HMGA?2 rearrangement
Ewing sarcoma t(11;22)(q24;q12) EWSRI-FLI1
1(21;22)(q22.,q12) EWSRI-ERG
1(7;22)(p22;q12) EWSRI-ETVI
t(17;22)(q12;q12) EWSRI-EIAF
(2;22)(q33;q12) EWSRI-FEV
t(16;21)(p11;q22) TLS(FUS)-ERG
Inversion of 22q EWSRI-ZSG
Myxoid/round cell liposarcoma t(12;16)(q13;pl1) FUS-DDIT3

t(12;22)(q13;q12)

EWSRI-DDIT3

Extraskeletal myxoid chondrosarcoma | t(9;22)(q22;q12) EWSRI-NR4A3
1(9;17)(q22;q12) TAF15-NR4A3
Dermatofibrosarcoma protuberans/ t(17;22)(q22;q13), COLIAI-PFGFB

giant cell fibrosarcoma

supernumerary ring
chromosomes encompassing
chr 17 and 22

Inflammatory myofibroblastic tumor t(2;19)(p23;p13) TPM4-ALK
t(2;17)(p23;923) CLTC-ALK
inv(2)(p23;q13) RANBP2-ALK

Angiomatoid fibrous histiocytoma 1(2;22)(q32.3;q12) EWSRI-CREBI
t(12;22)(q13;q12) EWSRI-ATFI
t(12;16)(q13;q11) TLS(FUS)-ATF1

Low-grade fibromyxoid sarcoma

t(7:213)(q34:p11)

FUS-CREB3L2

Sclerosing epithelioid fibrosarcoma

t(11;16)(p11;p11)

FUS-CREB3LI

Hemosiderotic fibrolipomatous tumor

t(1;10)(p11;q24)

MGEA5-TGFBR3

Epithelioid hemangioendothelioma

t(1;3)(p36;925)

WWTRI-CAMTAI

Soft tissue myoepithelioma t(1;22)(q23;q12) EWSRI-PBX1
GCT of tendon sheath t(1;2)(p13;937) COL6A3-CSF1
Solitary fibrous tumor inv(12)(q13;q13) NAB2-STAT6
Nodular fasciitis t(17;22)(p13;q13) MYH9-USP6

Pseudomyogenic t(7;19)(q22;q13) SERPINEI-FOSB
hemangioendothelioma

Soft tissue angiofibroma t(5;8)(q15;q13) AHRR-NCOA2
CIC-DUX4 sarcoma t(4;19)(q35:q13) CIC-DUX4

(continued)
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Table 7.1 (continued)

Tumors Cytogenetic events Genes involved/fusion
t(10;19)(q26;q13) CIC-DUX4L10
BCOR-CCNB3 sarcoma inv(X)(pl1.4;p11.22) BCOR-CCNB3
Phosphaturic mesenchymal tumor t(2;8)(q35;q11) FNI-FGFRI
Leiomyoma (uterine) t(12;14)(q15;924) or HMGAI (HMGIC)
deletion of 7q rearrangement
Synovial sarcoma t(X;18)(pl1;pll) SS18-SSX1 or SS18-
SSX2, SS18-S5X4
Desmoplastic small round cell tumor | t(11;22)(p13;q12) EWSRI-WTI
Endometrial stromal tumor t(7;17)(p15:921) JAZF1-SUZI2
Extraskeletal myxoid chondrosarcoma | t(9;22)(q22;q12) EWSRI-NR4A3
1(9;17)(q22:q11) TAF15-NR4A3
t(9;15)(q22;q21) TCFI12-CHN

aSource: References [1-3]

liposarcoma (one of four major liposarcoma groups [5]) features a constantly
changing karyotype involving the so-called neochromosomes — giant, sometimes
ring-shaped, chromosomal structures that accumulate most of the amplified onco-
gene loci originating from different chromosomes and result from multiple complex
mechanisms, such as chromothripsis and breakage-fusion-bridge cycles [6].

Mesenchymal Stem Cells

Many of the mesenchymal tissues that can be affected by sarcomas undergo con-
tinuous remodeling and renewal much like epithelia, and it comes as little surprise
that there is a similar hierarchical cellular organization. Supposedly sitting on the
top of this cell hierarchy are mesenchymal stem cells (MSCs), which behave much
like other adult stem cells, i.e., they can self-renew and differentiate into the respec-
tive downstream cell types. For MSCs, trilineage differentiation potential in vitro is
considered a sort of a definition criterion. Upon appropriate stimulation, MSCs can
enter osteogenic, adipogenic, and chondrogenic differentiation [7, 8]. The true dif-
ferentiation potential of MSCs is broader, however. At least in vitro, they are able to
enter the neurogenic differentiation pathway as well. Of course, they also differenti-
ate into fibroblasts, the major constituent of lamina propria of most, if not all, epi-
thelial tissues. This fibroblastic differentiation pathway can take a special form — the
carcinoma-associated fibroblasts (CAFs) — providing a supportive stroma found in
practically all carcinomas. Another differentiated cell type originating from MSCs
is endothelium, a differentiation pathway exploited by tumors of various origins as
well, yielding tumor vasculature.

