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Abstrakt

Konec¢na diagndza dédicnych metabolickych poruch je obvykle uréena na zakladé vysetieni
enzymové aktivity (coz je mnohdy komplikovane) a/nebo za pomoci molekularné genetického
vysetireni. Vysledky standardni mutaéni analyzy vsak mohou byt nékdy zavadgjici, zejména
v ptipadé rozsahlych reorganizaci na urovni chromozomu ¢i u mutaci v regulacnich oblastech.
Predkladana prace je zaméiena na charakterizaci komplexnich mutaci v genu pro ornitin
transkarbamylazu (OTC), studium regula¢nich oblasti OTC a genu pro B-galaktozidazu (GBA).

V rdmci studie provedené na souboru ¢itajicim 37 pacientd s kongenitalni hyperamonémii
I1. typu (OTCD) bylo identifikovano a charakterizovano 14 novych mutaci v¢etné tii
rozsahlych deleci. Byl zaznamenan i piipad symptomatické heterozygotky pro hypomorfni
mutaci p.R129H, u niz byl fenotyp OTCD ziejmé podminén posunem v X-inaktivaci ve
prospéch mutované alely. Nalez byl podloZen sledovanim nevyhodné X-inaktivace ve trech
raznych perifernich tkanich.

Za Ucelem provéieni patogenity promotorové variace ¢.-366A>G v OTC nalezené v jedné
rodin¢ s mirnym fenotypem OTCD byly identifikovany tfi alternativni pocéatky transkripce
(PT) a vymezen promotor lidského OTC. Transkripéni aktivita promotoru, stejné tak jako
aktivita nové nalezeného distalniho enhanceru, byla ovérena funkeni eseji. Vysledky ukazaly
klicovy vyznam interakce promotoru s enhancerem pro tkanove specifickou expresi OTC
v jatrech. Pritomnost variace c.-366A>G vedla k padesatiprocentnim sniZeni aktivity
mutovaného promotoru v interakci s enhancerem.

Detailni charakterizace promotoru lidského OTC odhalila dva silné cis-aktivni regula¢ni
elementy odpovidajici vazebnym mistam pro HNF-4o. V oblasti proximalniho promotoru byl
nalezen tieti vysoce konzervovany motiv rozpoznavany HNF-4ao, piicemz vSechna tii vazebna
mista se nalézaji ve vzdalenosti do 35 bp nad PT. Promotor OTC ptitom postrada zékladni
elementy nezbytné pro iniciaci transkripce v konvenénich pozicich. Dosazené vysledky silné
podporuji tlohu HNF-4o v iniciaci transkripce OTC u ¢loveéka.

Metodicky postup zavedeny pii studiu OTC byl nésledn¢ aplikovan na charakterizaci
alternativniho promotoru GBA. V piipadé alternativniho transkriptu nesouciho dva
nepiekladané exony -1 a -2 byly nalezeny tfi rizné PT. Pti porovnani s normalnim promotorem
vykazoval alternativni promotor nizsi transkripéni aktivitu, expresni profil napti¢ nékolika
raznymi tkdnémi vSak byl srovnatelny. Byla vyslovena hypotéza, Ze vyrazné rozdily ve
fenotypu u pacientu se stejnym genotypem GBA mohou byt dany variabilni expresi
mutovaného alternativniho transkriptu. Tuto hypotézu se vSak nepodafilo experimentalné
potvrdit na souboru 20 pacientt s Gaucherovou chorobou.

vvvvv

Gaucherovy choroby.

Kli¢ova slova: Ornitin transkarbamyléaza, kongenitalni hyperamonémie II. typu, kysela -
glukocerebrosidaza, Gaucherova choroba, genova exprese, regulace transkripce, promotor,

enhancer



Abstract

Definitive diagnosis of inherited metabolic disorders commonly depends on the
measurement of enzyme activity (which is often complicated) and/or molecular genetic testing.
Y et even the standard mutation analysis can bring false negative results in the case of gross
chromosomal rearrangements or incorrect regulation of gene expression due to the mutationsin
regulatory regions. In the present study | focused on characterization of complex mutations
affecting the gene encoding ornithin transcarbamylase (OTC) followed by studies of regulatory
regions of OTC and GBA (the gene encoding 3-glucocerebrosidase).

In the first study we identified 14 novel mutations including three large deletionsin a
cohort of 37 patients with OTC deficiency (OTCD). Subsequently we evaluated clinical
significance of al these mutations. We also found a heterozygote carrying a hypomorphic
mutation and manifesting OTCD most likely due to unfavorable X-inactivation which was
observed independently in three different peripheral tissues.

In order to evaluate the clinical significance of a promoter variation c.-366A>G found in a
family with mild OTCD we identified three alternative transcription start sites (TSSs) of human
OTC and delimited the promoter. We a'so found a distal enhancer and performed functiona
analysis of both regulatory regions. Our results indicate that tissue specific expression of OTC
in the liver depends on the promoter-enhancer interaction. The variation c.-366A>G decreased
the promoter-enhancer transcriptional activity by 50%.

A detailed characterization of human OTC promoter revealed two positive cis-acting
regulatory elements corresponding to HNF-4a binding sites. Both sites, similarly as athird
HNF-4a recognition motif found in the proximal promoter, are located within 35 bases
upstream of the TSSs. Since the OTC promoter lacks general core promoter elements such as
TATA-box or initiators on standard positions, our results strongly suggest an important role of
HNF-4a in the control of OTC transcription in human.

A similar approach as in the OTC gene studies was used in studies of an upstream promoter
of GBA. We identified three alternative TSSs and performed function analysis of the alternative
promoter. Its transcriptional activity was lower than that of the normal promoter while
expression profiles across multiple tissues were comparable. We hypothesized that phenotypic
differences in patients with the same genotype may be caused by variable expression of mutant
GBA; however, our hypothesis was not confirmed experimentally in a group of twenty Gaucher
patients.

In conclusion, our findings extend the possibilities of molecular genetic testing for OTCD
and Gaucher disease.

Keywor ds. Ornithine transcarbamylase, ornithine transcarbamylase deficiency, acid [1-
glucocerebrosidase, Gaucher disease, gene expression, regulation of transcription, promoter,
enhancer.



Table

of contents

ADSTFAKL ...ttt bttt b et ne e be e beeneenbe et 1
Y 0] 1 = Uod SRS 2
TADIE OF CONTENTS ... bbbttt b et e sttt e b e e beene e 3
FA o] o] €AV F= 11 o] SRS 4
R 11 4 o To [N o1 o] o [OOSR PR 6
1.1, OTC AETICIENCY ..viviiiieietitesie ettt ettt bbb 6
1.1.1. Nitrogen metabolism and Urea CYCIE .........ccviiiiiiiciie e 6
1.1.2. Urea CYCIE ISOTTUBIS ......etiieitiiiiiiesiee ettt bbb 11
I R T I 0 L= @ 1G0T o PSPPSR OPTR 14
1.2, GAUCKNEE TISBASE ... .. eeeeeeeeieeieciee st ete s et e ee st te e te et e e s e sre et e aneenteeneesneenneeneenrs 17
1.2.1. LysSOSOMal StOrage QISEASES.......cuieivieiieiiiesiie et eitee st e e et e et e e sba e 17
1.2.2. Metabolism of glycosphingolipids and Gaucher diSease ............ccccocvrervrininnninnnne. 22
1.2.3. THE GBA JBNE .ottt ettt e re e 26
1.3.  Regulation Of gene eXPreSSION .........cociiiieiieririeie ettt 29
1.3.1. Gene expression and CONTIOL .........cooiiiiiiiiie i 29
1.3.2. Regulation of tranSCrPION .........cviiiiiieeie s 31
2. AIMS OF e STUAY ....cviic et sraeara s 36
K TR 1Y 1= 1 0T LSS PRSTRPR 37
3.1 General METNOUS. ..o bbb 37
3.2, SPECITIC METNOUS ... 37
A, RESUILS ..ot bbbttt et bbb re b e neene s 41
4.1.  Ornithine carbamoyltransferase deficiency: molecular characterization of 29
FAMITIES .ttt ettt nb et st ne e neas 41
411, COMMENTANY ...ttt et b e ab e e be et eeaneenne s 41
4.1.2. RETEIENCE | ..ottt sb et 43
4.2.  Disruption of OTC promoter-enhancer interaction in a patient with symptoms of
ornithine carbamoyltransferase defiCIenCY.........cooveviiiieiiciiecie e 51
4.2.1. COMMENTANY ...ttt b ettt e bbb e r e eb et e et aneeaneanne s 51
4.2.2. RETEIENCE I ..o et 53
4.3. HNF-4o regulates expression of human ornithin transcarbamylase through
interaction with two positive cis-acting regulatory elements located in the
PrOXIMAl PIrOMOTEN ..ot 63
A.3.1. COMMENTAIY ..oitiieiiitie ettt b e b e e b et e s sbe e e arb e e nsb e e e nbb e e s bbeeenbeeean 63
4.3.2. RETEIENCE Tl it te e sreete e 65
4.4.  Glucocerebrosidase gene has an alternative upstream promoter, which has
features and expression characteristic of housekeeping genes...........cccoovveveiverennen, 88
A4 1. COMMENTAIY ..oiitiiiiiiiie itttk e et b e e bb e e s b e e e s rbe e e asb e e e ssbeeenbbeeesbeeabree e 88
A4.4.2. RETEIENCE TV ..ottt e e ste e e sreenbeanee s 89
5. GENEIAl AISCUSSION .....cuiiriiiiite ittt bbbttt ne e 96
G o] o 1115 Lo 1 1RO 103
S 10 11010075V Y PRSP OPRP TP 105
8. RETBIEICES ...ttt b e et e e nns 107
9. List of publications and presentations...........ccccceiveieieenesie e 112
9.1.  Publications related t0 this tNESIS .........cuiiiiiiiieie s 112
9.2.  Publications not related to this thesiS..........ccveiiiiiiieii e 112
9.3.  Conference Presentations related to this thesis .........cccooviiiiiiieieise 113
9.4.  Conference Presentations not related to this thesis...........ccoceviiiiiiiiie s, 113
ACKNOWIEUGEMENTS ...ttt et e este e s e se e beeseesneeteeneesreenee e 115



Abbreviations

ACTB

AMP, ADP, ATP

ARG1
ARG1D
ASL
ASLD
ASS
ASSD
ATG
BRE
C/EBP
Cisl+, Cis2+
CLEAR
CNS
COUP-TF
CPS1
CPS1D
DPE

elF
EMSA
ER

EST
GalCer
GAPDH
GBA
GD
GDH
GlcCer
GSL
HHH
HNF-4

hsc

B-actin

adenosin mono-, di- and triphosphate

arginase 1

arginase 1 deficiency

argininosuccinate lyase

argininosuccinate lyase deficiency
argininosuccinate synthetase

argininosuccinate synthetase deficiency
initiation codon

TFIIB recognition element
CCAAT-enhancer-binding protein

positive cis-active regulaytory elements 1 and 2
coordinated lysosomal expression and regulation motif
central nervous system

chicken ovalbumin upstream promoter-transcription factor
carbamoyl phosphate synthetase 1

carbamoyl phosphate synthetase 1 deficiency
downstream core promoter element

eukaryotic initiation factor

electromobility shift assay

endoplasmic reticulum

expressed sequence tag

galactosylceramide
glyceraldehyde-3-phosphate dehydrogenase
acid B-glucocerebrosidase

Gaucher’s disease

glutamate dehydrogenase

glucosylceramide

glycosphingolipid
hyperornithinemia-hyperammonemia-homocitrullinuria
hepatocyte nuclear factor 4

heat shock cognate protein



Inr

LSD
MLPA
MSF
MTE
NAD(P)H
NAG
NAGS
NHEJ
ORNT1
oTC
OTCD
P1

P2

PBF
PIC
Polll
PP;
psGBA
RLM-RACE
RNA, DNA
Spl
TAF
TBP
TF
TFI
TFEB
TIS
TSS
UCD
UTR

initiator element

lysosomal storage disease

multiplex ligation probe amplification assay
mitochondrial stimulating factor

motif ten element

nicotinamide adenine dinucleotide (phosphate)
N-acetylglutamate

N-acetylglutamate synthase

non-homologous end joining

mitochondrial ornithin / citrullin antiporter
ornithin transcarbamylase

ornithine transcarbamylase deficiency

acid B-glucocerebrosidase proximal promoter
acid B-glucocerebrosidase alternative upstream promoter
presequence binding factor

pre-initiation complex

RNA polymerase Il

pyrophosphate

acid B-glucocerebrosidase pseudogene

RNA ligase-mediated rapid amplification of cDNA ends
ribonucleic and deoxyribonucleic acid

specificity protein 1

TATA-box-binding protein associated factor
TATA-box-binding protein

transcription factors

general transcription factor of RNA polymerase 11
transcription factor EB

translation initiation site

transcription start site

urea cycle disorder

untranslated region



1.  Introduction
1.1. OTC deficiency

1.1.1. Nitrogen metabolism and urea cycle
Nitrogen is an essential component of many physiologically active compounds, namely

amino acids and nucleic acids which represent the basic structural unit of proteins and DNA.
Nitrogen intake and metabolism is essential to the function and structure of a large variety of
molecules and for survival of all living organisms. Despite its abundance in the atmosphere,
nitrogen is relatively inert and has to be fixed by nitrifying bacteria and converted into more
reactive forms such as nitrates or ammonia in order to be utilizable by other organisms.
Reduced nitrogen in the form of ammonium ions (NH,") can then be used by bacteria and
plants to build up more complex nitrogen containing compounds. These products are later used
by higher animals thus making a part of nitrogen cycle. In vertebrates, the main sources of
reduced nitrogen are dietary free amino acids, protein, and the ammonia produced by intestinal
tract bacteria. Metabolism of dietary protein begins in the stomach under action of pepsin A
and continues in the duodenum, with the aid of pancreatic proteases. The amino acids and
peptides produced are taken up by the mucosal wall enterocytes of the intestines and send to
circulation. Unlike carbohydrates or fat, there is no mechanism how to store large amounts of
nitrogen in the body. In order to maintain homeostasis of essential proteins the ratio of ingested
and excreted nitrogen must be kept in balance. A certain part of free amino acids is constantly
stored in the ,,nitrogen pool*, which enables to buffer dynamic requirements of de novo
proteosynthesis. Without this option, deficiency of any single essential amino acid can inhibit
translation.

Ammonia is produced by all tissues during the metabolism of a variety of compounds, e.g.
amino acids, biological amines, purines and pyrimidines. The excretion of waste nitrogen can
occur through different routes. Most of nitrogen is excreted via urine in the form of urea (5-20
g/day), ammonia (0.4-1.5 g/day), creatinine (0.6-1.8 g/day) and uric acid (0.2-1.0 g/day)
(Gropper SAS, et al., 2009). Additional minor routes comprise faeces, other body secrets (such
as sweat and saliva), skin, hair and nails. While the level of blood ammonia must be kept very
low, because even slightly elevated concentrations (hyperammonemia) are toxic to the central
nervous system, it has to be transformed into a neutral molecule. Quantitatively the most
important disposal route for ammonia is the conversion to urea. Once synthesized in the liver,
urea travels in the blood to the kidneys, where it passes into the glomerular filtrate and is

excreted in the urine. The transfer of amino acid nitrogen from peripheral tissues to the liver is



mediated by “transporter” molecules, namely by glutamine or alanine. While glutamine is the
principal recipient of amino group in transaminations, alanine acts as an important nitrogen-
carrier within the glucose-alanine cycle thus making a part of energy metabolism in skeletal

muscles.

In order to keep the overall nitrogen balance, free amino acids, the intermediates of dietary
protein metabolism, should be further processed. The first reaction in the breakdown of an
amino acid is almost always removal ofatemino group with the object of excreting excess
nitrogen and degrading the remaining carbon skeleton or converting it to glucose. The
dominant reactions involved in removing amino acid nitrogen from the body are known as
transaminations. During transamination reactions the amino group of an amino acid is
transfered to a-keto acid to yield thei-keto acid of the original amino acid and a new amino

acid:

Amino acid +a-ketoglutaratez——= a-keto acid + glutamate

The reactions are catalyzed by aminotransferases (or transaminases) acting with participation of
pyridoxal-5’-phosphate as an aldehyde-containing cofactor.

Aminotransferases, which exist for all amino acids except threonine and lysine, differ in
their specificity for amino acid substrates in the first stage of the transamination reaction,
thereby producing the correspondingly differariteto acid products. Most aminotransferases,
however, accept onlg-ketoglutarate or (to a lesser extent) oxaloacetate askieéo acid
substrate in the second step of the reaction, thereby yielding glutamate or aspartate as their only
amino acid products. The amino groups of most amino acids are consequently funneled into the
formation of glutamate or aspartate, which are themselves interconverted by glutamate—
aspartate aminotransferase (Voet D and Voet JG, 1995). Both, glutamate and aspartate, are the
final amino group donors in the synthesis of urea. Because of the participation of a
ketoglutarate in numerous transaminations, glutamate is furthermore considered as a prominent
intermediate in nitrogen elimination as well as in anabolic pathways.

While aspartate enters the urea cycle directly, the amino group of glutamate needs to be
released by oxidative deamination. The reaction producing a-ketoglutarate and ammonia is
catalysed by glutamate dehydrogenase (GDH), the only known enzyme that, in at least some
organisms, can accept either NA@r NADFP' as its redox coenzyme. GDH is allosterically
inhibited by GTP, NADH and nonpolar compounds such as palmitoyl-CoA and steroid
hormones. It is activated by ADP, NADand leucine, thus contributing to the regulation of the
ureacycle (Voet D and Voet JG, 1995). Glutamate can be also alternatively converted into



glutamine by the action of glutamine synthase and transported to kidney tubule cells. There the
glutamine is sequentially deamidated by glutaminase and deaminated by kidney glutamate
dehydrogenase. The ammonia produced within these reactions is excreted dséd¢ty in

the uine, where it plays a role of an acido-basic regulator essential to maintain pH in
physiologic range.

As mentioned earlier, in ureotelic organisms, about 80% of nitrogen is excreted in the form
of urea which is produced exclusively in the liver following a series of reactions that are
distributed between the mitochondrial matrix and the cytosol. The mechanism of urea
formation from NH and CQ was proposed in 1932 by Krebs and Henseleit to be a cyclic
proaess wherein ornithine, citrulline and arginine acted as carrier compounds (Krebs HA and
Henseleit K, 1932). The excess of ammonia is channeled to the mitochondria of liver cells and
converted into carbamoyl phosphate. The reaction of Ha@@ NH (carrying the first atom
of waste nitrogen) is catalyzed by carbamoyl phosphate synthetase 1 (CPS1) and requires co-
operation of N-acetyl glutamate (NAG) cofactor. Energy for the reaction is supplied by the
hydrolysis of two molecules ATP.

Still in the mitochondrial matrix, carbamoyl phosphate enters the urea cycle. Ornithine
transcarbamylase (OTC) transfers the carbamoyl group to ornithine, producing citrulline. The
energy for the reaction is provided by the high-energy anhydride of carbamoyl phosphate.
Ornithine arising in the cytosol, as well as citrulline synthesized in the mitochondrion, are
transported through mitochondrial membrane by the action of ornithine/citrulline antiporter
(Bradford N and McGivan J, 1980) encoded by the ORNT1 gene. ORNT1 is a member of the
solute carrier family of transporters and as such is also identified as S.C25A15 (Camacho JA,
et al., 1999).

Once present in the cytosol, citrulline acquires a second atom of waste nitrogen by
condensation of citrulline’s ureido group with an aspartate amino group. The reaction is
catalyzed by argininosuccinate synthetase (ASS). The ureido oxygen atom is activated as a
leaving group through formation of a citrullyl-AMP intermediate, which is subsequently
displaced by the aspartate amino group. Therefore the reaction requires hydrolysis of one
molecule ATP. With formation of argininosuccinate, all of the urea molecule components have
been assembled.

The subsequent elimination of fumarate from the argininosuccinate under action of
argininosuccinate lyase (ASL) leads to the production of arginine, the urea’s immediate
precursor. Fumarate is then converted via the fumarase and malate dehydrogenase reactions to

oxaloacetate, which is used in gluconeogenesis.



The final reaction of the urea cycle is the hydrolysis of arginine to yield urea and regenerate
ornithine. The reaction is catalyzed by arginase 1 (ARG1). Ornithine is then returned to the
mitochondrion for another round of the cycle. The urea cycle thereby converts two amino
groups, one from NHj3 and one from aspartate, and a carbon atom from bicarbonate to the
relatively nontoxic excretion product urea (Voet D and Voet JG, 1995).

The total cost of energy equivalent to 3 molecules ATP and a PP; consumed in the
production of urea is more than recovered by the release of energy formed during the synthesis
of the urea cycle intermediates. Ammonia released during the glutamate dehydrogenase
reaction is coupled to the formation of NADH. In addition, when fumarate is converted back to
aspartate, the malate dehydrogenase reaction used to convert malate to oxaloacetate generates a
mole of NADH. These two moles of NADH, thus, are oxidized in the mitochondria yielding 6
moles of ATP.