MSC:s can be isolated and propagated from a lot of tissues in the body, two pro-
totypical sources being bone marrow and white adipose tissue. These cells are,
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nonetheless, not identical and differ in terms of both their relative differentiation
abilities and epigenetic genome regulation [9, 10]. These biological differences
extend into different nomenclatures: The bone marrow-derived MSCs (BM-MSCs)
have been recently proposed to be called skeletal stem cells [11], while the white
adipose tissue MSCs are traditionally called adipose tissue-derived stromal cells
(ASCs). A notable exception among mesenchymal tissues as to for their exclusive
derivation from MSCs is the skeletal muscle, which carries its own stem cell popu-
lation, the satellite cells. Remarkably, the satellite stem cell niche also adopts a
MSCs-like population, again carrying a special name, the fibroblast-adipocyte pre-
cursor (FAP) [12]. To make the things even more complicated, there is a separate
adult stem cell population, the neural crest-derived stem cells. These cells have
descendant cell types, such as specialized neurons, glial cells, and melanocytes, but
they can also differentiate into the full spectrum of mesenchymal cell types [13]. In
conclusion, there is a pronounced and rather extensive heterogeneity among stem
cell populations of normal mesenchymal tissues.

Molecular Biology of MSC Stemness and Differentiation

As introduced above, MSCs have one of the broadest differentiation capacities
among adult stem cells, each of the various differentiation programs dominated by
specific signals resulting in the activation of specific transcription factors.
Transcription factors crucial for osteogenic differentiation are Runx2 and directly
downstream positioned Osterix. Among the signals, bone morphogenetic proteins
are prominent, resulting in specific Smad activation; notably, a direct Smad-Runx2
protein-protein interaction has been described. Adipogenic differentiation results
from the transcription factor succession C/EBPa—C/EBPB—PPARY. As to the chon-
drogenic differentiation, Sox-9 is regarded as a master transcription factor [14].
Crucial from the point of view of sarcoma initiation and development, MSC
stemness and differentiation seem to be regulated by an intricate network, whose
essential players are classical tumor suppressor proteins p5S3 and pRb on one hand
and key stemness regulators SIRT-1 and Sox-2 on the other (Fig. 7.1). First of all,
p53 is a general stemness inhibitor, a function not limited to MSCs [15].
Mechanistically, a part of this stemness inhibition relies on direct as well as indirect
transcriptional repression of both SIRT-1 (two p53 binding sites in the promoter plus
a binding site for the p53 downstream transcription factor HIC-1, as well as
p53-inducible miRNA34-mediated silencing) [16, 17] and Sox-2 (mediated mainly
by p53-activated miRNA145) [18-20]. SIRT-1, a longevity gene, codes for NAD*-
dependent protein deacetylase, which, by virtue of this specific posttranslational
modification, regulates the activity of numerous cellular proteins. Among them is
p53, with deacetylation resulting in blocking of its nuclear translocation and the
significant diminution of transcription activation potency, at least in embryonic
stem cells [21]. Sox-2 is another direct SIRT-1 target, but in this case, the effect is
exactly opposite: Deacetylation promotes the nuclear localization and transcrip-
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Fig. 7.1 Molecular circuitry operating in stemness regulation in MSCs and sarcoma stem cells.
See text for detailed explanation

tional activation of downstream genes [22]. Besides SIRT-1 and p53-mediated regu-
lation, Sox-2 is transcriptionally repressed in primary fibroblasts by an unusual
complex involving cell cycle inhibitor p27 and retinoblastoma family proteins pRb
and p130; notably, pS3 potentiates this effect [23]. In addition to stemness regula-
tion, p53 is also crucially involved in MSC differentiation. Functional p53 seems to
be a necessary prerequisite for successful adipogenic differentiation, in part via
mitochondria-generated reactive oxygen species, in part via a direct mutual positive
regulation with PPARy [24]. On the other hand, p53 inhibits both osteogenic (in part
by directly repressing the Runx2 gene and inhibiting Osterix activity through a
direct protein-protein interaction) [25] and chondrogenic (via the miRNA145-
mediated silencing of Sox-9) differentiations [18, 19, 26].

Some of the tumor suppressor activities of p53 and pRb consist in their actions on
cellular life span, restricting it and promoting a special type of cell cycle arrest —
senescence. Indeed, MSCs — especially of human origin — are not immortal, at least
in vitro, and succumb to senescence arrest sometimes after just a few passages;
inasmuch these properties lie in the nature of MSCs or result from culture stress (the
bone marrow is a frank hypoxic area, whereas MSCs are usually cultured in normal
oxygen conditions) is still not entirely clear. Anyway, senescence could be regarded
as an antitumor barrier, overcoming of which could be an important step in
tumorigenesis. Interestingly, apart from p53 and pRb, there seems to be one more
player impacting both MSC differentiation and senescence, namely, the Wnt/p-
catenin pathway. The activation of f-catenin has been reported to be part of both
osteogenic and chondrogenic differentiations; on the other hand, this pathway also



7 Sarcoma Stem Cell Heterogeneity 101

accelerates the senescence of MSCs; MSC immortalization can be promoted by Wnt
inhibitor Dickkopf-1 (and by SIRT-1) [27, 28].

MSC stemness regulation and sarcomagenesis are associated in various ways.
Both SIRT-1 and Sox-2 are poor prognosis factors across various sarcoma types [29,
30]. Diverse sarcomas can be found in increased frequency in affected families suf-
fering from both p53 (Li-Fraumeni syndrome) and pRb (hereditary retinoblastoma)
germ line mutation-driven hereditary cancer syndromes [31]. One of the genes car-
ried within the amplified region underlying neochromosome generation in dedif-
ferentiated liposarcoma is MDM?2 coding for a direct p53 inhibitor [32]. Our own
transcriptomic analysis of two separate progression models of murine soft tissue
sarcoma, the JUN fibrosarcoma progression series [33] and the 3T3-L1 — LM3D
liposarcoma progression series [34], revealed that Dickopf-2 and Dickkopf-3, as
well as additional published inhibitors of canonical Wnt/p-catenin signaling includ-
ing Adenomatosis polyposis coli down-regulated 1, Fibulin-5, Maternally expressed
3, and Integrator complex subunit 6, are all upregulated during sarcoma progres-
sion. Strikingly, this seems to be accompanied by upregulation of the Receptor tyro-
sine kinase-like orphan receptor 2 (Ror2), suggesting a switch from the canonical
Wnht signaling to the noncanonical Wnt5a-Ror2 pathway [34a].

Sarcoma-Initiating Cells and Sarcoma Stem Cells

Keeping in mind the above-outlined development of mesenchymal tissues reflect-
ing an intrinsic cellular hierarchy that starts from mesenchymal stem cells and fol-
lows a given differentiation path through progenitors to terminally differentiating
cells, it is quite natural to expect that part of this hierarchy would be preserved in
sarcomas. Accordingly, we can assume the existence of sarcoma stem cells that
both self-renew and differentiate, much like in carcinomas and leukemias. Of
course, only some sarcoma types — for example, osteosarcoma, chondrosarcoma,
liposarcoma, leiomyosarcoma, or rhabdomyosarcoma — allow to follow a certain
differentiation pathway reminiscent of physiological differentiation. Other sarcoma
types — diagnosed as undifferentiated pleomorphic sarcoma or simply just spindle
cell sarcoma — do not show any easily recognizable differentiation pattern. In fact,
the residual differentiation capacity might not be easily discernible even in high-
grade tumors of the former sarcoma types. In such cases, the tumorous (pseudo)
differentiation can take the form of diversity in functional aspects, like clonoge-
nicity, tumorigenicity, therapeutic resistance, motility, and invasiveness. Various
questions about sarcoma stem cells — like those about their abundance, properties,
self-renewal, and differentiation ability — should be clearly separated from ques-
tions about sarcoma-initiating cells, which are cells that incur the first mutagenic
insult ultimately yielding a sarcoma.

In this respect, the various types of mesenchymal stem cells would be apparent
candidates [35-37]. Several reasons support this conclusion. First, again drawing
lessons from various carcinoma and leukemia stem cells, the path from a respective
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tissue stem cell (mesenchymal for sarcomas) to its derivative cancer stem cell is
simpler and more direct than the path assuming cancer initiation in a more differen-
tiated cell, because the various stemness mechanisms are already operating. In addi-
tion, the reliance of sarcomas and sarcoma stem cells on Sox-2 and SIRT-1 is a good
argument for their derivation from mesenchymal stem cells. We should not forget,
however, that MSCs are not a uniform cell type and BM-MSCs clearly differ from
ASCs and probably from MSCs isolated from other sources, NCSCs notwithstand-
ing. Another argument is that MSC-specific expression signature has been identified
in some sarcomas and it could be especially clearly revealed (together with the
restauration of the full multilineage differentiation potential in vitro) by performing
an experimental reversion of sarcoma cells, for example, by an shRNA-mediated
knockdown of driver fusion oncogenes in translocation-derived sarcomas. Finally,
MSCs are amenable to both spontaneous transformation and purposeful genetic
manipulation resulting in sarcomas (see below). This last argument should not be
overemphasized, however, because a similar outcome could also be arrived at by the
in vitro transformation of normal fibroblasts, that is, differentiated mesenchymal
cells [38].

In addition, even though it could be feasible to infer the origin of simpler
translocation-dependent sarcomas, this task can be much more complicated in
karyotypically complex sarcomas. Indeed, available models suggest alternative
possibilities. For example, at least in mouse models, a probable osteosarcoma-ini-
tiating cell is an osteogenic progenitor, not MSC [39, 40]. What is more, it could be
shown that a human fibrosarcoma cell line could be converted to a liposarcoma by
a forced expression of a key liposarcoma oncogene CHOP (DDIT3) [41]. And, of
course, rhabdomyosarcomas derive almost certainly from satellite cells [42, 43].
We can thus conclude that there are many potential candidates for the sarcoma
cell of origin, including various MSCs and NCSCs and various other mesenchymal
cell types.

Modeling Sarcomagenesis in MSCs

Assuming the MSC origin of at least a great part of sarcomas, we can directly use
our knowledge of MSC biology — including our ability to differentiate MSCs along
a desired path, together with our increasing understanding of underlying biology of
diverse sarcomas — to build MSC-based models of sarcoma development. This
endeavor can have several forms.