The capacity of the liver for ureagenesis is sufficiently in excess of usual rates of urea
production (Beliveau CG, et al., 1993) so that it can immediately respond to acute increases in
waste nitrogen load. In short-term, regulation of urea synthesis is mediated by three factors:
substrate availability (Krebs HA, et al., 1973; Cohen NS, et al., 1987), changes in the activity
of CPS1 caused by changes in the concentration of its allosteric activator NAG (Shigesada K
and Tatibana M, 1971; Meijer AJ and Verhoeven AJ, 1984) and the acid-base status (Bean ES
and Atkinson DE, 1984). Between these factors, substrate availability is probably the most
important determinant of short-term changes in rates of ureagenesis (Beliveau CG, et al.,
1993). The regulation CPS1 via availability of NAG is important even in this aspect, as
carbamoyl phosphate plays a role of key substrate at the entry of the urea cycle. The levels of
NAG are controlled not only by concentration of its precursors acetyl-CoA and glutamate, but
also by the activity of the enzyme catalyzing its synthesis, N-acetylglutamate synthase
(NAGS). This additional level of control is reciprocally linked to the urea cycle through
arginine, the final intermediate of urea synthesis, which acts as a positive allosteric effector of
NAGS (Sonoda T and Tatibana M, 1983).

Longer-term changes in activity of the urea cycle enzymes occur in response to alterations
in amino acid nitrogen flux resulting from changes in dietary protein intake or catabolism of
endogenous protein. Glucagon, insulin, and glucocorticoids play major roles in mediating
changes in activity of the urea cycle enzymes under these conditions and altered rates of
transcription represent a major portion of changes in expression of the urea cycle enzymes
(Morris SM, 2002).



Defects in the urea cycle result in the incapability of wasting nitrogen from the breakdown
of protein and other nitrogen-containing molecules from the organism. Reduced wasting
capacity of nitrogen commonly leads to hyperammonemia, a metabolic disturbance
characterized by an excess of ammonia in the blood.
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Figure 1: The urea cycle. Enzymes: (1) carbamoyl phosphate synthetase, (2) ornithine
transcarbamoylase, (3) argininosuccinate synthetase, (4) argininosuccinate lyase, and (5)
arginase. The reactions occur in part in the mitochondrion (blue ellipse) and in part in the
cytosol with ornithine and citrulline being transported across the mitochondrial membrane by
specific transport systems (yellow circles). One of the urea amino groups (green) originates as
the NH3 product of the glutamate dehydrogenase reaction (top).The other amino group (red) is
obtained from aspartate through the transfer of an amino acid to oxal oacetate via
transamination (right). The fumarate product of the argininosuccinase reaction is converted to
oxal oacetate for entry into gluconeogenesis via the same reactions that occur in the citric acid
cycle but take place in the cytosol (bottom).The ATP utilized in reactions 1 and 3 of the cycle
can be regenerated by oxidative phosphorylation from the NAD(P)H produced in the glutamate
dehydrogenase (top) and malate dehydrogenase (bottom) reactions (Figure adapted from Voet
D and Voet JG, 1995).

1.1.2. Ureacycledisorders
Urea cycle disorders (UCDs) are inborn errors in the metabolism of waste nitrogen that can

lead b brain damage and death due to increased levels of blood ammonia. They involve
deficiencies in one of the enzymes required by the urea cycle: carbamoyl phosphate synthetase
1 (CPS1D, MIM#237300), ornithine transcarbamylase (OTCD, MIM#311250),
argininosuccinate synthetase (ASSD, MIM#215700), argininosuccinate lyase (ASLD,
MIM#207900) and arginase 1 (ARG1D, MIM#207800), each with considerable genetic and
phenotypic variability (Table 1). They also encompass deficiencies of N-acetylglutamate
synthase (NAGS) (MIM#237310) associated with lack of the N-acetylglutamate (NAG),
essential allosteric activator of CPS1, and of the mitochondrial ornithine/citrulline transporter
(ORNT1), causing the hyperornithinemia-hyperammonemia-homocitrullinuria (HHH)
syndrome (MIM#238970) (Table 1). All listed deficiencies are inherited in an autosomal
recessive manner, except for OTCD which is X-linked. The overall prevalence of UCDs varies
between 1:8,000 - 1:44,000 (Brusilow SW and Maestri NE, 1996; Dionisi-Vici C, et al., 2002;
Wilcken B, 2004); however, these frequencies might be underestimated because of unreliable
newborn screening and underdiagnosis of fatal cases.

UCDs are commonly characterized by hyperammonemia followed by encephalopathy, and
respiratory alkalosis. Four of these diseases - CPS1D, OTCD, ASSD, ASLD - are characterized

by signs and symptoms induced by the accumulation of precursors, principally ammonium and
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glutamine. The fifth disease, arginase deficiency, is characterized by a clinical picture
consisting of progressive spastic quadriplegia and mental retardation; symptomatic
hyperammonemia, which can be life-threatening, occurs neither as severely or as commonly as
in the other four diseases (Brusilow SW and Horwich AL, 2004). Infants with an UCD often
initially appear normal but the progression symptoms moves rapidly within 24 — 48 from
somnolence, through lethargy, to coma accompanied with a loss of thermoregulation resulting
in low core temperature and feeding disruption (Summar M, 2001). The hyperammonemia is
less sevie and the symptoms more subtle in patients with partial enzyme deficiencies. In such
cases, ammonia accumulation may be triggered by illness or stress at almost any time of life,
resulting in multiple mild elevations of plasma ammonia concentration followed by mild signs
of encephalopathy (Bourrier P, et al., 1988). The most common of these late-onset diseases
occurs in female carriers of a mutation in Odone of their X chromosomes.

The diagnosis of a urea cycle disorder is based on clinical suspicion and biochemical and
molecubr genetic testing. A plasma ammonia concentration of 1@/ or higher associated
with a norméanion gap and a normal plasma glucose concentration indicates potential
presence of an UCD. Plasma quantitative amino acid analysis can then distinguish between the
specific UCDs. Plasma concentration of arginine may be reduced in all urea cycle disorders,
except ARG deficiency, in which it is elevated 5-7 fold. Plasma concentration of citrulline
helps to discriminate between the proximal and distal urea cycle defects, as citrulline is the
product of the proximal enzymes (OTC and CPS1) and a substrate for the distal enzymes (ASS,
ASL, ARG) (Lanpher BC, et al., 2003). Urinary orotic acid is measured to distinguish CPSI
deficiency and NAGS deficiency from OTC deficiency (Leonard JV and Morris AA, 2002). A
definitive diagnosis of a urea cycle defect depends on either results of molecular genetic testing
or measurement of enzyme activity in a liver biopsy specimen. Molecular genetic testing is
available for all urea cycle defects.

The treatment of UCDs in the acute phase is based on rdption of plasma ammonia
concentration by dialysis, pharmacological activation of alternative excretion pathways of
excess nitrogen using nitrogen scavengers and on the reduction of neurologic damage related
risks. The therapy is accompanied by rigorous dietary modifications in order to limit protein
breakdown by discontinuing protein intake and supply sufficient glucose intravenously to limit

catabolism. However, complete restriction of protein should not exceed 24 - 48 hours, because

12



depletion of essential amino acids results in protein catabolism and nitrogen release (Summar
M, 2001).

Long-term management requires a decrease of nitrogen load by dietary protein restriction
and the use of nitrogen scavengers to provide alternative routes for nitrogen disposal such as
sodium phenylbutyrate or sodium benzoate. While sodium phenylbutyrate is converted in the
gut to sodium phenylacetate, which is conjugated in the liver with glutamine to form
phenylacetylglutamine, sodium benzoate is conjugated in the liver with glycine to make
hippuric acid. Both products are easily excreted by the kidneys. Also prompt replacement of
citrulline or arginine may be necessary depending on whether the defect is in a proximal or
distal urea cycle disorder. In the proximal UCDs, the defects block synthesis of arginine,
which, in combination with protein restricted diet, can lead to arginine deficiency.
Supplementation is therefore essential. Moreover, additional arginine will facilitate increased
production of citrulline and arginosuccinate, in ASSD and ASLD respectively, thus
contributing to nitrogen excretion. In CPS1D and OTCD, citrulline supplementation can be
substituted for arginine administration. Citrulline offers the advantage of incorporating
aspartate into the pathway thus pulling one additional nitrogen molecule into the cycle.

Despite intensive treatment, patients can suffer from recurrent hyperammonemia events,
notably during intercurrent illness. In such patients blood tests monitoring levels of plasma
ammonia should be performed routinely, and hospitalizations may be considered if levels rise
to high.
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Table 1: Overview of the urea cycle disordes

Disease Gene Genomic MiM Mechanism
symbol locus ID
N-acetylglutamate synthase (NAGS) NAGS 17921.31 237310 | Enzymatic block within
deficiency urea cycle
Carbamoyl phosphate synthetase 1 Enzymatic block within
o CPS1 2p35 237300
§ (CPS1) deficiency urea cycle
()
8 Ornithine carbamoyltransferase (OTC) Enzymatic block within
3 - oTC Xp21.1 311250
o deficiency urea cycle
N Argininosuccinate synthetase (ASS) Enzymatic block within
© - ASS1 9934.1 215700
é deficiency urea cycle
o o . Enzymatic block within
5 Argininosuccinate lyase (ASL) deficiency | ASL 7cen-q11.2 | 207900
urea cycle
Enzymatic block within
Arginase 1 (AR1) deficiency ARG1 6023 207800
urea cycle
Lack of mitochondrial
Hyperammonemia-Hyperornithinemia-
SLC25A15 | 13q14 238970 | ornithine as one of the
Homocitrullinuria syndrome
OTC substrates

defect

603471, | Lack of aspartic acid as

Citrullinemia type I SLC25A13 | 7q21.3
605814 one of the ASS substrates

Urea cycle transporter

1.1.3. The OTC gene
Ornithine carbamoyltransferase (OTC, EC 2.1.3.3, MIM#300461) is a mitochondrial matrix

enzyme catalyzing synthesis of the citrulline in the second step of the urea cycle in mammals.
Human OTC geneislocated on the short arm of chromosome X (Xp2l.1) (Lindgren V, et d.,
1984). The gene spans 73 kb and comprises 10 exons encoding a 354-amino acid monomer
(Hata A, et d., 1988). Mature mitochondrial human OTC is composed of three polypeptides
with identical primary structure comprising 322 amino acid residues with total molecular
weight of approximately 36 kDa (Kalousek F, et al, 1978). The remaining 32 amino acid
residues are related to the leader peptide (Horwich AL, et a., 1984) which is recognized by a
complex of molecular chaperons preventing irreversible misfolding involving the heat shock
cognate 70 protein (hsc70), a human homolog of bacterial heat shock protein Dnal called
pHSDJ, presequence binding factor (PBF), and mitochondrial stimulating factor (MSF). The

chaperon complex is also responsible for targeting the OTC subunit to the mitochondrial matrix
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where, after hydrolytic cleavage of leading sequence, homotrimeric mature OTC is assembled
by mhsp60, cpnl10 and ATP (Snodgrass PJ, 2004).

Genomic variations in the OT&ding regions and adjacent intronic sequences were
thoroughly investigated in a variety of detailed haplotype analyses (Azevedo L, et al., 2003;
Tuchman M, et al., 2002; Yamaguchi S, et al., 2006) and a total of 434 various mutations have
been listed in the latest release of HGMD database (HGMD® professional release 2013.2,
http://www.hgmd.cf.ac.uk). Using the current molecular screening methods, mutations are
found in about 80% of patients. A subset of non-confirmed patients may carry a causative
mutation in regulatory domains (Yamaguchi S, et al., 2006). Such mutations, however, have
not been reported yet.

The transcription start site (TSS) of human Q¥&sfirst assigned to the position c.-135
(GenBank K02100; Horwich AL, et al., 1984). Later published data suggest that transcription
of human OTCdoes not initiate at a particular site but within a region of about 70 bases, mostly
at preferred positions c¢.-95, ¢.-120, c¢.-150, c.-161 and c.-166 (Brusilow SW and Horwich AL,
2004). These facts are in partial correlation with the records of expressed sequence tags (ESTS)
library containing several spliced variants: Four records are starting at position c.-92, one at
position ¢.-120, two around position c.-151 and one is transcribed from the position 169 bp
upstream of translation initiation site (TIS).

OTC is expressed predominantly in hepatocytes and epithelial cells of the intestinal mucosa
(Rydl J, et al., 1985; Hamano Y, et al., 1988). The mechanism of the tissue specific pattern of
Otc expression was first studied in mouse. It has been shown that the 0.8 kb 5’-flanking region
of the mouse gene (Veres G, et al., 1986) and 1.3 kb region of the rat gene (Murakami T, et al.,
1989) contained sufficient information to control @tene expression. However, this 5'-
flanking region itself was apparently not sufficient to achieve physiological levels of Otc
expression in the liver. In transgenic experiments using sparse fur mice, Jones, et al. (1990)
showed that the Otgromoter was capable of direct liver- and intestine-specific transcription,
but the expression level of the introduced gene was much lower than in wildtype mice with
endogenous Otexpression (Jones SN, et al. 1990). Indeed, a 230 bp positive regulatory
element (distal enhancer) situated 11 kb upstream of the TSS has been identified in the rat
(Murakami T, et al., 1990).

Two positive cisacting regulatory elements located around the positions -187 and -104
upstream of TIS were identified in the rat and mouse promoter. Both of them can bind an
identical set of two members of orphan receptor superfamily: hepatocyte nuclear factor 4

(HNF-4) and chicken ovalbumin upstream promoter-transcription factor (COUP-TF). In co-
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transfection experiments, HNF-4 activated transcription of a reporter gene frqmno@toter
whereas competition with COUP-TF had a repressor effect (Kimura A, et al., 1993). Moreover,
HNF-4 seems to contribute to the tissue specific expression @sdts MRNA is present only

in a limited number of tissues such as the liver, kidney and intestine (Ryall J, et al., 1985;
Hamano Y, et al., 1988). On the other hand, COUP-TF exhibits rather ubiquitous expression
pattern (Miyajima N, et al., 1988) and therefore the competition for binding site can result in
repression oOtc in other tissues. The HNFad4s critical for urea homeostasis in mols®ue

Y, et al., 2002) since liver-specific HN&4ull mice exhibited elevated serum ammonia and
decreased serum urea, while the only significant decrease in protein expression within the urea
cycle enzymes was that of OTC. Similarly as in rat, two HeRFetognition motifs were

identified within the mouse 5’-flanking region at positions -111 bp and -191 bp upstream of the
TIS and HNF-4 binding was confirmed using a specific antibody. Moreover, co-transfection

of reporter constructs carrying mouse @tomoter with a rat HNFe# expression plasmid
increased the reporter gene activity in the CV-1 cells (Inoue Y, et al., 2002).

Nishiyori A, et al. (1994) demonstrated that rat @bdbhancer is activated by co-operation of
two liver-selective transcription factors: HNF-4 and CCAAT-enhancer-binding protein
(C/EBP). Furthermore, co-transfection experiments showed that both HNF-4 and3GEBP
necessary and neither alone is sufficient for activation of the reconstituted enhancer in non-
hepatic cells. Combinatorial operation of these two liver-enriched (but not strictly liver-
specific) transcription factors leads to more restricted liver-specific transcription of the Otc
gene (Nishiyori A, et al., 1994).

These data indicate that the tissue-specific Otc expression in rodents is based on the
promoter-enhancer interaction in the hepatocyte-specific transcription factor milieu. No such

regulatory elements have been reported in humans.
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1.2. Gaucher disease

1.2.1. Lysosomal storage diseases
Lysosomes are subcellular organelles responsible for the physiologic turnover of cell

constituentsThey contain a variety of catabolic enzymes operating in low pH environment,
that degrade biological macromolecules such as proteins, complex carbohydrates, nucleic
acids, lipids, sulfates, and phosphates. The end products are either reused by the cell or
eliminated from the body. The absence or loss of function of 1 enzyme along the pathway can
result in accumulation of an intermediate metabolic product.

Lysosomal storage diseases (LSDs) represent a heterogeneous group of more than 50 rare
inherited disorders characterized by accumulation of waste products in the lysosomes (Table
2). Progressive accumulation of these products leads to cellular distortion and dysfunction
(Wenger DA, et al., 20Q3Vilcox WR, 2004). Widespreahcellular destruction eventually
causes tissuand organ dysfunction observed in clinical abnormalities. Classically, LSDs
encompassed only enzyme deficiencies of the lysosomal hydrolases. More recently, the
concept of lysosomal storage disease has been expanded to include deficiencies or defects in
proteins necessary for the normal post-translational modification of lysosomal enzymes (which
themselves are often glycoproteins), activator proteins, or proteins important for proper
intracellular transport between the lysosome and other intracellular compartments (Table 2).
Almost all LSDs are inherited as autosomal recessive traits, except for the X-linked Fabry and
Hunter (mucopolysaccharidosis type Il [MPS 11]) diseases and Danon diSé#sex(WR,

2004; Sugie Ked., 2002. Individually, the incidence of these inherited diseasesés r

ranging between 1 in 50 000 and 1 in 4 & Hbwever, taken together, LSDs are far more
common, approxintaly 1 in 7000 to 8000 births making them a relatively common and
significant health problenMeikle PJ, et al., 1999). Centapopulations have a higher

incidence of parcular LSD compared with the general population. Ashkenazi Jewish
descendents are 50 to 60 times more likely to inherit mutations causing Gaucher, Tay-Sachs,
Niemann-Pick type A, and mucolipidosis IV (Wilcox WR, 2004; Edelmann L, et al., 2002;
Natowicz MR and Prence EM, 1996). Salla disease and aspartylglucosaminuria are more
prevalent among those of Finnish descent, and type 3 Gaucher disease is most frequent among
individuals with Swedish ancestry (Poorthuis BJ, et al., 1999; Mononen T, et al., A981P,

et al., 1986). As an increasing number of patients with milder forms are being identified, the

current figures may underestimate the actual frequencies of lysosomal storage disorders.
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The LSDs are primarily classified according to the nature of the stored material (Table 2).
More recently they have tended to be classified by the molecular basis of the defect. Broad
categories include MPS, GMjangliosidoses, neutral glycosphingolipidoses, glycoproteinoses,
mucolipidoses,dukodystrophies, glycogen storage diseases, disorders of neutral lipids, and
disorders of protein transport or trafficking (Hopkin R and GrabowsRki0B4; Wilcox WR
2004). The emerging classification of diseases based on the recent understanding of the
molecular basis LSDs is reported in Table 2 including groups of disorders caused by non-
enzymatic lysosomal protein defects, transmembrane protein defects, lysosomal enzyme
protection defects, post-translational processing defects of lysosomal enzymes, trafficking
defects in lysosomal enzymes and polypeptide degradation defects (Filocamo M and Morrone
A, 2011).
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Table 2: Overview of lysosomal storage disorders

Disease Defective protein Main storage materials Gene Genomic locus MIM ID
symbol
Mucopolysaccharidoses (MPSs)
MPS | (Hurler, Scheie, a-lduronidase Dermatan sulphate, IDUA 4p16.3 607014, 607015,
Hurler/Scheie) heparan sulphate 607016
MPS Il (Hunter) Iduronate sulphatase Dermatan sulphate, IDS Xq28 309900
heparan sulphate
MPS IIl A (Sanfilippo A) Heparan sulphamidase Heparan sulphate SGSH 17925.3 252900
MPS Il B (Sanfilippo B) Acetyl a-glucosaminidase Heparan sulphate NAGLU 17921 252920
MPS Il C (Sanfilippo C) Acetyl CoA: a-glucosaminide Heparan sulphate HGSNAT 8p11.21 252930
N-acetyltransferase
MPS 1l D (Sanfilippo D) N-acetyl glucosamine-6- Heparan sulphate GNS 12914.3 252940
sulphatase
MPS IVA (Morquio A) Acetyl galactosamine-6- Keratan sulphate, GALNS 16p24.3 253000
sulphatase chondroiotin 6-sulphate
MPS IV B (Morquio B) B-Galactosidase Keratan sulphate GLB1 3p22.3 253010
MPS VI (Maroteaux-Lamy) Acetyl galactosamine 4- Dermatan sulphate ARSB 5q14.1 253200
sulphatase (arylsulphatase B)
MPS VII (Sly) B-Glucuronidase Dermatan sulphate, GUSB 7q911.21 253220
heparan sulphate,
chondroiotin 6-sulphate
MPS IX (Natowicz) Hyaluronidase Hyluronan HYAL1 3p21.31 601492
Sphingolipidoses
Fabry a-Galactosidase A Globotriasylceramide GLA Xp22.1 301500
Farber Acid ceramidase Ceramide ASAH1 8p22 228000
Gangliosidosis GM1 (Types |,  GM1-B-galactosidase GM1 ganglioside, GLB1 3p22.3 230500, 230600,
I1, 1) Keratan sulphate, oligos, 230650
glycolipids
Gangliosidosis GM2, Tay- B-Hexosaminidase A GM2 ganglioside, oligos, HEXA 15923 272800
Sachs glycolipids
Gangliosidosis GM2, Sandhoff ~ B-Hexosaminidase A + B GM2 ganglioside, oligos ~ HEXAB 15023, 5013.3 268800
Gaucher (Types I, II, 11I) Glucosylceramidase Glucosylceramide GBA 1922 230800, 230900,
231000
Krabbe B-Galactosylceramidase Galactosylceramide GALC 14p31.3 245200
Metachromatic leucodystrophy  Arylsulphatase A Sulphatides ARSA 22913.33 250100
Niemann-Pick (type A, type B) ~ Sphingomyelinase Sphingomyelin SMPD1 11p15.4 257200, 607616
Olygosaccharidoses (glycoproteinoses)
Aspartylglicosaminuria Glycosylasparaginase Aspartylglucosamine AGA 4q34.3 208400
Fucosidosis a-Fucosidase Glycoproteins, FUCA1 1p36.11 230000
glycolipids, Fucoside-rich
oligos
a-Mannosidosis a-Mannosidase Mannose-rich oligos MAN2B1 19p13.2 248500
B-Mannosidosis B-Mannosidase Man(B1 — 4)GInNAc MANBA 4q24 248510
Schindler N-acetylgalactosaminidase Sialylated/ NAGA 22913.2 609241
asialoglycopeptides,
glycolipids
Sialidosis Neuraminidase Oligos, glycopeptides NEU1 6p21.33 256550
Glycogenoses
Glycogenosis II/Pompe a1,4-glucosidase (acid Glycogen GAA 17925.3 232300
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maltase)