First, we can perform in vitro differentiation of MSCs, identify differentially
expressed genes, proteins, or pathways, and relate them to the corresponding sar-
coma type. Two studies illustrate well this point. In the first of them, primary
human BM-MSCs were subjected to chondrogenic differentiation, and a specific
chondrogenesis expression signature was identified. When the gene expression
profiles of chondrosarcoma samples of different grades were confronted with the
chondrogenesis expression signature, it turned out that all the grade III and grade IT
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metastatic cases clustered together close to the undifferentiated MSCs, whereas
grade I and nonmetastatic grade II chondrosarcomas were more similar to late dif-
ferentiation stages of MSCs approaching mature chondrocytes [44]. This result
rather convincingly shows that stemness preservation (or regain) can represent an
important contribution to metastatic competence. In addition, the chondrogenesis
gene expression signature identified could be of a direct clinical utility, especially
for the prognosis of grade II chondrosarcoma patients.

A conceptually similar approach has been applied to liposarcoma. The liposar-
coma itself represents a complex diagnosis consisting of at least four distinct tumor
types: dedifferentiated, pleomorphic, myxoid/round cell, and well-differentiated
[5]. It could be shown that each of them corresponds, at least in terms of their
specific gene expression profile, to a different stage of adipogenic differentiated
MSC. Again, this result might have an immediate diagnostic value. Dedifferentiated
and pleomorphic liposarcomas thus feature the expression of typical MSC mark-
ers — like CD44, CD54, and hepatocyte growth factor — while myxoid/round cell
and well-differentiated liposarcomas adopt the expression of typical fat markers,
namely, adiponectin, leptin, and lipoprotein lipase [45]. This approach made also
possible the identification of genes and pathways typical of either path of liposar-
comagenesis. Although their clinical utility has yet to be demonstrated, an intrigu-
ing candidate pathway compromised in both dedifferentiated and pleomorphic
liposarcoma cases is insulin signaling, a very well-defined proadipogenic signaling
pathway, which could be amenable to various pharmacological modulations [46].
It should be stressed, nevertheless, that especially dedifferentiated liposarcoma is
a very complicated tumor type, for which the cell of origin is largely unclear (it
could be a MSC at an early point of adipogenic differentiation or progressing well-
differentiated liposarcoma) and whose genome, as mentioned above, is extremely
unstable with unprecedented consequences for gene expression, stemness, and clin-
ical behavior (see below).

If we embrace the idea that most sarcomas may originate from MSCs, a logical
next step is to undertake an attempt at deriving sarcoma models by their targeted
manipulation. In the last decade, several valuable sarcoma models have been estab-
lished in this way, revealing several general rules of sarcoma development. First, it
turned out that rodent (especially murine) MSCs are distinctly more susceptible to
initiate sarcomagenesis than their human counterparts; indeed, murine and rat
MSCs are even prone to spontaneous sarcomagenesis upon prolonged in vitro cul-
ture, which is practically never observed in human MSCs. We can only speculate
about biological reasons for this difference. It is known for quite a long time that
mouse adult tissues constitutively express telomerase and the murine cells are thus
immortal upon appropriate cell culture conditions, eliminating the senescence bar-
rier (see above). In addition, most — if not all — experiments have been performed on
MSCs isolated from various inbred mouse strains, and we can assume a random
fixation of various mutant alleles during the inbreeding process. The existing senes-
cence barrier — probably among other mechanisms — makes human MSCs intrinsi-
cally resistant to sarcomagenesis, and usually this is the first obstacle to be overcome
in order to convert human primary MSCs into desired sarcoma cells. A standard
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approach is to introduce viral oncogenes that eliminate the p53- and pRb-mediated
senescence arrest (HPV E6 and E7 oncogenes or SV40 large T antigen, respec-
tively), complemented by the stable overexpression of the gene coding for catalytic
subunit of telomerase (hTERT) [47, 48]. Even these MSC derivative cell lines
(called 3 hit MSCs — E6, E7, and hTERT) were not susceptible to spontaneous sar-
comagenesis, and two additional genetic steps turned out to be necessary, namely,
c-Myc stabilization by virtue of SV40 small t antigen expression and a permanent
mitogenic stimulation by the forced expression of a constitutively active Ha-Ras
oncogene [47, 48]; Myc-Ras is a traditional cooperating oncogene pair, defined by
its joint ability to transform rat embryonic fibroblasts [49]. The resulting 5 hit MSCs
finally yielded undifferentiated pleomorphic sarcomas when injected into a severely
immunocompromised mouse [50].

A separate question is which factors promote particular types of sarcomagenesis.
This seems to be a very complex issue encompassing several points, such as the
source of MSCs (BM-MSCs vs. ASCs), their species origin (mouse or human), and
of course the genetic changes either spontaneously accumulated or purposefully
introduced. Especially, p53 deficiency (alone or combined with pRb deficiency) can
initiate various sarcoma types depending on other factors. In mouse BM-MSCs,
spontaneous p53 mutations have been associated with fibrosarcoma development
[51], whereas mouse p53—/— ASCs were transformed toward leiomyosarcoma [50],
and the combined deficiency of both p16™&4 and p19RT (two tumor suppressor
proteins encoded by a single locus and acting via pRb and p53 pathways, respec-
tively [49]) coupled to c-Myc overexpression in mouse BM-MSCs triggered osteo-
sarcoma development [52]. The knowledge and availability of translocation-activated
fusion oncogenes provided additional possibilities of specifically directing sarco-
magenesis along a desired pathway. The FUS-CHOP oncoprotein, specific for myx-
oid/round cell liposarcoma, provided a particularly revealing example. A purposeful
expression of FUS-CHOP in mouse ASC of p53—/— background [50], in 4 hit (HPV
E6, E7, hTERT, and SV40 small-t) or 5 hit (+ Ha-Ras"'?) human BM-MSC back-
grounds [50], or in HT1080 fibrosarcoma cells [41], respectively, was able to divert
the pathway of sarcomagenesis from leiomyosarcoma, undifferentiated pleomor-
phic sarcoma, or fibrosarcoma to liposarcoma. It seems, therefore, that this type of
liposarcomagenesis involves at least two principal causal factors: a general tumori-
genic transformation of cells (provided by the recipient cells that are already com-
petent to various types of sarcomagenesis) and a limited, corrupt, and incomplete
lipomatous differentiation provided by the FUS-CHOP translocation oncoprotein.

Ewing sarcoma provides another example of a sarcoma that relies on a transloca-
tion oncogene imposing its effect on target cells. From a certain point of view, its
biology seems to be opposite to myxoid/round cell liposarcoma, with sarcomagen-
esis resulting from a specific dedifferentiation or reprogramming toward a primitive
stem cell phenotype. Indeed, in transgenic mice, a conditional p53 deletion in
embryonic limb bud cells led predominantly to osteosarcoma (i.e., a tumor featuring
an intrinsic partial differentiation ability) [53], while if combined with EWS-FLI-1
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translocation oncogene overexpression, this partial differentiation was lost, leading
to Ewing sarcoma-like tumors [54]. Like FUS-CHOP, EWS-FLI-1 alone does not
transform human adult BM-MSCs (unlike mouse MSCs), but it is able to impose a
gene expression profile reminiscent of Ewing sarcoma [55]. Intriguingly, the degree
of matching between these gene expression profiles was even greater if pediatric
instead of adult BM-MSCs were used. A further increase was achieved when EWS-
FLI-I-transduced pediatric human BM-MSCs were cultured in medium used to
raise induced pluripotent stem cells [20], quite clearly classifying Ewing sarcoma as
a stem cell- or reprogramming-type malignancy.

On the other hand, it is not yet clear whether MSCs are the cells of origin for
Ewing sarcoma. Independent experiments with EWS-FLI--transduced NCSCs also
showed a strong concordance with the Ewing sarcoma gene expression profile [56],
leaving the question of Ewing sarcoma’s cell of origin open. A similar question with
a very similar dilemma is also pending for synovial sarcoma [57, 58].

Sarcoma Stem Cell Heterogeneity

From all the discussion above, we can take the existence of sarcoma stem cells as,
if not certain, then certainly highly probable. Various approaches have been adopted
to identify and isolate sarcoma stem cells (Table 7.2), which are, by and large, iden-
tical to those applied in various carcinomas, lymphomas, and leukemias, including
a group of “obligate” stem cell markers, like CD44, CD90, and CD133 [80]. Such
approaches suffer from an inherent weakness that they are based on an a priori
assumption that positive cells equal stem cells, which is not always true. Specific for
certain sarcomas could be cell surface markers that define normal mesenchymal
stem cells.

Another possibility would be a marker-free approach essentially aimed at identi-
fying chemoresistant cancer and normal stem cells, like side population (SP) sorting
directed toward cells with a high expression of ABC efflux membrane transporters,
especially ABCB1 and ABCG2, or Aldefluor assay targeting cells specifically over-
expressing detoxification enzymes of aldehyde dehydrogenase family, especially
ALDHI1AT1 and ALDHI1A3 [81]. Several experimental models in which sarcoma-
genesis could be followed in a stepwise manner showed that sarcoma development
and progression were associated with an increase in the stem cell fraction, expressed
as both SP- [79] and Aldefluor-positive cells [65]. This association could be inter-
preted as sarcomas representing indeed stem cell tumors. Interestingly in this con-
text, the Wnt inhibitor Dickkopf-1 has been reported not only to be crucial to
overcoming senescence but also to increase ALDHI1A1 expression and thus to pro-
mote sarcoma stemness [82]. In addition, specific stem cell targeting could be one
mechanism of action of a relatively new antisarcoma chemotherapeutic drug tra-
bectedin [83].
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Table 7.2 A survey of stem cell markers exploited to identify and enrich for sarcoma stem cells

Marker Biological function Sarcoma type References
CD133 (prominin-1) Surface glycoprotein with | Synovial sarcoma, [59-63]
five transmembrane osteosarcoma,
domains localizing to rhabdomyosarcoma,
membrane protrusions Ewing’s sarcoma,
liposarcoma,
chondrosarcoma
ALDH(1) (aldehyde Group of enzyme catalyzing | Osteosarcoma, Ewing’s [59, 61,
dehydrogenase) the oxidation of sarcoma, liposarcoma, 63-66]
intracellular aldehyde to fibrosarcoma, synovial
carboxylic acid sarcoma, chondrosarcoma,
rhabdomyosarcoma,
myxoid/round cell
liposarcoma
Nestin (neuronal stem | Type VI intermediate Rhabdomyosarcoma, [60, 61,
cell) filaments protein osteosarcoma, fibrosarcoma | 63]
(only in sphere-forming cell
subpopulations)
CD184 (also as C-X-C | Alpha-chemokine receptor | Osteosarcoma, synovial [60, 67]
chemokine receptor specific for stromal-derived | sarcoma
type 4 — CXCR4 —or | factor-1 (SDF-1)
fusin)
CD117 (mast/stem cell | Receptor tyrosine kinase Osteosarcoma [59, 60,
growth factor 68]
receptor—SCFR; c-Kit
proto-oncogene)
CD29 (integrin beta-1) | Adhesion molecule and Osteosarcoma [69]
extracellular matrix receptor
CD49f (integrin Adhesion molecule and Osteosarcoma [60]
alpha-6) extracellular matrix receptor
STRO-1 (stromal cell | Cell surface marker protein | Osteosarcoma [59, 60,
precursor surface expressed on mesenchymal 68]
antigen) stem cells
SSEA-4 (stage-specific | Glycosphingolipid Osteosarcoma [60]
embryonic antigen-4) | expressed on embryonic
stem cells
CD57 (HNKI1 - human | Cell surface protein Ewing’s sarcoma [60]
natural killer-1 or expressed on NK cells and
LEU7) neuroendocrine tumors
LGRS (leucine-rich Member of the Wnt Ewing’s sarcoma [60]