Lipidoses
Wolman/CESD Acid lipase Cholesterol esters LIPA 10923.31 278000
Non-enzymatic lysosomal protein defect
Gangliosidosis GM2, GM2 activator protein GM2 ganglioside, GM2A 5q33.1 272750
activator defect oligos
Metachromatic leucodystrophy ~ Saposin B Sulphatides PSAP 10922.1 249900
Krabbe Saposin A Galactosylceramide PSAP 10922.1 611722
Gaucher Saposin C Glucosylceramide PSAP 10922.1 610539
Transmembrane protein defect
Transporters
Sialic acid storage disease; Sialin Sialic acid SLC17A5 6913 269920, 604369
infantile form (ISSD) and adult
form (Salla)
Cystinosis Cystinosin Cystine CTNS 17p13.2 219800
Niemann-Pick Type C1 Niemann-Pick type 1 (NPC1) Cholesterol and NPC1 18q11.2 257220
sphingolipids
Niemann-Pick, Type C2 Niemann-Pick type 2 (NPC2)  Cholesterol and NPC2 14924.3 607625
sphingolipids
Structural Proteins
Danon Lysosome-associated Cytoplasmatic debris LAMP2 Xq24 300257
membrane protein 2 and glycogen
Mucolipidosis IV Mucolipin Lipids MCOLN1 19p13.2 252650
Lysosomal enzyme protection defect
Galactosialidosis Protective protein cathepsin A Sialyloligosaccharides CTSA 20913.12 256540
(PPCA)
Post-translational processing defect
Multiple sulphatase deficiency ~ Multiple sulphatase Sulphatides, glycolipids, ~ SUMF1 3p26.1 272200
GAGs
Trafficking defect in lysosomal enzymes
Mucolipidosis Ila/B, Illa/B GlcNAc-1-P transferase Oligos, GAGs, lipids GNPTAB 12923.2 252500, 252600
Mucolipidosis llly GlcNAc-1-P transferase Oligos, GAGs, lipids GNPTG 16p13.3 232605
Polypeptide degradation defect
Pycnodysostosis Cathepsin K Bone proteins CTSK 1921.3 265800
Neuronal ceroid lipofuscinoses (NCLs)
NCL 1 Palmitoyl protein thioesterase ~ Saposins A and D PPT1 1p34.2 256730
(PPT1)
NCL 2 Tripeptidyl peptidase 1 (TPP1)  Subunit ¢ of ATP TPP1 11p154 204500
synthase
NCL 3 CLN3, lysosomal Subunit ¢ of ATP CLN3 16p11.2 204200
transmembrane protein synthase
NCL 5 CLNS, soluble lysosomal Subunit ¢ of ATP CLN5 13922.3 256731
protein synthase
NCL 6 CLNG, transmembrane protein ~ Subunit ¢ of ATP CLNG6 15023 601780
of ER synthase
NCL7 CLC7, lysosomal chloride Subunit ¢ of ATP MFSD8 4q28.2 610951
channel synthase
NCL 8 CLNB8, transmembrane protein ~ Subunit ¢ of ATP CLN8 8p23.3 600143
of endoplasmic reticulum synthase
NCL 10 Cathepsin D Saposins Aand D CTSD 11p15.5 610127
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The spectrum of clinical phenotypesis very broad including organomegaly and central
nervous system dysfunction. The patients suffering from LSD are mostly born apparently
healthy and the symptoms develop progressively. In several LSDsthe infantile, juvenile and
adult form of disease is distinguished depending on the age of onset. The severity and extent of
the disease are often inconsistent, even within families, and patients with identical genotypes
can have significantly different phenotypes (Wilcox WR, 2004). Disease phenotypes may
differ in age of onset, complexity of the storage product, rate of substrate accumulation, and
tissue distribution (Wilcox WR, 2004). These observations of disease heterogeneity are related,
in part, to the complexity of enzyme kinetics. Each tissue type has a set threshold of enzymatic
activity, below which pathological changes manifest (Hopkin R and Grabowski G, 2004).
Threshold activities are dependent on substrate flux, cellular turnover, and metabolic demand.
Theresidual activity of the defective protein additionally complicates the kinetic model since
small variations can greatly influence the rate of substrate accumulation and disease
development (Beck M, 2001). Genetic background, environmental factors, and lack of the final
metabolic product of the affected pathway can aso influence pathological expression (Hopkin
R and Grabowski G, 2004; Wilcox WR, 2004; Beck M, 2001).

Many LSDs have central CNS involvement, with or without somatic features. Tissues that
normally have a high flux of the accumulating substrate are most affected. Clinical features
suggestive of aL SD include developmental delay, progressive regression after a period of
normal development, ataxia, seizures, weakness, and dementia (Wenger DA, et a., 2003). A
L SD diagnosis should aso be considered in the presence of course facia features, bone
abnormalities, corneal clouding, unexplained joint stiffness, unexplained bone pain or burning
neuropathic pain, psychiatric problems, nonimmune fetal hydrops, or organomegaly (Wenger
DA, et a., 2003; Wilcox WR, 2004). The diagnosisis definitively confirmed by the detection
of enzymatic deficiency at the molecular level. Lysosomal enzyme activities are usualy
determined by afluorometric assay in cultured fibroblasts, leukocytes or sera. Biochemical
testing is often accompanied with molecular genetic testing, which also enables prenatal and
postnatal testing and allows the provision of genetic counseling. In addition, molecular genetic
testing can clarify the type of genetic variation and itsimpact on the protein and on the
presence of residual enzyme activity. Thisinformation is crucia in evaluating treatment
options (Marsden D and Levy H, 2010).

For amagjority of LSDs, therapeutic management consists of symptomatic care of disease
manifestations with no possibility for cure. Supportive care measures are disease specific,

depending on the organs involved and degree of physical impairment. However, there are no
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known cures for LSDs. Some alternative therapeutic approaches such as hematopoietic stem
cell transplantation and enzyme replacement therapy are recently available treatment options

for patients with certain types of LSDs.

1.2.2. Metabolism of glycosphingolipids and Gaucher disease
Glycosphingolipids (GSLs) are ubiquitous constituents of eukaryotic plasma membranes and

the major glycans of the vertebrate brain, where more than 80% of glycoconjugates are in the
form of glycolipids. They are composed of a glycan structure attached to a lipid tail that
contains the sphingolipid ceramide. The basic structure for a glycosphingolipid is a
monosaccharide, usually glucose or galactose, attached directly to a ceramide molecule and
resulting in glucosylceramide (GlcCer) or galactosylceramide (GalCer) respectively. The core
glycan structure may be extended by additional monosaccharides. This combination structure
results in an amphiphilic molecule with a hydrophilic carbohydrate region and a hydrophobic
lipid region. In addition to variations in the structure of the glycan, the ceramide structure may
also show variations. The fatty acid attached to the sphingosine may contain carbon chain
lengths from Cy4 to C,4 and vary in degree of unsaturation and/or hydroxylation. Depending on
the glycan structure and modifications the GSLs are divided into four principal classes:
cerebrosides, sulfatides, globosides and gangliosides.

Once incorporated into the cytoplasmatic membrane, glycosphingolipids are clustered in
small lateral microdomains of self-associating membrane molecules called “lipid rafts”. In that
case, the ceramide lipid moiety is embedded in the outer leaflet of the membrane and the
oligosaccharide structures are oriented into the extracellular milieu. They form cell type
specific profiles which characteristically change in development, differentiation and oncogenic
transformation, suggesting their implication in fundamental cellular processes including
growth, differentiation, morphogenesis, cell to matrix interaction and cell to cell
communication. The functions of membrane-associated glycosphingolipids could be divided
into two major categories: mediating cell—cell interactions via binding to complementary
molecules on opposing plasma membranes (trans recognition) and modulating activities of
proteins in the same plasma membrane (cis regulation). More complex glycosphingolipids thus
contribute to the cell—cell recognition and to the regulation of signal transduction.

The biosynthesis of GSLs occurs in a stepwise fashion, with an individual sugar added first
to ceramide and then subsequent sugars transferred by glycosyltransferases from nucleotide

sugar donors. Ceramide is synthesized on the cytoplasmic face of the endoplasmic reticulum
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(ER); it subsequently equilibrates to the lumenal face and traffics to the Golgi compartment.
GlcCer is synthesized on the cytoplasmic face of the ER and early Golgi apparatus; it then flips
into the Golgi lumen, where it is typically elongated by a series of glycosyltransferases. In
contrast, GalCer is synthesized on the lumenal face of the ER and then traffics through the
Golgi, where it may be sulfated to form sulfatide. The process is regulated by the availability of
nucleotide sugar donors used by glycosyltransferases in the Golgi lumen (including UDP-Gal,
UDP-Glc, UDP-GIcNAc, UDP-GalNAc, and CMP-NeuAc), which ultimately affect the final
structure of glycans. Their levels are modulated by synthetic enzymes located in the cytoplasm
or nucleus and by the activity of nucleotide sugar transporters in the Golgi membrane. An
additional level of regulation may occur via stable association of different glycosphingolipid
glycosyltransferases into functional “multiglycosyltransferase” complexes. The multiple
enzymes are then thought to act concertedly on the growing glycosphingolipid without
releasing intermediate structures, ensuring progression to the preferred end product.

The breakdown of complex GSLs occurs stepwise by sequential removal of sugars by
lysosomal hydrolases. Glycosphingolipids on the outer surface of the plasma membrane are
internalized, along with other membrane components, in invaginated vesicles that then fuse
with endosomes, resulting in the glycan facing the endosome lumen. Glycosphingolipid-
enriched areas of the endosomal membrane may then invaginate once again to form
multivesicular bodies within the endosome. When endosomes fuse with primary lysosomes,
glycosphingolipids become exposed to lysosomal hydrolases. The GSLs are metabolized to the
common components monosacharides, sphingosine and fatty acids, which are then available for
reuse. Individual defects in GSL hydrolases and other related proteins result in excessive

accumulation of specific GSLs in lysosomes leading to the various LSDs (Figure 2).

23



Figure 2: Disorders of GSL and ganglioside degradation. Inherited diseases (violet) caused
by genetic defects of individual hydrolases/proteins (blue) in the GSL and ganglioside
degradation pathway. Abbreviations: AC - acid ceramidase; ASA, arylsulphatase A; aSMase,
sphingomyelinase; S-Hex, p-hexosaminidase; GALC, s-galactosylceramidase; GCase,
glucosylceramidase; GLA, a-galactosidase A; GLB, f-galactosidase; GA1/2 and GM1/2,
ganglioside types; Sap, saposin (Figure adapted from Xu YH, et al., 2010).

The most common glycosphingolipid storage disease is Gaucher’s disease (GD), a rare
autosomal recessive storage disorder caused by the by a functional deficiency of the acid
hydrolase -glucocerebrosidase (EC.3.2.1.45). The immediate substrates for this enzyme are
GlcCer and its nonacylated analog, glucosylsphingosine. These glycosphingolipids arise from
the digestion of more complex glucosides and gangliosides present in cell membranes. Rare
variant forms of Gaucher disease result from deficiency of the sphingolipid activator protein,
saposin C (Beutler E and Grabowski GA, 2001). The storage of substrate primarily occurs in
the cells of the reticulo-endothelial system. The classic cellular hallmarks of GD are Gaucher
cells, macrophages with substrate-laden lysosomes. These macrophages accumulate namely in

the spleen and liver causing organ enlargement, as well as inflammation. Gaucher disease may
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occur at any age and in any human population with the overall prevalence of approximately
1:57,000 to 1:75,000 births (Meikle PJ, et al., 1999; Biegstraaten M, et a., 2008). Nevertheless,
GD is predominant in some popul ations, such as Ashkenazi Jews, where it represents the most
common inherited disorder with the prevalence of about 1:500 births (Beutler E, et a., 1993).

The GD has been divided into three clinical subgroups reflecting the degree and rate of
progression of involvement in the central nervous system (Westbroek W, et al., 2011). The
most frequent form is the non-neuronopathic GD type 1 (OMIM#230800) affecting about 90%
of patients. Clinical symptoms are restricted to the hematopoietic and skeletal system and
visceral organs. Commonly encountered manifestations include hepatosplenomegaly, anemia,
thrombocytopenia, and bone involvement. Many subjects have few manifestations and do not
reach diagnosis. Thisform is common in the people of Ashkenazi Jewish ancestry (Hruska KS,
et a., 2008; Goker-Alpan O, et a., 2005).

Type 2 or acute neuropathic GD (OMIM#230900) is the rarest and most severe type; it
most often presents in the first 6 months of life. Type 2 GD is associated with devastating and
progressive neurological manifestations leading to early death. Patients present regression of
developmental milestones, brainstem impairment, strabismus and opisthotonus. Seizures,
impaired gag reflex, and aspiration are common. Type 2 GD also has avariety of clinical
presentations and can be associated with hydrops fetalis, which is characterized by an abnormal
accumulation of fluid in the fetus and congenital ichthyosis, a skin disorder characterized by
dry, thickened, and flaky skin (HruskaKS, et al., 2008; Goker-Alpan O, et al., 2005).

Type 3 or chronic neuronopathic GD (OMIM#2301000) has a more slowly progressive
course and manifests with a spectrum of distinct clinical symptoms. Patients with type 3 GD
have a characteristic eye movement abnormality consisting of slowing of the horizontal
saccades. Type 3 GD can also be associated with myoclonic epilepsy, cognitive impairment or
psychiatric disturbances. Patients within this subgroup devel op calcifications of the aorta,
hydrocephalus and/or dysmorphic features. Type 3 GD is more common in the Norbottnian
region of Sweden (HruskaKS, et al., 2008; Goker-Alpan O, et al., 2005).

Severity and rate of disease progression widely varies, especialy in adults, which makes
treatment decisions extremely difficult in some patients. Currently thereis no effective
treatment for type 2 Gaucher patients. Therapeutic management of type 1 and type 3 GD
include enzyme replacement therapy using intravenously applied artificial enzymes or bone
marrow transplantation.

25



Enzyme replacement therapy is based on the provision of sufficient exogenous enzyme to
overcome the block in the catabolic pathway thus contributing to the clearance of the stored
substrate. The treatment is frequently effective in people with type 1 GD. Treatment resultsin
breakdown of stored GlcCer, reduction in liver and spleen size, amelioration or resolution of
anemia and thrombocytopenia, decreased bone pain, and increased bone mineralization and
remodeling over a period of several years. Unfortunately it remains unclear whether this
therapy is effective for the neurological problems of Gaucher disease.

Bone marrow transplantation has been undertaken in individuals with severe GD, primarily
those with chronic neurologic involvement (type 3 GD). Successful engraftment can correct the
metabolic defect, improve blood counts, and reduce increased liver volume. In afew
individuals, stabilization of neurologic and bone disease has occurred. However, the morbidity
and mortality associated with this technique limit its use in individuals with type 1 and type 3
GD. Therefore, this procedure has been largely superseded by enzyme replacement therapy.

1.2.3. The GBA gene
The gene encoding the acid -glucocerebrosidase (GBA, EC.3.2.1.45, MIM#606463) is located

on the chromosome 1 at a gene-rich locus 1921 (Entrez Gene) or 122 (Ensembl, HGNC). It
comprises 11 exons and 10 introns, spanning a sequence of 7.8 kb. A highly homologous
pseudogene (psGBA), resulting from a tandem duplication event involving ancestral GBA and
neighbouring metaxin genes, is located 16 kb downstream (Horowitz M, et a., 1989) and spans
5.5 kb in length, retaining the same organization of exons and introns as the functional gene.
Despite their different lengths, caused by several Alu insertions in introns of GBA, thereis 96%
sequence identity between the functional GBA gene and psGBA. Although the pseudogeneis
beeing consistently transcribed and the level of transcription in some cases seems to be equal to
that of the functional gene, its MRNA is degraded and no functional enzyme is synthesized. An
important feature useful in molecular diagnostic applications is the microdel etion of 55 bp
located in exon 9 of psGBA. The presence of a conserved pseudogene in the same locusis
responsible for a subset of Gaucher mutations originating from recombination events between
GBA and psGBA (Eya N, et ., 1990; Latham TE, et al., 1991).

Beside the mgjor transcript of GBA spanning approximately 2.6 kb (Horowitz M, et al.,
1989), several alternative mRNA sequences have been identified, including variants with

additional non coding exons -1 and -2. Human GBA cDNA contains 2 in-frame ATG start
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codons (Sorge J, et al., 1985), with the upstream ATG resulting in a protein with a 39-residue
signal peptide and the downstream ATG resulting in a protein with a 19-residue signal peptide.
The corresponding signal peptides differ in their hydrophobicity and either of them could
function to produce active enzyme in cultured fibroblasts (Sorge J, et al., 1987). Both precursor
variants are sharing the 536-residue sequence of functional glucocerebrosidase monomer. Only
one ATG translation initiation signal is present in the mouse sequence which shares 86%
sequence identity (O'Neill RR, et al., 1989).

Promoter regions of genes encoding lysosomal enzymes commonly share characteristic
features of housekeeping genes. The promoter of the glucocerebrosidase functional gene is
unusual in this respect since it contains TATA and CAAT boxes but no Sp1l binding site
(Horowitz M, et al., 1989). Moreover, the GBARNA is expressed differentially and
glucocerebrosidase activity varies widely between different cell types, thus indicating that
regulation of transcription is an important factor in the control of glucocerebrosidase
expression. On the other hand, other regulatory mechanisms should be considered as well as
the ratio between GBAMRNA and enzyme activity differs between cell lines. (Doll RF and
Smith FI, 1993). Analyses of the human proximal promoter point to the presence of both
regulatory enhancers and suppressors in the region delimited by nucleotide positions c.-354 and
€.267 according to the TIS. Some of these regulatory regions function constitutively, while
others appear to function in a cell-specific fashion (Doll RF, et al., 1995). Protein binding on
some of these elements was later confirmed by gel-shift and DNase | footprinting assays in a
more restricted region ranging c.-106 to ¢.82 (Moran D, et al., 1997). The 250 bp region
upstream of the initiation codon was recently identified as a highly conserved cluster of
transcriptional regulatory elements by computational comparisons of high quality genomic
sequences originating from human and 8 non-human vertebrates (Blech-Hermoni YN, et al.,
2010). Another highly conserved cluster of transcription factor binding sites, a downstream
enhancer spanning from the 3'UTR of GB&ough intron 3 of neighboring MTX1, was found
by the same method and transcriptional activity of both regions was confirmed in a set of
reporter assays (Blech-Hermoni YN, et al., 2010).

More than 300 different mutations have been identified in patients with GD (Koprivica V,
et al., 2000; Hruska KS, et al., 2008) and, up to date, 403 variations are recorded in the HGMD
database (HGMD® professional release 2013.2, http://www.hgmd.cf.ac.uk). These mutations
are scattered through GBaAnd include missense, nonsense, and frame-shift mutations as well

as insertions, deletions, and complex rearrangements. Unfortunately, successful identification
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of mutant GBAalleles is often complicated by interference with the highly homologous
pseudogene.