repeat-containing
G-protein-coupled
receptor 5) also as
G-protein-coupled
receptor 49 (GPR49) or
G-protein-coupled
receptor 67 (GPR67)

signaling pathway;
R-spondin receptor

(continued)
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Table 7.2 (continued)
Marker Biological function Sarcoma type References
FGFR3 (fibroblast Receptor tyrosine kinase Rhabdomyosarcoma [60]
growth factor receptor
3) also as CD333
NANOG Transcription factor Ewing’s sarcoma, [60, 70,
involved in self-renewal of | osteosarcoma, 71]
undifferentiated embryonic | rhabdomyosarcoma
stem cells
Sox2 also as SRY Transcription factor Osteosarcoma, Ewing’s [60, 71]
(sex-determining involved in self-renewal of | sarcoma,
region Y)-box 2 undifferentiated embryonic | rhabdomyosarcoma,
stem cells synovial sarcoma
Oct-4 (octamer-binding | Transcription factor Osteosarcoma, Ewing’s [60, 66,
transcription factor 4) | involved in self-renewal of | sarcoma, 70, 72]
also as POUSF1 undifferentiated embryonic | rhabdomyosarcoma
stem cells
CBX3 (chromobox Component of Osteosarcoma [73]
protein homolog 3) heterochromatin, binds
DNA and other proteins and
receptors
c-Myc Transcription factor Rhabdomyosarcoma [71, 74]
activating proliferation and
apoptosis
Pax3 (paired box gene | Transcription factor Rhabdomyosarcoma [71,75]
3) involved in muscle
development
CD105 also as Involved in TGF-p Osteosarcoma [76]
endoglin (ENG) signaling, cytoskeletal
organization, and migration
CDh44 Cell surface glycoprotein Osteosarcoma [69, 76]
expressed on mesenchymal
stem cells important in
cell-cell interactions and
cell adhesion and migration;
can interact with many
ligands (HA, osteopontin,
collagens, etc.)
CD146 also as A surface glycoprotein Fibrosarcoma, [77]
melanoma cell involved in cell adhesion, a | undifferentiated
adhesion molecule receptor for laminin alpha 4 | pleomorphic sarcoma,
(MCAM) or cell osteosarcoma
surface glycoprotein
MUC18
ABCG2 (ATP-binding | Protein transporting various | Osteosarcoma, [61]
cassette subfamily G molecules across extra- and | undifferentiated

member 2)

intracellular membranes

pleomorphic sarcoma

(continued)
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Table 7.2 (continued)

Marker Biological function Sarcoma type References
ABCAS5 (ATP-binding | Protein transporting various | Osteosarcoma [73]
cassette, subfamily A | molecules across extra- and
member 5) intracellular membranes
Side population (dye | Multiple ABC efflux Osteosarcoma, Ewing’s [59, 78,
exclusion) pumps, including ABCB1 sarcoma, synovial sarcoma, | 79]
and ABCG2 undifferentiated
pleomorphic sarcoma,
fibrosarcoma

Genetic and Epigenetic Plasticity of Sarcoma Stem Cells

An obvious question is inasmuch stemness of potential sarcoma stem cells is a
“heritage” from an initiated normal stem cell (in this case most probably a mesen-
chymal stem cell) or whether it results directly from the action of sarcoma onco-
genes. Two karyotypically simple translocation-dependent sarcomas could be rather
instrumental to illustrate the latter possibility.

Synovial sarcoma is initiated by t(X;18)(p11;ql1) translocation, resulting in a
fusion protein between SS18 (whose gene is located on chromosome 18) and one of
the translocation partner proteins SS1, SS2, or, rarely, SS4 (collectively called SSX,
encoded by multiple homologous genes located on chromosome X)) [84]. It has been
reported that synovial sarcoma cells, without any sorting or selection, exhibited a
high degree of stemness: Clonogenicity (sarcosphere formation) and tumorigenicity
were comparable to those achieved by stem cell marker sorted populations in other
tumors [85]. The SS18-SSX chimeric proteins encompass several transcription reg-
ulatory and protein-protein interaction domains, but, notably, no DNA-binding
domain. The actual notion is that SS18-SSX engages a plethora of protein interac-
tion partners, leading to complex changes in gene expression and finally resulting in
accentuated stemness. Well-documented protein-protein interaction takes place
between SS18-SSX and epithelial-mesenchymal transition (EMT)-triggering tran-
scription repressors Snail and Slug, which prevents their binding to the E-cadherin
gene promoter and results in pseudoepithelial transdifferentiation observed in some
synovial sarcomas [85a]. Many SS18-SSX interaction partners involve chromatin
modifier proteins, with a complex epigenetic reprogramming as a direct conse-
quence. For example, it has been reported that SS18-SS2 directly interacts with the
Polycomb-group complex 1 components Bmil and RinglB, resulting in Bmil
destabilization and the consequent derepression of a large group of Polycomb-
silenced developmental genes. SS18 itself is a component of the mSWI/SNF-BAF
chromatin remodeling complex, and its replacement by SS18-SSX fusion oncopro-
teins leads to complex changes in gene expression, among others to the erasure of
the repressive histone mark H3K27me3 at the Sox-2 locus [86, 87].