Genotype—phenotype correlations bring only a limited number of relevant conclusions.
There is significant phenotypic variation not only among patients with the same disease type,
but also among patients with identical genotypes (Sidransky E, et al. 1994; Grabowski GA,
1997). Most of mutations are found in patients with clinical signs of more than one type of GD
(Beutler E, 1992; Grabowski GA, 1997; Koprivica V, et al., 2000; Sidransky E, et al., 1994).
The most common mutations are p.N370S (c.1226 A > G), 84GG (c.84-85insG), p.L444P
(c.1448 T > C), and IVS2+1 (c.115+1G>A). In a study of Ashkenazi Jews, p.N370S was found
in 78% of patients whereas 95% of patients carried at least one of these common mutations. In
non-Jewish populations, the most common mutation was p.L444P (36%), followed by p.N370S
(29%) (Beutler E, 2006). The international registry of GD patients was created in 1991; in
1998, it included 1698 patients, of whom 84% had the p.N370S mutation in at least one allele
and 23% in both alleles; 30% had the p.L444P mutation in at least one allele and 8% in both
alleles (Charrow J, et al., 2000).
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1.3. Regulation of gene expression

1.3.1. Gene expression and control
Gene expression is the process by which information from a gene is used in the synthesis of

a functional gene product. The multi-level process consisting of chromatin remodeling,
transcription, RNA processing, translation and post-translational modification of proteins is

controlled at different stages.

Figure 3: Regulation of eukaryotic gene expression. Gene expression is a complex process

towards the formation of a functional protein. It involves numerous events at the level of

29



chromosome, DNA, RNA and protein. These, include chromatin remodeling (1), transcription
(2), RNA processing (3, 4), translation (5) and post-translation modifications (6). Some of
events take place in the nucleus (1, 2, 3),whereas protein formation and modification (5, 6)
occurs in the cytoplasm. The process is controlled by complex regulatory mechanisms at all
levels. Figure by Pearson Education, Inc., 2011.

On the largest scale, the expression of genetic information from chromosomes is performed
by changes in chromatin structure. The local structure during interphase depends on the genes
present on the DNA - the regions containing genes that are actively transcribed are packaged
more loosely and are found associated with RNA polymerases (euchromatin) while regions
carrying inactive genes are found associated with structural proteins and are packaged more
tightly (heterochromatin). In eukaryotes, chromatin organization plays a critical role in
transcriptional regulation (Figures 3 and 4). In the condensed form, chromatin can inhibit
access of transcription factors to the DNA and can thereby repress gene expression. In
eukaryotic organisms, with their very large number of genes, most of chromatin is condensed
into a “coiled coil” structure to prevent non-controlled over-expression of related genes.

In order for transcription to occur, the area around a prospective transcription zone needs to
be unwound. This is a complex process requiring the coordination of histone modifications,
transcription factor binding and other chromatin remodeling activities. Once the DNA is open,
specific DNA sequences are then accessible for specific proteins to bind. Many of these
proteins are activators, while others are repressors; in eukaryotes, all such proteins are often
called transcription factors (TFs). Each TF has a specific DNA binding domain that recognizes
a 6-10 base-pair motif in the DNA sequence, as well as an effector domain. For an activating
TF, the effector domain recruits RNA polymerase 11 (Pol 1), the eukaryotic mRNA-producing
polymerase, to begin transcription of the corresponding gene. Some activating TFs even turn
on multiple genes at once. All TFs bind at the promoters just upstream of eukaryotic genes,
similar to bacterial regulatory proteins. However, they also bind at regions called enhancers,
which can be oriented forwards or backwards and located upstream or downstream or even in
the introns of a gene, and still activate gene expression.

Most human genes are divided into exons and introns, and only the exons carry information
required for protein synthesis. Most primary transcripts are therefore processed by splicing to
remove intron sequences and generate a mature transcript or mRNA that only contains exons.
Another processes, important for stability and transport of mature mRNA, are modifications on
both, 5’- and 3’- termini. While the 5’- end capping by 7-methylguanosine occurs immediately
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after formation of first 25 bases within the elongation phase, cleavage the 3' terminus followed
by the addition of a poly A tail represents the termination of RNA transcription. As RNA
transcription occurs in the nucleus and only mature mRNA can translocate through nuclear
membrane, functional transcripts need to be modified before they are exported to the cytoplasm
for translation. Transcript processing thus provides an additional level of regulation in
eukaryotes. Moreover, due to the control of RNA splicing, eukaryotic cells can differentially
express genes in a variety of alternative transcripts performing various functions in the
organism.

Upon successful transcription, processing and transport to the cytoplasm, the mRNA is
finally competent to perform its function - translation of the sequence encoded by the gene into
the protein. The regulation at the level of translation is characterized by differential utilization
of preexisting mMRNAs. Compared to transcriptional regulation, translational control can ensure
more rapid changes in cellular concentrations of critical gene products. Most regulation is
exerted at the level of initiation where the pre-initiation complex (PIC) comprising the small
ribosomal subunit with loaded Met-tRNAI scans the 5’-untranslated region (UTR) for the
initiation codon. Recruitment of the PIC is modulated by mRNA secondary structure, antisense
RNA binding and eukaryotic initiation factors (elFs) that recognize the cap structure or the
poly(A) tail. Other mechanisms responsible for specific translational control include alterations
in translation elongation or poly(A) tail-length modulation. Initiation rate changes involve
mainly the interaction dfrans-acting factors (proteins or occasionally RNAs) withatsing
elements located in the &r 3 untranslated regions of a particular mRNA (Sonenberg N and
Hinnebush AG, 2009Jackson RJ, et al., 2010).

1.3.2. Regulation of transcription
As desabed in previous paragraph, the expression of eukaryotic protein-coding genes can

be regulatd at several steps, including transcription initiation, mMRNA processing, transport and
translation. Most regulation, however, is believed to occur at the level of transcription
initiation. The control of gene expression at the level of transcription is performed by altering
transcription rate — it controls when transcription occurs and how much mRNA is created. The
dynamic process is mediated through interaction of TFs with DNA sequences commonly
recognized as ciacting regulatory elements (alternatively called boxes, DNA modules,

initiator elements, or response elements). Genes transcribed by Pol Il typically contain two
distinct families of cisacting transcriptional regulatory DNA elements: a promoter, which is
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composed of a core promoter, and nearby (proximal) regulatory elements and distal regulatory
elements, which can be enhancers, silencers, insulators, or locus control regions (Figure 4).
While promoter is usually located directly in the 5’-flanking region, distal regulatory units can

be found in any location of the chromosorfelding, looping, or bending of the chromosomal

DNA may brirg such DNA regions close to the promoter. Also, TFs that bind to certain
enhancers or response elements may form a chain of proteins and create bridges from one DNA

site to another (Figure 4).

Figure 4: Transcription control in eukaryotes. Activator proteins bind to specific DNA
response elements and interact with proteins of co-activators, such as mediator complex, to
decondense chromatin and assembl e the pre-initiation complex of Pol 11 on promoters. Inactive
genes are assembled into regions of condensed chromatin where they are protected against
undesirable expression. The action of activators could be inhibited by repressor proteins or
modulated by insulators bound to other control elements. Repressors can further interact with
multiprotein co-repressor complexes to condense chromatin. The DNA chain loops and
presence of a mediator complex enable the interaction with distant regulatory regions. The
ability of different mediator subunits to interact with specific activation domains may
contribute to the integration of signals from several activators at a single promoter. (Figure
adapted from Lodish H, et al., 2000).

32



The transcription mediated by the multi-subunit enzyme Pol Il initiates at the core promoter
in the close proximity of TSS (Orphanides G, et al., 1996; Roeder RG, 1996; Hampsey M,
1998; Woychik and Hampsey 2002). Accurate and efficient transcription from the core
promoter requires the assembly of transcription PIC containing polymerase along with
auxiliary factors that are commonly termed the general transcription factors, which include
TFIA, TFIIB, TFIID, TFIE, TFIIF, and TFIIH. The first step in PIC assembly is binding of
TFIID, a multisubunit complex consisting of a TATA-box-binding protein (TBP) and a set of
13 associated factors (TAFs). Transcription then proceeds through a series of steps, including
promoter melting, clearance, and escape, before a fully functional RNA polymerase Il
elongation complex is formed. Interaction of TBP with core promoter could be facilitated and
stabilized by TFIIA, which also acts as a co-activator for some transcriptional activators,
assisting with their ability to increase transcription. The rest of PIC is assembled in following
order: TFIIB, complex RNA polymerase II-TFIIF, TFIIE and TFIIH. It appears that factors
TFIID and TFIIB have a critical role in the recognition of core promoter motifs.

The core promoter is considered as the minimal contiguous DNA sequence that is sufficient
to direct accurate initiation of transcription by the Pol 1l machinery. Typically, the core
promoter encompasses the site of transcription initiation and extends either upstream or
downstream for other additional 35-40 nucleotides. There are several sequence motifs that are
commonly found in core promoters such as the TATA box, initiator element (Inr), TFIIB
recognition element (BRE), motif ten element (MTE) and downstream core promoter element
(DPE) (Figure 5).

Figure 5.: General core promoter elements. General core promoter elements are shown as

color boxes with marked positions according to the TSS (black arrow). Consensus matrix
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sequences and corresponding factors are listed in the second and third row. (Figure adapted
from Maston GA, et al., 2006).

The major core promoter-binding factor is TFIID. The TATA-box is directly recognized
and bound by TBP, while the TAFs interact with sequences upstream and downstream to the
TATA-box. In certain promoters, the TATA-box cooperates with one or more elements to
direct efficient transcription initiation. Two TFIIB recognition elements BRE located either
upstream (BREu) or downstream (BREd) of the TATA-box (Deng W and Roberts SG, 2005;
Lagrange T, et al., 1998) function only together with the TATA-box. Similarly, the
contribution to promoter strength of the TAF1 recognition element DCE that is located
downstream relative to the TSS is also dependent on the presence of a TATA-box (Lee DH, et
al., 2005).

Another element conserved in most eukaryotes and strictly located around the TSS is the
Inr (Figure 5). The Inr can be weakly bound by Pol I1 itself or more strongly by PIC consisting
of TFIIB, TFIID, TFIIF and Pol Il (Carcamo J, et al., 1990) In that case the interaction is
mediated via TAF1 and TAF2 subunits of TFIID (Smale ST and Baltimore D, 1989; Kaufmann
J and Smale ST, 1994; Chalkley GE and Verrijzer CP, 1999). The Inr can function alone,
together with the TATA-box or in conjunction with two specific downstream core promoter
elements, the DPE and the MTE. Both elements are recognized by TFIID through the TAF6
and TAF9 subunits (Burke TW and Kadonaga JT, 1997; Burke TW, et al., 1998; Lim CY, et
al., 2004; Theisen JW, et al., 2010).

It is important to note that each of these core promoter elements is found in some but not all
core promoters. Bioinformatic studies revealed that about 46% of human promoters lack both
TATA-like and consensus Inr elements and TATA-like motifs are present in only about 30% of
human core promoters (Yang C, et al., 2007; Moshonov S, et al., 2008; Kim TH, et al., 2005).
These are specially tissue specific genes and genes involved in development, response to
wounding, response to external stimulus, inflammatory response and chromatin assembly
(Moshonov S, et al., 2008; Schug J, et al., 2005). In general, TATA-like motifs and related
elements are enriched genes that are highly regulated, whereas TATA-less genes are frequently
involved in basic “housekeeping” processes (Yang C, et al., 2007). Most of the mammalian
TATA-less promoters are associated with multiple CpG islands situated in the proximal
promoter (Bajic VB, et al., 2006; FitzGerald PC, et al. 2004; Schug J, et al., 2005). Methylation
at CpG dinucleotides is believed to repress transcription by blocking the ability of transcription

factors to bind their recognition sequences, thus providing more complex control of gene
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expression. Another poorly investigated phenomenon characteristic to a large number of
TATA-less and Inr-less promoters is transcription initiation from multiple sites, as opposed to
the single major site that is characteristic of promoters driven by a TATA-box or initiator (Frith
MC, et al., 2008). In such cases the Pol 1l machinery is probably recruited by a transcription
factor bound to a proximal promoter element. In the absence of a direct docking site, the Pol Il
is more flexible and can initiate transcription at favorable nucleotides in the vicinity of the
element. Another possibility might be the presence of a number of docking sites on the same
promoter to which the general machinery can weakly bind and direct transcription initiation.

In addition to the core promoter, other cis-acting DNA sequences that regulate RNA
polymerase Il transcription include the proximal promoter, enhancers, silencers, and
boundary/insulator elements (Figure 5) (Blackwood EM and Kadonaga JT, 1998; Bulger M
and Groudine M, 1999). These elements contain recognition sites for a variety of sequence-
specific DNA-binding factors that are involved in transcriptional regulation. Enhancers and
silencers can be located hundreds or thousands of nucleotides from the TSS and act either to
activate or to repress transcription. Boundary/insulator elements appear to prevent the
spreading of the activating effects of enhancers or the repressive effects of silencers or
heterochromatin.

On the whole, the regulation of transcription is a complex phenomenon. Some target genes
have a number of different response elements, with each one capable of responding to a
particular signal that is sufficient to initiate transcription. In these cases, the structural gene can
be activated both in different cell types and by diverse signals at different times during the life
cycle of an organism. There are also instances where a unique transcription factor regulates the
expression of a single structural gene. As well, proteins interact with a protein(s) of the
transcription complex to block transcription, either before initiation or during the elongation

process.
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2. Aims of the study

Our main goal was to extend the possibilities of molecular genetic testing for OTCD and GD.

We focused on the following specific aims:

1) To perform a detailed molecular characterization of OTC in 37 OTCD patients originating
from 29 families, including description of novel disease alleles, precise breakpoint mapping

of large rearrangements and genotype—phenotype correlation.

2) To define the 5’UTR, identify human OTC regulatory regions and investigate the functional
impact of a novel unique variation in the 5’-flanking region in a female patient with clinical

and biochemical signs of OTCD.

3) To perform detailed characterization of human OTC promoter and enhancer and identify

key elements responsible for transcriptional regulation of OTC expression.

4) To identify transcription start site(s) of human GBA non-coding exon -2, investigate the
upstream region for potential promoter activity and examine the expression pattern of
alternative transcripts originating from the two alternative promoters in a group of 20

Ashkenazi Jewish Gaucher patients homozygous for the common mild mutation p.N370S.
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3. Methods

3.1. General methods
Nucleic acid and protein isolation from human and animal cells and tissues

Polymerase chain reaction

Quantitative real-time polymerase chain reaction

DNA electrophoresis and restriction fragment length polymorphism analyses
Reverse transcription of total RNA (generation of cDNA)

DNA sequencing using the Sanger method

Molecular cloning

Cell culture techniques

3.2.  Specific methods

Mutation analysis
Genomic DNA was isolated from peripheral leukocytes using QlAamp columns (Qiagen,

Valencia, CA). Exons of human OTC, including the intron-exon boundaries, and four upstream
non-coding regions, i.e. promoter, enhancer and two highly conserved regions, were analyzed
by direct sequencing using the ABI Prism 3100 — Avant and ABI 3500 Genetic analyzers
(Applied Biosystems, Foster City, CA). For details, primer sequences and reaction conditions
see Ref | and Ref II.

Copy number analysis
In male patients, the approximate extent the deletions was assessed by inspection of

presence/absence of PCR products. In females, the copy number of OTC coding exons was
determined by the multiplex ligation-probe amplification assay (MLPA, MRC Holland,
Amsterdam, The Netherlands) according to the manufacturers instructions as decribed in Ref |
and Ref II.

Analysis of large deletions and gross chromosomal rearrangements
The analysis of gross chromosomal rearrangements was performed using the Affymetrix

Human SNP 6.0 array (Santa Clara, CA). Data analysis was performed within the Affymetrix
Genotyping Console 3.0.2 using CEU HapMap samples as the reference set. Breakpoints were
located by sequencing of PCR products overlapping the deletion boundaries. For more details,

see Ref I.
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Determination of transcription start sites
The 5'-terminal MRNA sequence was analyzed by RNA ligase-mediated rapid amplification of

cDNA ends (RLM-RACE) using the First-Choice™ RACE ready liver kit with total human
liver or placenta cDNA (Ambion, Austin, TX). Alternativelly, the GeneRacer™ Kit
(Invitrogen) with RNAs isolated from human leukocytes, liver, and placenta was carried out.
Both assays were performed according to the manufacturer’s instructions as described in Ref 11
and Ref IV. Major PCR products were gel-purified, cloned into the pCR2.1- or pCR4-TOPO®
vector (Invitrogen, Carlsbad, CA) and sequenced.

Construction of reporter plasmids
The fragments with corresponding overhangs were ligated into the Xhol or Kpnl (promoter

variants) and Sall (enhncer) restriction sites of pGL3 or pGL4. Different combinations of
inserts in both sense and anti-sense orientation were prepared in order to confirm the specificity
of their regulatory function. Serial deletions of promoter-containing constructs were created by
site-directed mutagenesis using the QuickChange XL site-directed mutagenesis kit (Stratagene,
La Jolla, USA). All resulting constructs were verified by sequencing. For complete list of

constructs and other details see Ref Il, Ref |1l and Ref IV.

Transient transfections and reporter gene assays
Transfection using Tfx-20 and FuGene HD reagents (Promega, Mannheim, Germany) were

performed in Opti-MEM media (Invitrogen, Carlsbad, CA) according to the manufacturer's
protocol. The pGL3- or pGL4-derived experimental constructs were cotransfected with the
Renilla luciferase containing plasmid pRL-TK in order to normalize reaction yields. Reporter
assays were performed using Dual Luciferase Reporter assay (Promega, Mannheim, Germany)
according to the manufacturer instructions with few modifications as described in Ref Il, Ref
Il and Ref I1VV. Emitted light was detected using a Berthold Sirius luminometer (Bundoor,
Australia) and Synergy 2 automatic microplate reader (BioTek, Winooski, VT).

Nuclear extract preparation
Nuclear and cytoplasmatic extracts were prepared from Hep-G2 cells using the NE-PER

nuclear extraction kit (Thermo Scientific, Waltham, MA) according to the manufacturer’s
instructions. Extracts were dialyzed according to Dignam, et al. (1983). Protein concentrations

were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA).
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DNase| footprinting
DNase | footprinting was used to analyse the interaction of nuclear proteins with the regulatory

regions. The method, based on the separation of fluorescently labeled products of DNase |
cleavage using capillary electrophoresis (Wilson DO, et al., 2001; Zianni M, et al., 2006), was
modified as described in Ref Ill. Cleaved DNA fragments were purified by phenol-chloroform
extraction followed by ethanol precipitation and separated by capillary electrophoresis on the

Applied Biosystems 3130 Genetic Analyzer.

Electromobility shift assays
Double-stranded biotin-labeled probes were prepared by standard PCR or by hybridization of

complementary oligonucleotides. The binding reactions with nuclear proteins were incubated
for 20 min at room temperature, separated using non-denaturing poly-acrylamide gel
electrophoresis and electro-blotted on the Amersham Hybond-N nylon membrane (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden). The membranes were fixed by baking or UV
crosslinking, processed using the Chemiluminiscent Nucleic Acid Detection Module (Thermo
Scientific, Rockford, IL) according to the manufacturer’s instructions and analyzed with the
FUJI LAS 3000 system (Fujifilm, Tokyo, Japan). A non-labeled DNA probe derived from the
consensus HNFedrecognition sequence was used in the competitor assays; A goat anti-HNF-
4a polyclonal antibody (Santa Cruz, Dallas, TX) was used in supershift assays. For detail list

of DNA probes, buffer compositions and reaction conditions see Ref Ill.

Real-time PCR
In case of GBAutlization of the transcription initiation sites was studied by quantitative RT-

PCR. Primers and TagMan probes were designed using Primer Express 3.0 software (Applied
Biosystems, Foster City, CA). All reactions were performed using StepOne™ Real-time PCR
system (Applied Biosystems). The cDNA was obtained by reverse transcription of Human
Placenta Total RNA or FirstChoice® Human Total RNA Survey Panel (both from Ambion)
using a High Capacity RNA-to-cDNA Kit (Applied Biosystems). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) anebgtin (ACTB) were used as endogenous controls fative
guantification. The Ct values were transformed to relative quantities using delta Ct method and
the expression stability was evaluated using geNorm (version 3.5) and NormFinder software

packages.
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Analysis of DNA methylation
The X-inactivation ratio in OTC patients was determined by analysis of methylation status of

the human androgen-receptor locus (HUMARA) as described elsewere (Dobrovolny R, et al.,
2005). The methylation status of the CpG island overlapping with P2 promoter of GBA gene
was studied using bisulphite sequencing. Bisulphite-modified genomic DNA of three control
individuals served as a template for amplification of the CpG-rich sequence in the vicinity of
P2 promoter in three fragments. Gel-purified products were sequenced. For more details see
Ref I and Ref IV.

In-silico predictions and other bio-informatic analyses
Human OTC promoter and enhancer regions were predicted on the basis of orthologous regions

in rat and mouse. Homology was assessed using the
NCBI Blast tool http://blast.ncbi.nim.nih.gov/Blast.cgi) and

UCSC genome browser Multiz Alignment&Conservation utility (http://genome.ucsc.edu).

Prediction of transcription factor binding sites in was performed with

Matlnspector (http://www.genomatix.de/shop/evaluation.html),

Match (http://www.gene-requlation.com/cgi-bin/pub/programs/match/bin/match.cqi),
TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.html) and
Alibaba2 (http://www.gene-requlation.com/pub/programs.htmi#alibaba?).

All reference DNA and transcript sequences were obtained from

NCBI (http://www.nchi.nlm.nih.gov/refseq/)

The GBA ESTs containing sequence homologous to exons —2 and —1 were identified using
BLAST and UCSC Genome Browser. The multiple alignment of exon —2 and P2 was modified
from 44-way alignment of assembled genomes

available from Galaxy (http://main.g2.bx.psu.edu/).

Statistical analysis
Descriptive statistics, parametric and non-parametric tests of statistical hypotheses, analyses of

variance (ANOVA) and multiple comparisons were performed using SigmaPlot software
(Systat Software, Chicago, IL). All values are given as mean x SD of replicates. The results
were evaluated with Kruskal-Wallis’s one way ANOVA on ranks, multiple comparisons were
set up using the Dunn's method. Differences at p<0.01 were considered as statistically

significant.
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4. Results

4.1. Ornithine carbamoyltransferase deficiency: molecular
characterization of 29 families

4.1.1. Commentary
The OTCD is the most common inherited defect of the urea cycle. Severity of clinical

symptoms is highly variable, apparently depends on genotype and in heterozygous females also
on X-inactivation pattern in hepatocytes. Although males with hemizygous null mutations
present with severe form of OTCD in neonatal period, males with hypomorphic mutations
develop first symptoms at any age from the neonatal period to late adulthood, or rarely remain
asymptomatic during their entire lifetimes (Brusilow SW and Horwich AL, 2004). About 20%
of female carriers develop clinical symptoms similar to those in males with late onset variants
(Tuchman M, et al., 2002).

This report presents results of molecular analysis in a cohort of OTCD patients containing
11 males with severe neonatal form, 17 males with late onset and 9 symptomatic female
heterozygotes coming from 29 families. We focused on novel disease alleles, precise
breakpoint mapping of large rearrangements and genotype—phenotype correlation.

We have identified 25 different mutations, 14 of which were novel. Three novel missense
mutations (p.Alal02Pro, p.Pro158Ser, p.Lys210Glu) and a novel deletion of the Leu43 are not
directly involved either in the enzyme active site or in the intersubunit interactions; however,
the mutations include conserved residues involved in intramolecular interaction network
essential for the function of the enzyme.

In one female and two male patients we identified 3 novel large deletions. A 444 kb
deletion g.1276_445398delins63 encompassed the entire locus containing 15 out of 19 exons of
RPGR and the entire OTC and TSPAN7 genes was accompaigned with 63 nucleotide insertion.
The other two large deletions affected only parts of OTC: the 10 kb-deletion
0.42940 _52876delinsT encompassing exons 5 and 6 and the 24.5 kb-deletion g.57467 82002
delinsCCT removing OTC exons 9 and 10. All three rearrangements have probably been
initiated by double strand breaks at recombination-promoting motifs with subsequent non-
homologous end-joining repair.

Moreover, we presented a manifesting heterozygote carrying a hypomorphic mutation
p.Argl29His in combination with unfavorably skewed X-inactivation in three peripheral

tissues.
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To our best knowledge, no further similar study of OTC mutations in a patient cohort has

been published to date.
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Ornithine carbamoyltransferase deficiency is the most common inherited
defect of the urea cycle. We examined 28 male and 9 female patients from
29 families and identified 25 distinct mutations in OTC, 14 of which were
novel. Three novel missense mutations (p.Alal02Pro, p.Prol158Ser,
p.Lys210Glu) and a novel deletion of the Leu43 are not directly involved
either in the enzyme active site or in the intersubunit interactions;
however, the mutations include conserved residues involved in
intramolecular interaction network essential for the function of the
enzyme. Three novel large deletions — a 444 kb deletion affecting RPGR,
OTC and TSPAN7, a 10kb-deletion encompassing OTC exons 5 and 6
and a 24.5 kb-deletion encompassing OTC exons 9 and 10 — have
probably been initiated by double strand breaks at
recombination-promoting motifs with subsequent non-homologous end
joining repair. Finally, we present a manifesting heterozygote carrying a
hypomorphic mutation p.Arg129His in combination with unfavorably
skewed X-inactivation in three peripheral tissues.
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Ornithine carbamoyltransferase (OTC, OMIM *300
461) is a mitochondrial enzyme which plays a key
role in the elimination of the toxic ammonia in protein
catabolism. Human OTC gene, located on Xp2l.1,
is expressed principally in the liver and is subject
to X-inactivation. Ornithine carbamoyltransferase
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deficiency (OTCD; OMIM #311250) is the most
common inherited defect of the urea cycle. Severity
of clinical symptoms of OTCD is highly variable,
apparently depends on genotype, and in heterozygous
females also on X-inactivation pattern in hepatocytes.
Although males with hemizygous null mutations
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present with severe form of OTCD in neonatal period,
males with hypomorphic mutations develop first
symptoms at any age, from the neonatal period to
late adulthood, or rarely remain asymptomatic during
their entire lifetimes (1). About 20% of female carriers
develop clinical symptoms similar to those in males
with late onset variants (2).

The aim of this report is a detailed molecular char-
acterization of 29 OTCD families including description
of novel disease alleles, precise breakpoint mapping
of large rearrangements and genotype—phenotype
correlation.

Patients and methods

Thirty-five patients from 27 families were Czechs and
Slovaks, one was Hungarian and one was Japanese
(Table 1). All were born at term with uneventful post-
natal adaptation. Twelve patients with neonatal OTCD
onset including one heterozygous female (patient 33)
presented in the first week of life with poor feed-
ing, tachypnea, apneic spells, progressive hypotonia
or tonic—clonic seizures and multiorgan failure due to
severe hyperammonemia. Blood levels of glutamine and
glutamic acid and urinary excretion of orotic acid were
markedly elevated. All boys (Patients 1-11) died in
early neonatal period.

Twenty-three symptomatic patients with late onset
including eight heterozygous females presented
between 8 months and 20 years of age with headaches,
abdominal pain, vomiting, diarrhea and progressive
apathy due to hyperammonemia. Three males with late
onset (patients 12, 16 and 26) died due to hyperam-
monemia at the age of 1, 13 and 6 years, respectively.

Genotyping in the families revealed 33 clinically
asymptomatic heterozygotes. All of them were healthy
with no history of clinical symptoms associated with
OTCD. Of the 15 examined heterozygous females, all
but one had urinary excretion of orotic acid within the
reference range. Markedly increased urinary orotic acid
was observed in 9 of these 15 heterozygotes during the
test with allopurinol.

The study was approved by the institutional review
board of the General University Hospital in Prague and
conducted in agreement with institutional guidelines.
Written informed consent for DNA investigation was
obtained from the study participants.

Mutation analysis was performed as described (3).
Potential impact of mutations on OTC function and/or
folding was assessed using multiple alignments of
orthologous protein sequences and human OTC and
structural data from Protein Data Bank (1C9Y and
available orthologs).

In male patients, the approximate extent of the dele-
tions was assessed by inspection of presence/absence
of PCR products. In females, the deletions were deter-
mined using the SALSA multiplex ligation probe
amplification (MLPA) KIT P079 OTC (MRC-Holland,
Amsterdam, the Netherlands) and the Affymetrix
Human SNP 6.0 array (Santa Clara, CA). Data anal-
ysis was performed within the Affymetrix Genotyping
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Console 3.0.2 using CEU HapMap samples as the ref-
erence set. Breakpoints were located by sequencing of
PCR products overlapping the deletion boundaries.

Sequence spanning 38,211,736 — 38,300,703 bp
region on chromosome X (GRCh37) and including
OTC was scanned for motifs CCTCCCT, CCTCCTT,
CCTCCCTT, CCCCACCCC, CCNCCNTNNCCNC,
GGNGGNAGGG and their complements known as
being associated with recombination hotspots (4, 5).
In addition, direct, inverted and mirror repeats capable
of non-B DNA structure formation implicated in
double strand breaks (DSBs) (6) were sought using
complexity analysis (7). The X-inactivation ratio
was determined by analysis of methylation status of
the human androgen-receptor locus (HUMARA) as
described earlier (8).

Results and discussion

Eleven male patients with severe neonatal form and
17 males with late onset coming from 22 families are
reported in this study. Two out of nine symptomatic
heterozygotes were siblings of male probands, whereas
other seven were index patients in their families.

In 37 patients we have identified 25 different muta-
tions, 14 of them being novel (Table 2). A novel 3 bp-
deletion resulting in elimination of a leucine residue
(p-Leu43del) was identified in patient 2. The leucine 43
residue (underlined) is situated within a stretch -Gly-
Arg-Asp-Leu-Leu-Thr-Leu- fully conserved in eight
vertebrate orthologs. Its deletion may abolish conserved
hydrophobic interactions of Leud43 with helix 4 and
impair folding of the enzyme.

None of the three novel missense mutations
p-Alal02Pro, p.Pro158Ser and p.Lys210Glu was
indicated to affect splicing by the SKIPPY program
(http://research.nhgri.nih.gov/skippy/) (9). Although
not directly involved either in the enzyme active site
or in the intersubunit interactions (10), the mutated
residues show critical intramolecular interactions with
other spatially neighboring highly conserved residues.
The mutation p.Alal02Pro possibly disrupts struc-
turally conserved helix 2. Both Pro158 and Lys210 are
at the surface of the active trimer. Prol58 is located
in an edge strand of a beta sheet. The side chain of
Lys210 shows polar interactions involving backbone
carbonyls of highly conserved residues in helices Hla,
Hé6a and a side chain of Tyr236 in H7 (10).

Sequencing of cDNA obtained from the liver
specimens of Patients 2, 5 and 16 did not reveal any
abnormally spliced transcripts caused by a deletion
c.126_128delTCT or substitutions ¢.304G>C and
c.829C>T, respectively. On the other hand, analysis
of cDNA of patient 26 showed that the transition
¢.867G>A, which did not lead to amino acid change
(p-Lys289Lys), abolished the natural splicing site and
resulted in the usage of an alternative exonic splicing
site and an in-frame deletion of 12 nucleotides in the
transcript.

Large deletions were identified in two males and
one female. In patient 1 a large deletion of 444 kb
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Table 1. Clinical, biochemical and molecular characterization of 37 patients with OTCD

Biochemical data at the time of clinical diagnosis?

Molecular findings

Gender, Plasma Urinary orotic acid Serum glutamate +
family Age of ammonia (mmol/mol glutamine Mutation (predicted Nature of
Patient member onset (umol/1) creatinine) (umol/l) effect on protein)? mutation
1 Male Neonatal 1700 104 3678 g.1276_445398 Inherited
delins63
Contiguous deletion
incl. OTC gene
2 Male Neonatal 5000 397 3276 p.Leud3del De novo
3 Male Neonatal 477 449 5959 p. Tyr73* De novo
4 Male Neonatal 1200 97 6316 p.Arg92* Inherited
5 Male Neonatal 1355 15 6131 p.Ala102Pro Inherited
6 Male Neonatal 1200 1646 8242 p.Glu154Alafs*18 Inherited
7 Male Neonatal 1500 351 Elevated p.Ser164* Inherited
8 Male Neonatal 500 614 N.D. Exons 5/6 deleted Inherited
(p.Val129Glyfs*134)
9 Male Neonatal 2800 700 N.D. p.Tyr183Cys Inherited
10 Male Neonatal 1100 228 8079 p.Ser207Asn De novo
11 Male Neonatal 1096 207 2921 p.Ser340Pro De novo
12 Male 8 months 800 99 1294 p.Arg129His (donor Inherited
splicing site affected)
13 Male 1year 260 1186 Elevated p.Pro158Ser De novo
14 Male 18years N.D. 17 524 p.Arg277Trp Inherited
15 Male, brother of P14 20years N.D. 30 1086 p.Arg277Trp Inherited
16 Male 13 years 400 928 657 p.Arg277Trp Inherited
17 Male, cousin of P16 9years 29 2 1209 p.Arg277Trp Inherited
18 Male, cousin of P16 8years 298 114 1740 p.Arg277Trp Inherited
19 Male, cousin of P16 asymptomatic 128 2 677 p.Arg277Trp Inherited
at 5 years
20 Male, grandfather of asymptomatic 32 3 553 p.Arg277Trp Inherited
P16 at 62
years
21 Male Byears N.D. 332 1619 p.Arg277Trp Inherited
22 Male 4years 33 69 1202 p.Arg277Trp Inherited
23 Male Oyears 197 59 1445 p.Arg277Trp Inherited
24 Male, brother of P23 9years 100 355 1317 p.Arg277Trp Inherited
25 Male 2years 148 135 1108 p.Arg277GIn Inherited
26 Male 1year 4500 N.D. N.D. p.Val286_Lys289del De novo
27 Male 6 months 396 538 1142 (2351 in p.Glu310del Inherited
cerebrospinal fluid)
28 Male 2 years 499 855 2717 p.*355Cysext*14 Inherited
29 Female, sister of P12 2years 65 480 1350 p.Arg129His (donor Inherited
splicing site affected)
30 Female, sister of P7 4 years 39 7 1392 p.Ser164* Inherited
31 Female Byears N.D. 27 1021 p.Gly195Arg Inherited
32 Female 8 months 364 168 N.D. p.Lys210Glu De novo
33 Female Neonatal 830 319 2776 p.Lys210GIn De novo
34 Female Byears 163 383 Elevated ¢c.717+1G>T (donor  De novo
splicing site affected)
35 Female 2years 489 1681 Elevated p.GIn285* Inherited
36 Female 3years 198 256 1672 Exons 9/10 deleted De novo
(p-Thr290_Phe354del)
37 Female 2 years 76 53 1104 c.1043delA De novo
(p-GIn348Argfs*47)

8Reference values: Plasma ammonia: neonates <90umol/l, other <60umol/I. Urinary orotic acid: 0—1year <6.6 mmol/mol
creatinine, 1-10years <3.5 mmol/mol creatinine, over 10 years <2.4 mmol/mol creatinine. Serum glutamate + glutamine: 0—1 month
200-1200 umol/l, 1 month—1 year 200—1100 umol/l, 1 year—18 years 200—900 umol/l, over 18 years 200—-800 pmol/l.
bCharacterization of the mutations is given in Table 2.
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(a)

(b)

()

Fig. 1. Genomic region encompassing large deletions in OTC. The deleted segments are shown by broken line. The positions of deletion breakpoints
are shaded. Positions of recombinogenic motifs are indicated by vertical arrows. Orientation of fragments is indicated by horizontal arrows. (a) A
deletion identified in patient 1: g.1276_445398delins63 (Reference sequence: NC_000023.10, REGION: 38139000-38585000). A 63 bp insertion
and AluJb from deleted segment of the RPGR gene show reverse orientation. (b) A deletion identified in patient 8: g.42940_52876delinsT (Reference
sequence: NC_000023.10, REGION: 38211736-38280703). (¢) A deletion identified in patient 36: g.57467_82002delinsCCT (Reference sequence:

NC_000023.10, REGION: 38211736-38295000).

encompassed 15 out of 19 exons of RPGR and the
entire OTC and TSPAN7 genes. An insertion of 63
nucleotides was identified between the breakpoints. A
part of the inserted fragment was found to be iden-
tical with the region g.41,647—41,704 that coincides
with the AluJb retroelement (Fig. 1a). This complex
mutation was likely originated through a two-step inser-
tion/deletion process (11) with the insertion occurring
first followed by a deletion. The insertion may have
occured through misalignment between two inexact
inverted repeats that occur upstream of the 5’ break-
point and the intermediate breakpoint and consist of
AluJb repeats in opposite orientation with subsequent
strand switching via interchromosomal serial replication
slippage (12). Recombinogenic motif CCCCACCCC
and its complement found in close proximity to the
intermediate breakpoint (position g.41,555) and the 3’
breakpoint (position g.445,313), respectively, may have
been responsible for DSBs and non-homologous end
joining (NHEJ) resulting in deletion.

6
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The other two large deletions affected only parts
of OTC: the 10kb-deletion encompassing exons 5
and 6 was identified in patient 8, whereas patient 36
was heterozygous for the 24.5kb-deletion removing
exons 9 and 10. Unlike the large deletions described
in the OTC gene by Engel (13) and Quental (14),
there are no repetitive elements in the vicinity of
the breakpoints of the deletions in patients 8 and 36.
Recombinogenic motifs CCTCCCT and its complement
AGGGAGG were found in close proximity to the
breakpoints of mutation in patient 8 (Fig. 1b). A similar
recombinogenic motif CCTCCTT and its complement
were also found in close proximity to the breakpoints
in patient 36 (Fig. 1c). The deletions most likely
have been mediated by DSBs and subsequent NHEJ
(15). Small insertions are common for this type of
recombination; they were observed in both cases. To
our knowledge, this mechanism has not been previously
described in OTC gene deletions.



In accordance with the published data (16), we
observed that hypomorphic mutations may cause a
broad spectrum of phenotypes even among the male
members of the same family: patient 16 developed
the symptoms of the disease and died at the age of
13 years, whereas his grandfather (patient 20) remained
asymptomatic till the age of 62 years.

Heterozygous females have even a wider spectrum
of disease manifestation due to variable X-inactivation
pattern in the liver. Patient 33 has been symptomatic
from the third day of her life (17). Patient 31 underwent
successful liver transplantation at the age of 14 years
indicated due to 2-3 hyperammonemic episodes per
year during puberty. During the 2 years after transplan-
tation she did not manifest any symptoms.

Our data, as well as the previously published findings
(18), showed that symptomatic heterozygous OTCD
females carry mutations almost exclusively associat-
ing with the severe phenotype, whereas heterozygous
females carrying less deleterious mutations remain gen-
erally asymptomatic. Only two unrelated heterozygotes
carrying a hypomorphic mutation were reported to man-
ifest the symptoms of OTCD (19, 20). In our study,
we identified a third case of a symptomatic carrier of a
hypomorphic mutation (patient 29), who presented with
episodes of vomiting and nausea.

It is usually accepted that X-inactivation in peripheral
blood cells may not fully reflect the pattern in the liver.
This concept is based on analysis of a single OTCD
patient (21). By contrast, Bittel (22) and Minks (unpub-
lished results) evaluated X-inactivation patterns in
multiple tissues, including the liver and blood cells from
31 females unaffected by OTCD and found that the
differences in X-inactivation skewing in tissues from
the same individual, while present, are not prominent.

To our knowledge, X-inactivation pattern has not
been analyzed in any manifesting carrier with a
hypomorphic mutation. Patient 29 had skewed X-
inactivation in favor of the mutant allele (82:18
in peripheral leukocytes, 73:27 in urinary cells and
80:20 in salivary cells). Interestingly, her asymptomatic
heterozygous mother showed the opposite pattern —
slightly preferential usage of the wild type allele (22:78
in peripheral leukocytes, 16:84 in urinary cells and
23:77 in salivary cells). On the basis of these findings
we hypothesize that manifestation of symptoms caused
by hypomorphic mutation might depend on highly
skewed X-inactivation in the liver, which is reflected
by X-inactivation status in peripheral tissues.

In conclusion, we identified three novel missense
mutations affecting residues of highly conserved OTC
architecture, described three large deletions and sug-
gested their mutational mechanisms, and identified a
manifesting heterozygote for a hypomorphic mutation
with unfavorable X-inactivation skewing in three
peripheral tissues.
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4.2. Disruption of OTC promoter-enhancer interaction in a patient with
symptoms of ornithine carbamoyltransferase deficiency

4.2.1. Commentary
The regulatory regions of Otc have been studied in mice and rats but not in humans. A 0.8

kb promoter sequence located in the 5°-flanking region has been shown to modulate Otc
transcription in mouse (Veres G, et al., 1986) and a homologous 1.3 kb region was described in
rat (Murakami T, et al., 1989). The same group identified later a 230 bp distal enhancer located
11 kb upstream of the initiation codon (Murakami T, et al., 1990); however no such region was
described in human OTC.

The following article deals with an OTCD family carrying a variation in 5’-flanking region
which was excluded from the previous cohort and published separately. In this study we
identified and delimited the promoter and yet unknown enhancer of human OTC. Moreover, we
explored the functional impact of the novel unique variation in the promoter found in a two
generation family with mild clinical and biochemical signs of OTCD.

We determined 3 alternative transcription start sites of the OTC gene located at positions c.-
95, ¢.-119 and c.-169 upstream of the translation origin. Based on analogy with rat and mouse
we predicted and examined the promoter region and identified a distal enhancer located 9 kb
upstream of the translation origin. Using the dual luciferase reporter assay we found a
significant increase in transcriptional activity of the promoter when compared with the control
plasmid. Moreover, three times higher expression of the reporter gene was observed when the
enhancer was subcloned into the plasmid containing the promoter.