Strikingly, both of these effects are achieved also by the EWS-FLI-1 fusion
oncoprotein underlying Ewing sarcoma, but via different mechanisms. Unlike
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SS18-SSX, EWS-FLI-1 acts on its own as a direct transcription factor, via the
ETS-DNA-binding domain supplied by the FLI-1 translocation partner [88].
According to recent results, EWS-FLI-1 can directly compete with the Polycomb
repressor complex 1 (or, more probably, transcription factors mediating its recruit-
ment, like YY-1) for binding to particular loci — notably certain HOX genes, espe-
cially posterior HOXD genes — resulting in their derepression [89]. In addition, it
likely acts as both direct and indirect activator of Sox-2. This latter regulatory func-
tion is based on its direct transcriptional repression of miRNA145, encoded by a
pS3-responsive gene and directly targeting Sox-2 (as well as Oct-4). Intriguingly,
EWS-FLI-1 is itself a target of miRNA145-mediated silencing, its repression thus
stabilizing EWS-FLI-1 itself as well, a regulatory circuit already described for the
relationship between Oct-4 and miRNA 145 in embryonic stem cells [20].

Not surprisingly, all the epigenetic regulations crucially depend on the entire
regulatory context resulting from signals acting on the cell. In the above-discussed
experimental analyses of both synovial sarcoma and Ewing sarcoma, variations in
cell culture media played important roles. In vivo, such a regulatory context would
probably differ from cell to cell, generating a heterogeneous cell population with
variable expressions of stemness traits in each individual sarcoma cell.

What is the situation in karyotypically complex sarcomas? As already mentioned
above, dedifferentiated liposarcoma is an example of tumor type with an unusually
high degree of genetic and epigenetic instability. This instability manifests at all
thinkable levels. Karyotypic instability is mainly represented by neochromosomes,
giant or ring chromosomes accumulating amplified segments of various chromo-
somes. Their origin is not clear, but the consensus is that they are triggered by the
originally extrachromosomal amplification of a specific amplicon at 12q. Among
the genes amplified are MDM?2 (coding for a direct pS3 inhibitor, as mentioned
above), CDK4, and YEATS2 (coding for an acetylated and crotonylated histone
reader). Via repeated breakage-fusion-bridge cycles, the 12q amplicon triggers a
progressive genome destabilization, including structural chromosomal aberrations
[90]. Notable among them is the translocation between HMGA2 and CPM genes.
HMGA?2 codes for a nonhistone chromatin protein involved in global gene expres-
sion regulation. The translocation removes the 3’-part of the HMGA2 gene, result-
ing in two principal effects. First, it leads to the production of a shortened protein,
and, second, because the removed 3’-part of the gene contains at least three target
sequences for the let-7 miRNA, this shortened HMGA?2 protein is grossly overex-
pressed [91]. Intact HMGA?2 expressed at a normal level promotes adipogenic dif-
ferentiation; an overexpressed full-length or shortened protein abolishes it instead,
however. In addition, overexpressed HMGAZ2 has particular gene expression conse-
quences. Among the genes it specifically induces, prominent is the SS7, one of the
synovial sarcoma translocation partners (see above), eventually promoting stemness
[92]. Copy number alterations in dedifferentiated liposarcoma underlie the overex-
pression of some additional genes with presumed roles in stemness (c-JUN onco-
gene, mesenchymal stem cell factor gene TUFTI) or chromatin organization
(heterochromatin factor gene CBX1) [90]. There can also be more traditional epi-
genetic aberrations, like the promoter hypermethylation of the gene encoding the
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key adipogenic transcription factor C/EBPa or of the miRNA193b gene [93]. One of
the miRNA193b targets is the fatty acid synthase — an important cancer metabolic
enzyme that (as described for leiomyosarcoma) at the same time interacts with vari-
ous histone modification enzymes and modulates their activity [94], producing a
sort of feed-forward loop in epigenome destabilization. Last but not the least, some
point mutations found in liposarcoma can produce similarly widespread epigenetic
consequences to those caused by more extensive changes described above. About
8% of dedifferentiated liposarcoma cases harbor point mutations (mostly missense)
in the gene encoding histone deacetylase 1 [93]; striking in this respect is the finding
that HDAC inhibitors might specifically target sarcoma stem cells (as described for
the osteosarcoma model) [95].