In a female patient with mild phenotype of OTCD, we evaluated the influence of single
nucleotide substitution ¢.-366A>G in the promoter. No statistically significant difference in the
transcriptional activity was observed between wildtype and mutated promoter, however, a 50%
difference in the reporter gene expression was found when promoter interacted with the
subcloned enhancer. This finding indicated pathogenicity of the c.-366 A>G variation.

Our results show that expression of OTC is controlled by a weak promoter and a strong
enhancer. The promoter — enhancer interaction contributes to tissue specific expression of OTC
in the liver. Single nucleotide substitutions in the regulatory regions such as the c.-366A>G
variation may cause OTC deficiency.

As mentioned earlier, mutation analysis of coding regions in patients with disruption of
UCD-related genes often fails. Special attention is therefore paid to the role of regulatory

regions and other factors affecting expression control of these genes. About two dozens of OTC
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promoter polymorphisms are listed in the NCBI dbSNP database
(http://www.ncbi.nlm.nih.gov/snp), 7 of witch are relatively common, but none of them has
clinical significance. Just one more mutation, ¢.-981G>A, associated with Alzheimer disease is
reported in the HGMD database, however, this variation is located out of the promoter region.
To our best knowledge, we report the first disease-causing mutation in a regulatory region of
one of urea cycle genes. A second similar mutation, the enhancer variation ¢.-3063C>A in
NAGS encoding the NAG synthase, was reported one year later in an article citing our
manuscript (Heibel SK, et al., 2011).

In addition to the regions located upstream of the initiation codon, an interest is paid to 3’
UTR region which is responsible for mMRNA processing. Recently, two expressed mRNA
isoforms differing in the 3" UTR and exhibiting tissue-dependent heterogeneity at the cleavage

sites have been isolated (Lopes-Marques M, et al., 2012).
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ABSTRACT: In a female patient with signs of ornithine carbamoyltransferase deficiency (OTCD),
the only variation found was a heterozygous single nucleotide substitution c.-366A>G.
Determination of transcription start sites of human OTC 95, 119 and 169 bp upstream of the
initiation codon located the variation upstream of the 5’-untranslated region. We predicted the
human promoter and enhancer elements from homology with rat and mouse, performed function
analysis of both regulatory regions and assessed the impact of the promoter variation in functional
studies using dual luciferase reporter assay. Our data indicate that: (i) Full transcriptional activity
of human OTC promoter depends on an upstream enhancer, as do the rodent promoters. (ii) The
promoter variation ¢.-366A>G does not affect the function of the promoter alone but it disrupts the
interaction of the promoter with the enhancer. (iii) The promoter — enhancer interaction contribute
to tissue specific expression of OTC in the liver. We conclude that mutations in the regulatory
regions of OTC can lead to OTCD and should be included in genetic testing. ©2010 Wiley-Liss,
Inc.

KEY WORDS: ornithine carbamoyltransferase, OTC deficiency, promoter, enhancer, expression, dual luciferase reporter
assay

INTRODUCTION

Ornithine carbamoyltransferase (OTC, EC 2.1.3.3; MIM# 300461) is a homotrimeric enzyme of the
mitochondrial matrix catalyzing synthesis of citrulline from ornithine and carbamoyl phosphate. OTC is located on
the short arm of the X chromosome (Xp21.1) and expressed principally in the liver (Brusilow and Horwich, 2004).
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OTC deficiency (OTCD; MIM# 311250) is the most common inherited urea cycle disorder. Clinical manifestation
of OTCD comprises a spectrum of severity ranging from neonatal hyperammonemic coma and death to later onset
disease with milder symptoms (episodic metabolic crises, behavioral abnormalities, mental retardation) or an
asymptomatic course. The disease is transmitted as a partially dominant X-linked trait, 15 to 20% of carrier
females are symptomatic. The phenotype of heterozygous females depends on the type of mutation and at least
partially on the inactivation of X chromosome. Some heterozygotes develop symptoms only during catabolic stress
such as severe infections or surgery (Brusilow and Horwich, 2004).

Molecular basis of the disease is usually clarified by mutation analysis of the coding sequence of OTC. Almost
400 various mutations are listed in the HGMD database (HGMD® professional release 2009.2,
https://portal.biobase-international.com/hgmd). Using the current molecular screening methods, mutations are
found in about 80% of patients. A subset of non-confirmed patients may carry a causative mutation in regulatory
domains (Yamaguchi, et al., 2006). Such mutations, however, have not been reported yet.

The regulatory regions of OTC have been studied in mice and rats but not in humans. It has been shown that the
0.8 kb 5’ flanking region of the mouse gene (Veres, et al., 1986) and the 1.3 kb region of the rat gene (Murakami,
et al., 1989) contain sufficient information to control Otc gene expression. However, this 5’ flanking region itself
was apparently not sufficient to maintain physiological levels of Otc expression in the liver. Indeed, a 230 bp
positive regulatory element (enhancer) situated 11 kb upstream of the transcription start site (TSS) has been
identified in rat (Murakami, et al., 1990). Nishiyori, et al. (1994) showed that the enhancer was activated by at
least two liver-selective transcription factors: HNF-4 and C/EBP. This data indicates that the tissue-specific Otc
expression in rodents is based on the promoter-enhancer interaction in the hepatocyte-specific transcription factor
milieu. No such enhancer has been reported in humans to the best of our knowledge.

In this study, we describe the promoter and enhancer of human OTC and explore the functional impact of a
novel unique variation in the promoter found in a female patient with clinical and biochemical signs of OTCD.

PATIENTS AND METHODS

Case report

The girl was born from a physiological first pregnancy. Both parents of Czech origin were healthy. The
patient’s early medical history and development were unremarkable. At 9 months of age, she presented with
pyelonephritis and ureterocele. Before the ureterocele surgery ALT and AST activities were mildly elevated (ALT
1.14 pkat/l, AST 1.66 pkat/l). Following the surgery, significant elevation of AST and ALT activities in serum was
noted (AST 25.5 pkat/l, ALT 17.8 pkat/l) and the liver enzyme activities gradually decreased to 7.71 pkat/l and
5.23 pkat/l within a week. Plasma LDH was elevated (31.6 pkat/l, normal range 2.55 - 7.68 pkat/l) with high
activities of LDH4 and LDHS5 isoenzymes (15 and 29% of total activity, respectively). Other routine biochemical
tests were within normal limits and screening tests for common liver diseases - serology for hepatitis A, B, C, and
E, CMV, EBV, HSV and alpha-1 antitrypsin level - were negative. Liver ultrasound was unremarkable.

Ammonia was not measured and plasma amino acid levels were within the normal ranges, only glutamine and
glutamic acid levels were borderline (glutamine + glutamic acid = 833 pmol/l, controls up to 800 umol/l). Urine
orotic acid level was elevated (30.5 mmol/mol creatinine, normal range up to 3.5 mmol/mol creatinine). The levels
dropped to 7.7 mmol/mol of creatinine within a week after the surgery and remained mildly elevated (4.5 — 8.3
mmol/mol creatinine). The results of allopurinol loading test were abnormal (orotic acid - pre-load: 5.8 mmol/mol
creatinine, 0-8h: 19.2, 8-16h: 50.6, and 16-24h: 47.6 mmol/mol creatinine). Because of suspicion of OTC
deficiency mild low-protein diet (2 g/kg/day) was introduced, nonetheless, mild elevation of aminotransferase
activities up to twice upper limit of the normal range persisted.

At 5 years of age during a febrile illness the patient became somnolent and developed seizures with transient
loss of consciousness; 10 fold elevation of ALT and AST was observed. Ammonia and orotic acid were not
measured during this episode. Laboratory findings 3 months later, when the patient was asymptomatic, showed
normal levels of blood ammonia, mild elevation of urine orotic acid (6.4 mmol/mol creatinine) and serum
aminotransferases (ALT 2.12 pkat/l, AST 1.64 pkat/l), and normal plasma amino acid levels.

The suspicion of mild form of OTCD was considered while other causes of orotic aciduria were unlikely. Other
urea cycle disorders and Hyperornithinemia-Hyperammonemia-Homocitrulinemia syndrome were excluded by
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amino acid analysis. Orotic aciduria due to uridine monophosphate synthetase deficiency was not likely because of
absence of megaloblastic anemia and normal levels of uracil in the urine (Davies, et al., 1997). The levels of urine
orotate were up to 2.5 fold of the upper limit of normal range while in patients with benign persistent orotic
aciduria the levels were 8 - 26.6 times elevated (Carpenter, et al., 1997). The fact that the peak levels of orotate
concentration and aminotransferase activities were associated with increased catabolism (surgery, febrile disease)
also denied benign persistent orotic aciduria. Finally, benign orotic aciduria is not associated with liver injury.

The patient’s father had mild orotic aciduria (7.1 mmol/mol creatinine), mild elevation of plasma glutamine and
glutamic acid (total 889 pmol/l, normal range up to 800 umol/l). His allopurinol loading test was also abnormal
(orotic acid - pre-load: 5.2, 0-8h: 20.1, 8-16h: 26.7, 16-24h: 16.1 mmol/mol creatinine) while urinary uracil was
not elevated. Except for eczema he had no complaints. The patient mother’s allopurinol loading test was negative
and the patient’s younger brother had normal levels of plasma ammonia and urine orotic acid.

Based on the data described above, the diagnosis of OTC deficiency was not proven beyond all doubts,
however, the clinical course, orotic aciduria and positive results of allopurinol loading made the diagnosis of mild
OTCD highly suspect.

Mutation analysis

The study was approved by the institutional review board of the General University Hospital in Prague and
conducted under institutional guidelines. Written informed consent was obtained from the study participants.
Genomic DNA was isolated from peripheral leukocytes of the patient, her family members and healthy control
individuals using QIAamp columns (Qiagen, Valencia, CA). Ten coding exons of human OTC (GenBank
NG _008471.1; NM_000531.5), including intron-exon boundaries, were analyzed by direct sequencing using ABI
Prism 3100 - Avant Genetic Analyzer (Applied Biosystems, Foster City, CA). Primer sequences used for mutation
analysis are shown in Table 1. The copy number of OTC coding exons was determined by multiplex ligation probe
amplification assay (MLPA, MRC Holland, Amsterdam, The Netherlands).

Table 1. Primers and conditions used for mutation analysis of OTC

Primer ID Primer sequence 1; Prqduct Amphﬁed
(°C) size region
OTC-E1U | 5’- ATCATCTTGCACCCCCAAAATAGC-3’
55 705 bp Exon 1
OTC-EIL | 5-ATGATTCCTAAATCAAACCCAAGT-3’
OTC-E2U | 5’-CACCATAGTACATGGGTCTTTTCT-3’
53 287 bp Exon 2
OTC-E2L | 5’-AAAAAGGGGACTGGTAGTAACTGG-3’
OTC-E3U | 5’-ACACTTATTTGGGGGCTAGTTATT-3’ 55 292 b Exon 3
OTC-E3L | 5-CCTCCAAAGTCTTCACCTTCAATC-3’ P
OTC-E4U | 5’-CTTGAATAAGAGGGTGGAGAAATG-3’ 55 407 b Exon 4
OTC-E4L | 5’-GATTCTGAAATCAGCTTTGGA-3’ P
OTC-E5U | 5-GAACATCTGGCTTATGTAATGAAT-3’
55 433 bp Exon 5
OTC-E5L | 5-AAAGCAAGTCAGGAATTATTTGAT-3’
OTC-E6U | 5’-GTTGCTCTGTGTAATGCAAAAAAAT-3
55 453 bp Exon 6
OTC-E6L | 5’-AGTAGGGCTGGTAACGTAACCTAA-3’
OTC-E78U | 5’-AAGGCACTATTGAGTTTTGGAATT-3’ 55 522 b Exons 7. 8
OTC-E78L | 5’-TGCTCCCCCTAAAGTGAATAAGTG-3’ P ’
OTC-E9U | 5’-AGGTGTCTTGAGATAAAACCATCA-3’
55 458 bp Exon 9
OTC-E9L | 5’-AAAATAGATGTTACATGAGCAAGT-3’
OTC-E10U | 5’-AAATTCAGTCGTGGCTACCA-3’ 55 548 b Exon 10
OTC-E10L | 5’-TTTCACAATGGCAAAGCATA-3’ P
pGI3 EnhU | 5’-GGTGAACTTTGAACCTCTGTGA-3’ 65 452 b Enhancer
pGI3 _EnhL | 5-CCTCCCCATTGGAAGTACAG-3’ P
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Determination of transcription start sites and prediction of OTC regulatory regions

The 5'-terminal sequence of OTC was analyzed by RNA ligase-mediated rapid amplification of cDNA ends
(RLM-RACE) using the First-Choice™ RACE ready liver kit containing total liver cDNA enriched by a specific
5’- adapter (Ambion, Austin, TX). The kit was used as suggested in the protocol supplied by the manufacturer.
Nested PCR was performed with the supplied 5°- adapter primers and two gene-specific primers: 5°-
GCCCTTCAGCTGCACTTTATT-3’ (outer primer) in exon 2 and 5-
AGCTGCATTGTTTAACAGGATCCTCAG-3’ (inner primer) in exon 1. Major PCR products were gel-purified,
cloned into the pCR2.1-TOPO® vector (Invitrogen, Carlsbad, CA) and sequenced.

The promoter and enhancer regions were predicted on the basis of the data published for rat and mouse (Veres,
et al, 1986; Murakami, et al., 1989). Homology was assessed using NCBI Blast tool
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and UCSC genome browser Multiz Alignment&Conservation utility
(http://genome.ucsc.edu).

Reporter plasmid constructs

Fourteen different plasmid constructs were generated by cloning the predicted promoter and enhancer
fragments into pGL3-basic vector (Promega, Mannheim, Germany) containing the luciferase gene from Photinus
pyralis. Two different variants of the promoter, both originating from the studied family, were tested: the wildtype
variant (WT) and the variant with a single base substitution ¢.-366A>G (M or mutated promoter). The haplotype of
both variants was otherwise the same within the studied region. Both wildtype and mutated promoter variants were
subcloned into the Xhol restriction site 55 bp upstream of the luciferase transcription origin. The fragment
predicted as an enhancer was subcloned into the Sall restriction site 1923 bp downstream of the luciferase gene
TSS. All combinations of inserts were prepared in both sense and anti-sense orientation in order to confirm the
specificity of their regulatory function. The complete list of constructs is presented in Table 2.

Table 2. List of plasmids used for dual luciferase reporter assay

Plasmid Promoter, orientation Enhancer | Plasmid Promoter, orientation Enhancer
pGL3_WT+ wildtype, sense - pGL3_M+ €.-366A>G, sense -
pGL3_WT- wildtype, antisense - pGL3_M- €.-366A>G, antisense -
pGL3_WT+/Enh+ wildtype, sense sense pGL3_M+/Enh+ ¢.-366A>G, sense sense
pGL3_WT-/Enh+ wildtype, antisense sense pGL3_M-/Enh+ ¢.-366A>G, antisense sense
pGL3_WT+/Enh- wildtype, sense antisense | pGL3_M+/Enh- €.-366A>G, sense antisense
pGL3_WT-/Enh- wildtype, antisense antisense | pGL3_M-/Enh- €.-366A>G, antisense antisense
pGL3_Enh+ - sense pGL3_Enh- - antisense

Cell cultures, transient transfections and reporter gene assays

Four different cell lines were used: Human hepatoblastoma Hep-G2 (ECACC 85011430), human hepatocellular
carcinoma HuH-7 (JCRB 0403), human hepatocellular carcinoma PLC/PRF/5 (ATCC CRL 8024) and human
embryonic kidney cells HEK293 (ECACC 85120602). Hep-G2 cells were used as the main experimental cell line,
HuH-7 and PLC/PRF/5 were used to confirm the results obtained in Hep-G2 cells and HEK293 cells were used as
a control. All media and reagents for cell cultures were purchased from Sigma (Sigma-Aldrich, St. Louis, MO)
unless otherwise indicated. Hep-G2, HEK293 and PLC/PRF/5 cell lines were cultured in minimal essential Eagle's
medium, HuH-7 cells in Dulbecco's modified Eagle's medium. Both media contained L-glutamine, 10% fetal
bovine serum, 100 units/ml penicillin, and 100 mg/ml streptomycin. The cultures were maintained in humidified
atmosphere at 37 °C and 5% CO,. Transfection was performed with Tfx-20 reagent (Promega, Mannheim,
Germany) in Opti-MEM media (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol 48 hours after
seeding. The cells were cotransfected with pGL3-derived experimental plasmids (0.5 pg per well) and a reporter
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plasmid pRL-TK (0.05 ug per well) containing a luciferase gene from Renilla reniformis. Cell lysis and
determination of the luciferase activity was performed using Dual Luciferase Reporter assay (Promega,
Mannheim, Germany). Cells were harvested 48 h after transfection and lysed in 200 pl of passive lysis buffer. Ten
microliters of the cell lysate was mixed with 50 pl of Luciferase Assay Reagent II in a luminometer tube. The light
emission for the firefly luciferase was recorded immediately for 10 seconds after one second premeasurement
delay using a Berthold Sirius luminometer (Bundoor, Australia). Subsequently, in another tube, 10 pl of cell lysate
was quickly mixed with 50 pl of Stop&Glo™ reagent and the Renilla luciferase light emission was measured for 2
seconds after one second premeasurement delay. To decrease the scattering of the Photinus luciferase
luminescence caused by variations in cell number per well and transfection efficiency, the data were normalized to
the Renilla luciferase signal. All transfections were done in triplicates and the results were calculated from 5
separate experiments.

Statistical analysis

SigmaPlot software (Systat Software, Chicago,IL) was used for statistical data processing. All values are given
as mean = SD of replicates. The results were evaluated with Kruskal-Wallis’s one way ANOVA on ranks, multiple
comparisons were set up using Dunn's method. Differences at p<0.01 were considered as statistically significant.

RESULTS AND DISCUSSION

Mutation analysis

No predictably pathogenic mutation was found in the coding region of OTC with both direct sequencing and
MLPA. The only detected sequence variation was a heterozygous single nucleotide substitution
NG _008471.1:2.4849A>G (c.-366A>G; nucleotide numbering reflects cDNA numbering with +1 corresponding to
the A of the ATG translation initiation codon in the reference sequence, according to journal guidelines,
www.hgvs.org/mutnomen). This substitution, confirmed by sequencing of a second PCR product amplified from
another sample of genomic DNA, has also been detected in the patient’s father but was found neither in the
patient’s brother and mother. It was not identified by sequencing of either 300 control alleles of Czech origin or
DNA samples from Portugal and Mozambique (Azevedo, et al., 2003). The nucleotide A is conserved in mammals
including rat and mouse and the substitution has not been published in SNP databases (NCBI,
http://www.ncbi.nlm.nih.gov; Ensembl, http://www.ensembl.org/index.html).

Determination of the transcription start site

Determination of the OTC TSS was essential for identification of the 5’-untranslated region (5’UTR) and
localization of the c.-366A>G variation with regard to the OTC transcription region. Analysis of the 5-RACE
nested PCR reaction products by agarose electrophoresis revealed three bands. The sequence of all three PCR
products, verified by direct DNA sequencing, corresponded to the sequence of the 5’UTR. The data indicate the
presence of three TSSs located 95, 119 and 169 bp upstream of the initiation codon (Figure 1A).

The human OTC TSS was first assigned to the position c.-135 (GenBank K02100; Horwich, et al., 1984). Later
published data suggested that transcription of human OTC does not initiate at a particular site but within a region
of about 70 bases, mostly at preferred positions c.-95, ¢.-120, c.-150, c.-161 and c.-166 (Brusilow and Horwich,
2004). These findings correspond well with our results. The situation in human is different from that in mouse and
rat where only one 5’UTR has been reported so far: The transcription origin of the mRNA was assigned to the
position ¢.-136 bp in the mouse (Veres, et al., 1986) and c.-87 bp in the rat (Takiguchi, et al., 1987). Two
sequences located 53 - 49 bp and 192 - 188 bp upstream of the TSS were previously suggested as potential binding
site for TATA binding protein in the promoter of rat (Takiguchi, et al., 1987). Both these sequences are conserved
in human promoter as GATAA at positions 142 - 138 bp and TATAA located 286 - 282 bp upstream of the
initiation codon (Figure 1A). The in-silico sequence analysis of the human promoter region using Matinspector
(Genomatix Software GmbH, Miinchen, Germany) confirmed the latter, however, this motif is not located at the
expected position up to 50 nucleotides upstream of the TSSs found in human and rat. We therefore suggest that the
TATA-like sequences CATAA, located 26 - 30 bp upstream of the c.-169 TSS, and GATAA, located 19 - 23 bp
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upstream of the c.-119 TSS (see Figure 1A), may act as TATA-boxes in human. Our results together with the
previously published data show that the novel variation ¢.-366A>G is located upstream of the OTC 5’UTR.