These various mechanisms of dedifferentiated liposarcoma genome instabil-
ity create an unprecedented level of genetic and epigenetic plasticity and impacts
numerous genes implicated in differentiation and stemness regulation. This situ-
ation sets a completely new stage for research on cancer stem cell heterogeneity.
Traditionally, it has automatically been assumed that a cancer stem cell achieves its
stemness either from an initially mutated normal stem cell or as the direct molecular
consequence of an initiating mutation. Once established, cancer stemness can be
passed to some daughter cells, resulting in a more or less stable cancer stem cell
pool, and it can be lost only by differentiation. Isolated populations of cancer stem
cells, like side population cells or stem cell marker sorted cells, thus provide quasi-
pure stem cells, but for a certain time only — until they are diluted by differentiation.
In the context of the huge genetic and epigenetic plasticity, like that found in dedif-
ferentiated liposarcoma, stemness might be understood in a completely different
way. Stem cells might correspond simply to cells that at a given moment accu-
mulate a sufficient number of stemness-promoting and differentiation-inhibiting
mutations and epigenetic changes; in other words, stemness can be understood as
a defined actual functional state rather than a quasi-fixed cell type. Some of such
stem cells may differentiate, others can simply lose their stemness-promoting and
differentiation-inhibiting genetic and epigenetic changes as a direct consequence
of genetic and epigenetic plasticity, and still others, originally non-stem cells, can
regain these changes by the same token. Stem and non-stem cells are thus continu-
ously and bidirectionally changing, mixing, and merging.

Microenvironmental Influence on Sarcoma Stem Cells

All the discussion on sarcoma stem cells pursued by now concentrated largely on
cell-autonomous mechanisms. We know, however, that tissue homeostasis is regu-
lated by the cross talk between tissue-specific stem cells and their microenviron-
ment, and, in a similar way, signaling from tumor niches may play relevant roles in
the regulation of sarcoma stem cells [96-98]. Among the different subtypes of sar-
coma, the relevance of the interaction between microenvironmental components
and cancer (stem) cells has been especially well described in osteosarcoma [99].



7 Sarcoma Stem Cell Heterogeneity 111

Osteosarcoma cells closely interact with local microenvironmental cell types, such
as stromal cells (MSCs and cancer-associated fibroblasts), osteoblasts, osteocytes,
osteoclasts, or chondrocytes, as well as with immune infiltrates mainly composed of
T lymphocytes and macrophages [97, 100]. The interaction between these multiple
players results in the production of signaling factors that contribute to either favor-
ing or decrease of stemness properties in osteosarcoma [97]. Thus, signaling medi-
ated by fibroblastic growth factor (FGF)-Sox2 axis [101], transforming growth
factor B (TGF-p) [102], the Hippo signaling regulator YAP1 [103], or NOTCH1
[40], among others, was reported to promote stemness in osteosarcoma. On the
other hand, signals with proven pro-osteogenic activities, like those dependent on
bone morphogenetic proteins (BMP) [104] or WNT factors [101], seem to decrease
sarcoma stem cell frequency and to promote osteogenic differentiation. In addition,
extracellular matrix components of the tumor microenvironment have also been
reported to interact with sarcoma stem cells. This is the case of hyaluronan, which
may promote stemness properties in tumor cells through the binding with its recep-
tor, the cancer stem cell marker CD44 ([105] — see Table 7.2). We can assume that
details of composition of this complex tumor microenvironment differ in each indi-
vidual tumor, resulting in a wide spectrum of osteosarcoma stemness modulation.

Notice that within the context of osteosarcoma (and possibly other sarcoma types
as well), MSCs can thus be viewed not only as possible cells of origin but also as a
stromal supporting type. Indeed, MSCs are the cell type with rather precisely
described interactions with osteosarcoma stem cell subpopulations. MSCs may be
activated by the acidic conditions generated by osteosarcoma cells and these tumor-
conditioned MSCs favor osteosarcoma stemness and chemoresistance via IL6-
NF-xB signaling [106]. Moreover, MSCs may increase chemoresistance of
osteosarcoma cells through the activation of IL6/STAT3 pathway [107].

Several locations within the bone microenvironment where pro-stemness signal-
ing is particularly active have been proposed as suitable niches for osteosarcoma
stem cells [96] (Fig. 7.2): (i) the perivascular niche, which was described as the most
likely location for the most immature MSCs and therefore may also constitute a
niche for sarcoma stem cells originated by transformed MSCs [108]; (ii) the hypoxic
niche, which is an important stemness-promoting environmental condition in bones
[109]; and (iii) the endosteal niche, which is a signal-rich environment where tumor
cells interfere with the bone remodeling process, establishing a “vicious cycle” that
favors osteoclast-mediated osteolysis and the subsequent release of calcium and
growth factors (FGF, TGF-f, IGF1, BMP, etc.), which support stem and tumorigenic
properties [97]. In any case, these three prototypical osteosarcoma niche types differ
in their detailed molecular mechanisms of stem cell support, plausibly resulting in a
niche-dependent osteosarcoma stem cell heterogeneity.

The detailed knowledge of the microenvironment in maintaining tumor homeo-
stasis has encouraged the development and testing of therapies aimed to counteract
pro-tumoral signals, including pro-stemness signals, from the microenvironment
[96]. Consequently, several therapeutic strategies have been recently developed to
target the role of the tumor-promoting osteoclast activity [110, 111], to reduce the
vascularization of tumors [112], and to enhance the immune response against
tumors [113, 114].
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ization (hypoxic niche) (adapted from [96]
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