A -899 TCACCCAGGCTGGAGTACA -881
-880 GTGGTGCAATCTGGGCTCACTGCAACCTCTGTCTCCCGGGTTCAAGCGACTCTCATGCCTCAGCCTCCCAAATAGCTGGG -801
-800 ATTACAGGTGTGCACCACCACGTCTAGCTAATTTTTGTATTTTTAGTGGAGACGGGGATTCACCATGTTGGCCAGGCTGG =721
=720 TCTCGAACTCCTGGGCTCAAGTGATCCGCCCGCCTCAGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCACCGTGCCC -641
-640 GGCCAGCAATTATTTCTTTATTGAAGACTTATGTGCAAGGCACAAAGGGAGCTCCAGGACTGAGATATTTTTACTATACC -561
-560 TTCTCTATCATCTTGCACCCCCAAAATAGCTTCCAGGGCACTTCTTTCTATTTGTTTTTGTGGAAAGACTGGCAATTAGA -481
-480 GGTAGAAAAGTGAAATAAATGGAAATAGTACTACTCAGGACTGTCACATCTACATCTGTGTTTTTGCAGTGCCAATTTGC -401

Cc.-366A>G
-400 ATTTTCTGAGTGAGTTACTTCTACTCACCTTCACAGCAGCCGGTACCGCAGTGCCTTGCATATATTATATCCTCAATGAG -321
conserved TATA-like domain
-320 TACTTGTCAATTGATTTTGTACATGCGTGTGACAGTATAAATATATTATGAAAAATGAGGAGGCCAGGCAATAAAAGAGT -241
potential TATA-box c.-169
for ¢.-169 transcription start site
=240 CAGGATTTCTTCCAAAAAAAATACACAGCGGTGGAGCTTGGCATA. GTTCAAATGCTCCTACACCCTGC({TGCAGTAT -161
potential TATA-box c.-119 c.-95
for c.-119 and c.-95 transcription start sites
-160 CTCTAACCAGGGGACTTTIGATA. GAAGCTGAAGGGTGAT4 TACCTTTGCTCCCTCACTGCAAC|IITGAACACATTTCTTA -81
-80 GTTTTTAGGTGGCCCCCGCTGGCTAACTTGCTGTGGAGTTTTCAAGGGCATAGAATCGTCCTTTACACAATTAAAAGAAG -1
Exon 1 (translated region)

+1 ATGCTGTTTAATCTGAGGATCCTGTTAAACAATGCAGCTTTTAGAAATGGTCACAACTTCATGGTTCGAAATTTTCGGTA 80

81 AGTGATGGTCAGAGACTTGGGTTTGATTTAGGAATCATGGTGATGCATAAAACTATATTCTGCAGTAAGGCCTCTTTCTG 160

B -9641 ATGGGCAGAGAAGGCATTCACCAAGCAGTGACTTTTGAAGCCATCCAAGACATGTTTCCTGGGCTCAAGGGGAGAATATT -9562
-9561 GCCATGAAAATTATTACTGGGACAGTGCTCCTAGACCAAACCCTGGTCAGTAGAAAGCAATGAAAATGATCTCATGGGAT -9482
-9481 CCCCATCACTCAGGTCCTGGGAGTGTCTGGTAGTCACAGGGAGCATTAGGGCTGATTGTTGAGACACTGGTGAACTTTGA -9402
-9401 ACCTCTGTGATTTCCCTGTTTGCTCTGTGCCTGATAGCTTTCAGTCTGCTAACAAATCTCCTTTATGCAGTTTAACCTCT -9322
-9321 GTACTTCCAATGGGGAGGAATTGGAATCAGCCTATGGGAGAAGAGATAGCTCTAGGATTCTGTGTGGGAACTTGAAGAGA -9242
-9241 TAAAAGGGCATCCTTGAAAGAGAACCTCGTGCTTTGCATCTCAACTGCCTCTGACACAAGGTTGGGTC -9174

Figure 1. Sequence of the 5’ flanking region of human OTC gene (A) and the distal enhancer (B). Panel A shows the sequence
of the protein coding part of exon 1 (boldfaced & underlined), 5’UTR and the predicted proximal promoter. The sequence used
for functional studies is underlined, the transcription start sites are marked with horizontal arrows, the single nucleotide
substitution ¢.-366A>G is in bold and the TATA-like domains are depicted in boxes. Positions of known polymorphisms are in
red. Panel B shows the fragment used in the functional studies containing the predicted distal enhancer (boldfaced and
underlined).
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Prediction and functional analysis of the OTC promoter

A 793 bp fragment ranging from -838 to -46 bp upstream of the OTC translation start was chosen for functional
testing (WT promoter). The genotype in four polymorphic loci was the same as in the reference sequence
NG _008471.1 (rs57752938 dupTTCT; rs5917572 A; rs5963030 G; rs5917573 G, see Figure 1A). The fragment
revealed 72% sequence homology with both rat and mouse.

The level of the luminescence signal recorded after transfection of Hep-G2 cells with the construct pGL3 WT+
was 3 times higher than that of pGL3-basic (Figure 2A). Similar results were observed in the other two
hepatocellular lines HuH-7 (441+£79%) and PCL/PRF/5 (317+203%) and also in HEK293 cells (Figure 2A).
Statistical analysis using Kruskal-Wallis test showed a significant difference (p<0.01) between the activity of the
construct pGL3_WT+ and both pGL3-basic and pGL3 _WT-. The signal recorded from pGL3 WT- transfected
cells was always lower than that of pGL3-basic. This can be explained by insertion of a long sequence lacking Cis-
acting elements and shifting the f1 ori transcriptional origin of the pGL3 plasmid.

No difference between the liver and kidney derived cells, together with the low positive regulatory effect on the
reporter gene expression, can hardly explain the tissue specific expression pattern of OTC. The previous studies in
transgenic mice revealed that introduction of the rat Otc controlled by the 1.3 kb rat promoter (Murakami, et al.,
1989) and the human OTC controlled by the 0.7 kb mouse promoter (Jones, et al., 1990) can conduct small
intestine-selective gene expression at levels comparable with those of the endogenous Otc. However, the mRNA
levels of the introduced genes were low in the liver. Together with our data this suggests the presence of one or
more liver-specific Cis-acting element(s).

Prediction and functional analysis of the enhancer

A sequence homologous in 83% with rat enhancer described by Murakami et al. (1990) was found 9 kb
upstream of the human OTC gene using the NCBI Blast tool. A 465 bp long fragment located 9177 to 9641 bp
upstream of the initiation codon and containing the sequence homologous to rat enhancer (Figure 1B) was tested
for its enhancer activity. No statistical differences were observed between the signal levels recorded after
transfection of the HepG2 cells with pGL3_WT+/Enh- and pGL3 WT+. Also the signal obtained with both
constructs pGL3_Enh+ and pGL3_Enh- containing the enhancer alone did not differ from the pGL3-basic signal.
On the other hand, when using the construct pGL3 WT+/Enh+, the luminescence dramatically increased (Figure
2B). Similar results were observed in the other two cell lines derived from the liver (data not shown). In contrast,
the signal levels in all experiments with pGL3 WT+, pGL3 WT+/Enh- and pGL3 WT+/Enh+ remained the same
in HEK293 (Figure 2B). This indicates a role for the promoter-enhancer interaction in liver-specific expression of
OTC.

Orientation of the enhancer relative to the promoter may be required for formation of the DNA-protein
interaction complex. Our results may also indicate a role for such directionality, however, extrapolation to the
situation in vivo without additional experimental verification is hardly possible.

Functional analysis of the variant promoter

The influence of the substitution c.-366A>G was studied by comparing the transcriptional activity of the
plasmid variants containing the wildtype (pGL3 WT+, pGL3 WT+/Enh+) and mutated (pGL3 M+ and
pGL3 M+/Enh+) promoter. No significant difference was observed between the transcriptional activity of the
wildtype and mutated promoter in constructs without the enhancer (Figure 2C). The interaction of the promoter
with the enhancer in Hep-G2 cells increased the activity of the reporter enzyme considerably in both wildtype and
mutated promoter variants (Figure 2C). However, the difference between pGL3 M+/Enh+ and pGL3 WT+/Enh+
variants was not statistically significant (p=0.061) with regard to the low difference in means and high data
dispersion when results from a series of independent experiments were evaluated. The high data dispersion typical
for this experimental setting and documented by Figure 3 is caused by numerous known external factors affecting
reproducibility of the dual luciferase reporter assay such as plasmid purity, pipetting error, transfection efficiency,
lysis efficiency, substrate quality for enzymatic reaction, measurement errors and others. To avoid the interassay
variation, a single assay with a high number of replications per group (n=22) was performed. In this experimental
setting the activity of luciferase generated in pGL3 M-+/Enh+ transfected Hep-G2 cells was only about 50% of the
activity obtained with the pGL3 WT+/Enh+ construct (Figure 2D). By contrast, in the kidney-derived control cell
line HEK293 the signal level of both construct variants did not differ from those in which the enhancer was not
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present. The results observed in Hep-G2 cells were concordant with those obtained in HuH-7 (pGL3 WT+/Enh+:
1796+£278%, pGL3 M+/Enh+: 1491+114%, single assay with 7 replicates, p<0.01) and PCL/PRF/5 cells
(pGL3_WT+/Enh+: 1081+304%, pGL3 M+/Enh+: 564+278%, single assay with 7 replicates, p<0.01).

The results of our functional studies strongly suggest the role of the enhancer-dependent mechanism for
regulation of OTC expression in the liver and molecular pathogenicity of the c.-366A>G promoter variation.

Figure 2. Functional analysis of OTC wildtype promoter, enhancer and variant promoter carrying the substitution c.-366A>G with the dual
luciferase reporter assay. A — transcriptional activity of the predicted promoter; B — transcriptional activity of the promoter in the interaction with
the predicted enhancer; C, D - influence of the single nucleotide substitution ¢.-366A>G on the activity of the promoter. Data from five
independent experiments are shown in panel C. Panel D shows the intra-assay variation in 22 replications per group. Horizontal bars indicate
statistical significance (Dunn’s method).
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Figure 3. Reporter luciferase activity in Hep-G2 and Hek293 cells transfected with 12 constructs containing
the promoter sequence. Black points represent the luciferase activity of up to 15 measurements originating
from 5 independent experiments. The box represents the range between the 25th and 75th percentile, horizontal
line within the box shows the median. Whiskers indicate the 90th and 10th percentiles.
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Conclusions

In conclusion, our data indicate that transcriptional activity of the human OTC promoter depends on an
upstream enhancer as do the rodent promoters. The promoter — enhancer interaction contributes to tissue specific
expression of OTC in the liver. The unique promoter variation c¢.-366A>G does not affect the function of the
promoter alone but it disrupts the interaction of the promoter with the enhancer. The c.-366A>G variation
cosegregates with symptoms of OTCD in one family. Therefore, analysis of the regulatory regions of OTC should
be considered in patients with OTCD and negative finding in the coding region of the gene.
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4.3. HNF-4a regulates expression of human ornithin transcarbamylase
through interaction with two positive cis-acting regulatory elements
located in the proximal promoter

4.3.1. Commentary
The OTC is expressed predominantly in hepatocytes and epithelial cells of the intestinal

mucosa (Hamano, et a., 1988, Ryall, et a., 1985). In the previous study we demonstrated the
contribution of distal enhancer to the tissue specific expression of OTC in liver. The
mechanism of tissue specific expression of Otc was partially elucidated in rat. The rat promoter
carries two positive cis-acting regulatory elements recognized by a set of two transcription
factors HNF-4 and COUP-TF. While liver-enriched factor HNF-4 induces Otc transcription,
ubiquitous COUP-TF acting as competitive repressor is probably responsible for silencing the
expression in other tissues (Kimura, et a., 1993). Two ortologous HNF4a binding sites were
later identified in the mouse Otc promoter and HNF4a binding was confirmed using a specific
antibody (InoueY, et al., 2002). The same group has a so shown that HNF4a-null mice
exhibited a phenotype closely similar to UCD (Inoue Y, et a., 2002).

Another two HNF-4 binding sites and two sites recognized by C/EBP family members were
identified within the 110 bp rat minimal enhancer (Nishiyori A, et a., 1994). In co-transfection
experiments the authors have shown that the enhancer activity could be reconstituted by
concatemerization of afragment containing one HNF-4 site and one C/EBP site, but not by
concatemerization of either single site suggesting the importance of interaction between
enhancer bound C/EBP and promoter bound HNF-4.

The present study conveys the topic of OTC regulatory regions and ams to deeper
characterization of elements responsible for promoter and enhancer functions in human. We
identified the key elements responsible for regulation of OTC transcription in human and we
suggested a regulatory mechanism which is mediated directly by HNF-4a.

We delimited the minimal promoter encompassing the three alternative transcription start
sites. We identified two positive cis-acting regulatory elements within the minimal promoter,
both essentia for the transcriptional activity of the promoter itself and for the interaction with
the enhancer. We predicted the motifs recognized by appropriate transcription factorsin-silico
and confirmed protein binding at the corresponding sites by DNase | footprinting and
electromobility shift assay (EMSA). With amodified EM SA protocol using specific competitor

we identified three HNF-4a binding sites within the minimal promoter. Moreover, we
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identified a series of C/EBPJ recognition motifs within the proximal enhancer which likely co-
operate with promoter bound HNF-4o..

The manuscript was accepted for publication and stills in press.
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Abstract

OTC encodes ornithine carbamoyltransferase, the mitochondrial matrix enzyme involved
in synthesis of urea. The tissue specific expression of OTC in the liver and intestine is dependent
on the interaction of OTC promoter with an upstream enhancer. Two factors, HNF-4 and
C/EBPJ, seem to be crucial for this interaction in rat and mouse. In the present study we focused
on characterization of elements involved in regulation of OTC transcription in human.

Using a set of 5’-deleted promoter mutants in a reporter assay we identified two positive
cis-acting regulatory elements located at ¢.-105 and c.-136 within the human OTC promoter.
Both are essential for the transcriptional activity of the promoter itself and for the interaction
with the enhancer. Protein binding at the corresponding sites was confirmed by DNase |
footprinting. Electromobility shift assay with a specific competitor and anti-HNF-4o. antibody
identified the DNA-protein binding sites as HNF-4o. recognition motifs. A third HNF-4¢. binding
site has been found at the position c.-187. All three HNF-4o. binding sites are located within 35
bp upstream of the transcription start sites at positions c.-95, ¢.-119 (major) and c.-169 (minor).
A series of C/EBPJ recognition motifs was identified within the enhancer. Involvement of
C/EBPf and HNF-4o in the promoter-enhancer interaction is further supported by a massive
DNA-protein interaction observed in the footprinting and EMSA assays.

Since the OTC promoter lacks general core promoter elements such as TATA-box or
initiators on standard positions, HNF-4o. most likely plays an essential role in initiation of OTC

transcription in human.
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Introduction
Ornithine carbamoyltransferase (OTC, EC 2.1.3.3; MIM #300461) is a mitochondrial matrix

enzyme catalyzing the synthesis of citrulline - the second step of urea biosynthesis. Human OTC
gene, located on chromosome Xp2l.1, comprises 10 coding exons (Hata et al., 1988, Lindgren et
al., 1984). Ornithine carbamoyltransferase deficiency (OTCD; OMIM #311250) is the most
common inherited urea cycle disorder (Brusilow and Horwich, 1995). Though its incidence is not
high, the severity of clinical manifestations requires an early diagnosis, especially in males.
Variations in the OTC coding regions were thoroughly investigated (Storkanova et al., 2013,
Tuchman et al., 2002, Yamaguchi et al., 2006,); however, molecular diagnosis still fails in 20-
25% of cases. Molecular basis of the semi-dominant disease in some of these cases might be
related to a genetic defect in the regulatory elements: Recently we have reported a first patient
manifesting mild form of OTCD caused by a point mutation in the promoter (Luksan et al.,
2010).

The human OTC transcription start site (TSS) was first assigned to the position c¢.-135
(GenBank K02100; Horwich et al., 1984). Later published data suggested that transcription of
human OTC does not initiate at a particular site but within a 70 bp region, mostly at preferred
positions c.-95, ¢.-120, ¢.-150, c.-161 and c.-166 (Brusilow and Horwich, 1995). Three
alternative TSS located at the positions ¢.-95 c.-119 and c.-169 upstream of the initiation codon
were identified using rapid amplification of cDNA ends in total liver RNA (Luksan et al., 2010).

OTC is expressed predominantly in hepatocytes and epitelial cells of the intestinal mucosa
(Hamano et al., 1988, Ryall et al., 1985). The mechanism of the tissue specific pattern of Otc
expression was first studied in mouse. In transgenic experiments using sparse fur mice, Jones et
al. (1990) showed that the Otc promoter was capable of direct liver- and intestine-specific
transcription, but the expression level of the introduced gene was much lower than in the case of
wild type mouse with endogenous Otc expression. In our previous study (Luksan et al., 2010),
we investigated the 793 bp human OTC promoter localized 46 bp upstream of the translation
initiation site (TIS). In line with the findings by Jones et al. (1990) we observed a significant
increase of the reporter luciferase activity in Hep-G2 cells, but not in HEK296 cells, achieved by
subcloning a 465 bp sequence of the distal enhancer localized 9 kb upstream of the TIS. This
demonstrates the importance of the promoter-enhancer interaction for the regulation of human
OTC expression.

Two positive cis-acting regulatory elements located around the positions -187 and -104
upstream of TIS were identified in the rat and mouse promoter. Both can bind an identical set of
two members of orphan receptor superfamilly: Hepatocyte nuclear factor 4 (HNF-4) and chicken

ovalbumin upstream promoter-transcription factor (COUP-TF). In co-transfection experiments,
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HNF-4 activated the transcription of reporter gene from Otc promoter whereas competition with
COUP-TF had a repressor effect (Kimura et al., 1993). Moreover, HNF-4 seems to contribute to
the tissue specific expression of Otc as its mMRNA is present only in a limited number of tissues
such as the liver, kidney and intestine (Drewes et al., 1996). On the other hand, COUP-TF
exhibits rather ubiquitous expression pattern (Miyajima et al., 1988) and therefore competition
for the binding site can result in repression of Otc in other tissues.

The HNF-4a is critical for urea homeostasis in mouse (Inoue et al., 2002) since liver-specific
HNF4o-null mice exhibited elevated serum ammonia and decreased serum urea, while the only
significant decrease in protein expression within the urea cycle enzymes was that of OTC.
Similarly as in rat, two HNF-4a recognition motifs were identified within the mouse 5’ flanking
region at positions -111 bp and -191 bp upstream of the TIS and HNF-4a binding was confirmed
using specific antibody. Moreover, co-transfection of reporter constructs carrying mouse Otc
promoter with a rat HNF-4a expression plasmid increased the reporter gene activity in the CV-1
cells (Inoue et al., 2002).

Nishiyori et al. (1994) demonstrated that rat Otc enhancer is activated by the co-operation of
two liver-selective transcription factors: HNF-4 and CCAAT-enhancer-binding protein (C/EBP).
Furthermore, co-transfection experiments showed that both HNF-4 and C/EBPJ3 are necessary
and neither alone is sufficient for activation of the reconstituted enhancer in non-hepatic cells.
Combinatorial operation of these two liver-enriched (but not strictly liver-specific) transcription
factors leads to more restricted liver-specific transcription of Otc (Nishiyori et al., 1994).

In the present study we identified key elements responsible for regulation of OTC
transcription in human. We suggest that initiation of OTC transcription in the absence of the
general core promoter elements such as TATA-box or initiators on standard positions is mediated

directly by HNF-4q..

Materials and Methods

Reporter plasmid constructs

Fourteen reporter constructs were generated from pGL3-basic vector (Promega, Mannheim,
Germany) by subcloning the 465 bp OTC enhancer (9 constructs) and promoter variants (12
constructs) in Sall and Xhol restriction site respectively. Six promoter variants 685, 458, 223,
173, 133 and 81 bp in length were prepared by a series of deletions from the 5’-end of the full
793 bp promoter (Table 1). All sequences and nucleotide positions used in the study are in
accordance with GenBank NG_008471.1 and NM_000531.5.
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Transient transfections and reporter gene assays

Human hepatoblastoma Hep-G2 (ECACC 85011430) cells were cultivated in minimal essential
Eagle's medium supplemented with L-glutamine, 10% fetal bovine serum, 100 units/ml
penicillin, and 100 pg/ml streptomycin, all purchased from Sigma-Aldrich, St. Louis, MO. The
cultures were maintained in humidified atmosphere at 37°C and 5% CO,. Transfection was
performed 48 hours after seeding using FuGene HD reagent (Promega, Mannheim, Germany) in
the reagent to DNA ratio 5:1 according to the manufacturer's protocol. The cells cultivated in 96-
well plates were co-transfected with pGL3-derived experimental plasmids (0.1 ug per well) and a
Renilla luciferase containing reporter plasmid pRL-TK (0.01 ug per well). Cell lysis and
determination of the luciferase activity was performed according to the manufacturer’s
instructions using the Dual Luciferase Reporter assay (Promega). All measurements were
performed on a Synergy 2 automatic microplate reader (BioTek, Winooski, VT).

Signal of the Photinus luciferase was normalized by Renilla luciferase luminiscence in all
measurements. All transfections were done in 6 replicates and the results were calculated from at
least 6 separate experiments. Because of the high interassay variation, the transcriptional activity
of each promoter variant is presented relative to the activity of pGL3_793/Enh (positive control,
100%). Statistical evaluations were performed after logarithmic transformation using the
SigmaPlot software (Systat Software, Chicago, IL). All groups passed the test for normality and
analysis of variance using the one-way ANOVA. Multiple comparisons were performed using

the Bonferroni method.

Nuclear extract preparation

Nuclear and cytoplasmatic extracts were prepared from Hep-G2 cells using the NE-PER nuclear
extraction kit (Thermo Scientific, Waltham, MA) according to the manufacturer’s instructions.
Extracts were dialyzed for 4 hours against 50 volumes of buffer containing 20 mM HEPES (pH
7.9), 20% glycerol, 0.1 M KCI, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT. Protein
concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific,
Waltham, MA).

DNase | footprinting

The DNase | footprinting method based on the separation of fluorescently labeled products using
capillary electrophoresis was derived from the literature (Wilson et al., 2001, Zianni et al., 2006).
Fluorescent probe spanning the 223 bp OTC proximal promoter, 5°- untranslated region and a
part of exon 1 was prepared by polymerase chain reactions using 6-carboxyfluorescein (6-FAM)-
labeled reversed primer 5’-(6-FAM)-TTTCGAACCATGAAGTTGTGACCA-3’ and the forward
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primer 5’-AAATGAGGAGGCCAGGCAAT-3’. The 200 pl reaction mixtures containing the 100
ul of the protein binding buffer (2x), 2 ug of poly(dI-dT), 133 ug (sample) or 0 ug (control) of
Hep-G2 nuclear extract and BSA up to 400 pg of total protein were incubated with 600 fmoles of
fluorescently labeled probe for 20 minutes on ice. The DNA cleavage was performed with 10 pl
of DNase | at the concentration 4 U/ml (Fermentas — Thermo Scientific, Pittsburgh, PA) after
addition of 20 pl of Mg?®*/Ca?* solution (10x). The cleavage was inhibited after 5 minutes by
addition of the DNase stop solution and supplemented with GeneScan™ 500 ROX™ (Applied
Biosystems, Foster City, CA) serving as a size standard and assay control. The DNA fragments
were purified by phenol-chloroform extraction followed by ethanol precipitation, dissolved in 15
ul of Hi-Di formamide (Applied Biosystems) and separated by capillary electrophoresis on the
Applied Biosystems 3130 Genetic Analyzer. The composition of the buffers and solutions used
was as follows: Protein binding buffer (2x) — 50 mM Tris-HCI, pH 8.0, 100 mM KCI, 12.5 mM
MgCl,, 1 mM EDTA, 1 mM DTT, 20 % (v/v) glycerol; Mg?*/Ca?* solution (10x) - 50 mM
MgCl,, 25 mM CaCl,; DNase stop solution — 200 mM NaCl, 50 mM EDTA, 1 % (v/v) SDS.

Electromobility shift assays

Double-stranded biotin-labeled probes were prepared by standard PCR or by hybridization of
complementary oligonucleotides. The binding reaction was carried out in 20 ul of a mixture
containing 10 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM MgCI2, 0.5 mM EDTA, 0.5 mM
DTT, 4% glycerol 1 ug of poly(dI-dT), 25 pg of nuclear extract and 300 fmoles of biotin-labeled
probe. In the case of competition assays, 0, 1, 4 and 12 pmoles of the non-labeled probe [-98..-
126] or a 200-fold excess of a double-stranded probe AGTGAGGGTCAAAGTTCATATCAC,
derived from the consensus HNF-4a recognition sequence was used as a specific competitor. The
samples were incubated for 20 min at room temperature, separated using non-denaturing poly-
acrylamide gel electrophoresis (6% polyacrylamide gel in 0.5x TBE, 100 V, 50 minutes) and
electro-blotted at 300 mA, for 30 minutes on the Amersham Hybond-N nylon membrane (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden). The DNA — protein complexes were fixed by
baking the membrane for 2 hours in a dry oven at 80°C. The membrane was processed using the
Chemiluminiscent Nucleic Acid Detection Module (Thermo Scientific, Rockford, IL) according
to the manufacturer’s instructions and analyzed with the FUJI LAS 3000 system (Fujifilm,
Tokyo, Japan). In supershift assays, a goat anti-HNF-4o. polyclonal antibody (Santa Cruz, Dallas,
TX) was pre-incubated with the nuclear extract for 20 min prior to addition of labeled probes.
Detection of the anti-HNF-4o antibody was performed using HRP-conjugated polyclonal rabbit
anti-goat antibody (Thermo Scientific, Waltham, MA).
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Prediction of transcription factor binding sites

Prediction of transcription factor binding sites was performed with Matinspector (Genomatix
Software GmbH, Minchen, Germany) and Match (Biobase, Wolfenbuettel, Germany)
bioinformatic tools using the MatBase 9.0 and TRANSFAC 7.0 database versions.

Results

In silico prediction of the main regulatory domains

The sequences of rat Otc and human OTC promoter reach about 65% similarity. Higher
homology is preserved in the proximal part of the promoter up to 450 bp upstream of the TIS.
DNase | footprinting and functional characterization of deletion mutants generated from the rat
Otc 5’-flanking region uncovered four regions protected against DNase | cleavage and two HNF-
4o binding motifs located 104 and 187 bp upstream of the TIS (Kimura et al., 1993, Murakami et
al., 1990) (Figure 1). Homologous motifs were found in mouse by Inoue et al. (Inoue et al.,
2002). Similar binding sites located at ¢.-105 and c.-187 have been predicted in the human
sequence using Matlnspector (MI) and Match (M) (Figure 1). While the HNF-4o binding motif
located at ¢.-105 was recognized with both tools (M1 score 0.884, M score 0.883), the other
located at c.-187 was predicted only with Match (score 0.910). MatInspector recognized at the
same position a binding site for another member of nuclear receptor superfamily - the
peroxisome proliferator-activated receptor gamma (PPARY, M1 score 0.833). Both HNF-4 and
PPARY recognize similar sequence motifs. Transfection experiments revealed that preferential
binding is partially determined by the sequence of the core motif but it is much more dependent
on the promoter context (Nakshatri and Bhat-Nakshatri, 1998). Therefore, the sequence motif can
be considered a HNF-4a binding site as well.

Two additional potential HNF-4o. binding sites located 136 bp (MI/M scores 0.923/0.746) and
588 bp (MI/M scores 0.822/0.835) upstream of the TIS, and one site recognized by C/EBPJ
located 221 bp upstream of the TIS (M score 0.970) were predicted within the human OTC
promoter. None of these binding sites was recognized either in rat or in mouse promoter because
of variations in the matrix core motifs.

As mentioned above, human OTC lacks a particular site of transcription initiation indicating
the absence of a strong core promoter element such as TATA-box. Accordingly, in our previous
study (Luksan et al., 2010) we found three alternative TSSs - two major starting at positions c.-
95, ¢.-119 and a minor one starting at c.-169. From these three only the c.-169 transcript variant
implies a potential TATA-like element CATAAA located 25-30 bp upstream of the TSS;

however, its regulatory role seems to be low because cutting off the corresponding region did not
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lead to remarkable decrease in the promoter activity (Figure 2, constructs 173/Enh and 133/Enh).
Moreover, this fully conserved motif acts as a known HNF-4a binding site located 187 bp

upstream of the TIS in rodents.

Identification of cis-acting regulatory elements and delimitation of the core promoter

Transcriptional activity of six 5’-deleted promoter mutants ranging 685, 458, 223, 173, 133
and 81 bp (all with 3"-ends 46 bp upstream the TIS — see Figure 1) was compared with the full
793 bp human promoter in pGL3 constructs containing the human enhancer sequence. The empty
plasmid pGL3_0/Enh containing only the enhancer was used as a negative control to eliminate
the influence of the enhancer alone. The results have shown that a 5’-deletion of 108 bp has no
influence on the reporter activity (both mean and median varied around 116% of the activity of
pGL3_793/Enh), while the 5’-deletion of 335 bp leads to a decreased luciferase signal (median
and mean reached 57% and 54% respectively) (Figure 2). In contrast, increased reporter activity
was observed with the 223 bp promoter variant (median 146%, mean 152%). The response
remained constant through the 173 and 133 bp variants (medians 137% and 156%, means 150%
and 167% respectively) while the shortest tested variant of 81 bp showed slightly lower
transcriptional activity when compared with the full promoter (median 81%, mean 80%) (Figure
2). The decrease was statistically significant when compared with the 133, 173 and 223 bp
promoter variants, but not significant when compared with the 458 and 685 bp variants (Figure
2). The reporter gene activity observed with the pGL3 vector carrying the enhancer alone was
lower than 20% of the pGL3_793/Enh and significantly lower than all other constructs.

Based on these results we defined the human OTC core promoter as the 223 bp region located
-46..-268 bp upstream of the TIS containing three transcription initiation sites and two positive
cis-acting elements: Cis1+ located within the first 81 base-pairs, reaching 83% of the full
promoter activity and Cis2+ located within the upstream 52 bp sequence.

In the following experiments we evaluated the contribution of Cis1+ and Cis2+ to the
transcriptional activity of the promoter alone (Figure 2, right plot). The core promoter exhibited
twice higher reporter gene activity than the full promoter and the level of luciferase signal
remained stable within all tested constructs (81/0, 133/0, 173/0 and 223/0). Finally, the reporter
gene signal observed with all promoter variants was significantly higher than with the negative
control pGL3_0/0. The influence of Cis2+ was not observed in this case indicating two possible
explanations: First, Cis2+ regulatory element contributes only to the interaction with the
enhancer whereas Cis1+ plays a role in both interaction with the enhancer and activation of the
promoter. Second, Cisl+ and Cis2+ operate simultaneously but they contribute to formation of

different mRNA variants originating from various TSSs. In such case, absence of one element
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responsible for formation of one transcript variant could be compensated by the action of the
other element responsible for production of the other transcript originating from different TSS.
Such compensatory effect could maintain the overall transcriptional activity of the promoter.
However, the compensatory capacity may reach its limit when the transcriptional activity is
accelerated by the promoter — enhancer interaction and therefore the promoter variant containing
only the Cis1+ element alone exhibits lower activity when compared with the variant carrying

both regulatory units (Figure 2, variants 81 and 133).

Identification of DNA-protein interaction sites by DNase | footprinting

In a series of experiments we identified five DNase | protected regions localized 92-102 (A),
105-114 (B), 135-145 (C), 150-172 (D) and 180-192 (E) bp upstream of the TIS (Figure 3A).
The sequence motifs observed in the protected regions B and E are very close to the protected
regions in the rat promoter which partially overlap with the HNF-4 & COUP-TF binding sites
(Figure 1). Another HNF-4o recognition site predicted with high matrix similarity score is
located close to the protected region C.

No conventional transcription factor binding sites were recognized within the protected region
A which coincides with the ¢.-95 bp TSS and overlaps with a sequence motif related to initiator
element Inr (MI score 0.967). The same sequence was recognized with Match as a Cap site with
matrix similarity score 0.995. A general core promoter motif Inr is known to moderate
transcription by direct interaction with the transcription factor 11 D (TFIID) complex in both
TATA-containing and TATA-less promoters. Unfortunately, the role of the initiator element in
the OTC promoter remains unclear since the strictly unidirectional Inr is located on the template
strand in the antisense orientation.

Structural motifs recognized by two different transcription factors with high matrix similarity
score were predicted in silico within the protected region D: GATA-binding factor 1 (GATAL1),
located 155 bp upstream of the TIS (Ml score 0.962, M score 0.970) and Specificity Protein 1
(Sp1) at position -169..-177 (M score 0.962). Whereas GATAL is essential for erythroid and
megakaryocyte development, its expression pattern is limited to the hematopoietic cell lineage
and its involvement in regulation of OTC transcription is thus unlikely. The Sp1 is a rather
ubiquitous transcription factor capable of regulating basal expression in genes with TATA-less
promoters (Black et al., 2001). The Sp1 recognition site overlaps the alternative TSS located 169
bp upstream of the translation origin. Since no other general core promoter has been found in a
standard position related to the TSS except for the TATA-like domain discussed earlier, the
contribution of Sp1 to the initiation of transcription from the position c.-169 seems likely.
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Analysis of the DNA - protein complexes by EMSA

The DNA — protein interactions observed by DNase | footprinting were verified in a set of
electromobility shift assays (EMSA). Six double-stranded biotin-labeled probes were designed to
cover the regions containing cis-acting regulatory elements, DNase | protected regions or in
silico predicted transcription factor binding sites (see Figure 3C). Interaction with the HepG2
nuclear extract led to an obvious shift: Three shifted bands were observed with the probes
covering the regions located at positions -46..-126 and -98..-178, two bands with probes spanning
the regions -168..-218 and -204..-268 and one zone was detected using probe corresponding to
the sequence localized -98..-126 upstream of the TIS.

The probe [-98..-126] spanning 29 bp was designed to cover the proximal HNF-4o binding
site. The motif is conserved in human and rodents and overlaps the region B protected against the
DNase | cleavage. The site is also contained in the [-46..-126] probe carrying the Cis1+
regulatory element and in the [-98..-178] probe. Both probes exhibited a different band shift
pattern than the [-98..-126] probe indicating formation of additional DNA-protein complexes
(Figure 3B). One of these complexes formed with the probe [-46..-126] may involve the
intermediates formed by the factors binding to the Inr element. The pattern obtained with the
probe [-98..-178] likely involves complexes with other HNF-4o. and Sp1l predicted to bind the
sequences of protected regions C and D.

The probe [-168..-218] was designed to overlap the conserved HNF-4¢. binding site, found
also in rat around the position -187 bp upstream of the TIS, and the DNase | protected region E.
The probe [-204..-268] covered the distal part of the core promoter region, where a sequence
motif recognized by C/EBPJ was predicted.

Specific interaction of HNF-4a with probes [-46..-126] and [-98..-178] was examined in
competition assays using a non-labeled probe [-98..-126]. The reaction mixture containing both
biotin-labeled and non-labeled probe [-98..-126] was used as a control indicating specific manner
of the competition. Repression of nuclear factor binding was observed with all three probes. A
gradual decrease of two differentially shifted bands was observed with the probe [-98..-178]
carrying two motifs recognized by HNF-4o. (Figure 3B).

Confirmation of specific interaction between HNF-4¢. and the predicted binding sites located
105 bp and 136 bp upstream of the TIS was achieved using probes [-98..-126] and [-132..-156]
(Figure 3C). Addition of specific competitor (a non-labeled probe corresponding to the consensus
sequence of HNF-4a recognition motif) in 200-fold excess led to significant decrease in the
shifted band intensity. Supershifted bands of the DNA-protein-antibody complexes were

observed after incubation with the anti-HNF-4o antibody. Presence of the anti-HNF-4¢ antibody
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in these complexes was confirmed using HRP-conjugated secondary antibody: The

immunoreactive zones co-localized with the supershifted bands (Figure 3B).

Mutation in Cis 1+ element abolished HNF-4a binding

To confirm the role of the Cis 1+ element as a HNF-4a binding site we generated a mutant
793(HNF4mut) in which the matrix sequence CAAAGG was replaced by CAccaG and then
compared the transcriptional activity of both variants combined with the enhancer in a set of
reporter assays (Figure 4A). The activity of pGL3_793(HNF4mut)/Enh construct was more than
two times lower than in the case of normal promoter and the decrease was highly significant in
Student’s t-test. When compared with the reporter gene activity obtained with other variant
constructs, the pGL3_793(HNF4mut)/Enh reached similar level as the core promoter variants
without enhancer and it was about two times lower than pGL3_81/Enh (mean and median
reached 41% and 34% of pGL3_793/Enh respectively). Interestingly, in spite of the disruption of
the HNF-4a binding site, the GL3_793(HNF4mut)/Enh activity was partially preserved

indicating the ability of the upstream element(s) compensate function of the disrupted Cis1+.

Discussion

We have shown that the minimal promoter responsible for both the promoter activity and
activation of the enhancer is located within the region -46..-126 bp upstream of the TIS. As the
shortest reported transcription variant starts at the position c.-95, the minimal promoter contains
one strong positive cis-acting regulatory element Cis1+ located within 30 bp upstream of the
TIS. The motif is highly conserved in vertebrates and the affinity of HNF-4 to this region has
been clearly demonstrated in rat (Kimura et al., 1993) and mouse (Inoue et al., 2002).
Accordingly, we found that the Cis1+ spanning region is protected against DNase | cleavage and
then experimentally confirmed binding of HNF-4. at this site (Figure 3B).

The Cis2+ element was identified within the region between -127 and -178 bp upstream of the
TIS overlapping with the protected regions C and D. Cis2+ is involved in the interaction with the
distal enhancer, but it does not directly influence the promoter activity alone (Figure 2).
Sequence motifs recognized by nuclear factors HNF-4o and Spl were predicted in silico in this
region (Figure 3C). Binding of HNF-4a was confirmed in the band shift competition assay where
two bands obtained with the probe [-98..-178] and one band obtained with the probe [-132..-156]
decreased proportionally to the increased amount of specific competitor (Figure 3B). Presence of
two differentially shifted bands with the probe [-98..-178] can be explained by formation of two
different complexes probe-HNF4 and HNF4-probe-HNF4 as the probe carries two HNF-4a
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binding sites and the ratio of both complexes remained constant even when repressing their
formation by a specific competitor. A direct proof of HNF-4o binding at this site was obtained
by detection of supershifted complex DNA-protein-antibody (Figure 3B).

Binding of Sp1 could also explain transcription from alternative OTC TSS at the position c.-
169 but it cannot explain the role of Cis2+ in the interaction with the enhancer.

Unlike the two HNF-4a. binding sites discussed above, the motif located 187 bp upstream of
the translation origin didn’t exhibit significant influence on transcriptional activation of OTC
(Figure 2). Nevertheless, the matrix sequence is highly conserved and it differs from the rodent
sequence only in one nucleotide located outside of the matrix core. The region partially correlates
with the protected region E and interaction of HNF-4 with that site has been confirmed in rodents
(Kimura et al., 1993; Inoue et al., 2002). The motif overlaps with the probe [-168..-218] which
competed for HNF-4o with the HNF-4o-specific competitor in EMSA. Therefore it is obvious
that the HNF-4o. binding site is active, despite that its contribution to the overall promoter
function is negligible when compared with the Cis1+ and Cis2+ elements. The low contribution
is further supported by observations in mouse (Inoue et al., 2002).

Fang et al. (2012) reported recently a genome-wide study evaluating matrix sequence motifs
in a large group of HNF4-specific genes using high-throughput ChiP-seq. Motifs recognized by
1371 specific sequences were statistically evaluated based on their binding affinity. Matrices
preferred by top 10% (strongest), top 33% (strong) and middle 33% (middle) binders originating
from the Fang’s study were compared with all four in silico predicted HNF-4¢. binding sites and
their rat and mouse homologues (Figure 4B). The matrix sequence is highly conserved and
practically all compared regions could be considered as at least middle affinity binders to HNF-
4q.

Activation of the enhancer in rat is associated with the interaction of promoter-bound HNF-4
with the enhancer-bound C/EBPJ (Nishiyori et al., 1994). A similar mechanism involving
synergistic co-operation of HNF-4 and C/EBPa, both bound to the promoter, has been suggested
for human apolipoprotein B gene (Metzger et al., 1993). Indeed, we predicted a binding site for
C/EBPB in the OTC core promoter between positions c.-221 and c.-234 and the results of EMSA
revealed two shifted bands indicating the formation of DNA-protein complexes within this
region. In contrast, cutting off the region located -219 bp to -268 bp upstream of the TIS did not
change the level of the reporter signal in luciferase assays.

In silico analysis of the proximal 200 bp part of the enhancer region revealed a set of six
repeated sequence motifs corresponding to the C/EBPJ binding site. Accordingly, the DNase |
cleavage of the proximal part of the enhancer was decreased and an intensive DNA-protein smear

was observed in the gel retardation assay after incubation of the proximal enhancer fragment
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(data not shown). Interaction of the liver enriched HNF-4 factors bound to the OTC core
promoter with the set of periodically occurring liver specific C/EBP-like proteins thus may
contribute to the tissue specificity of OTC expression in the liver, as was seen in the rat model
(Nishiyori et al., 1994).

The distribution of HNF-4o recognition sites within the OTC core promoter region exhibits an
important feature: All three HNF-4o binding motifs are located within 35 bases upstream of the
TSSs (Figure 1). Moreover, the sequence of 223 bp proximal promoter lack any general core
promoter elements such as Inr, the downstream promoter element (DPE), the TFIIB recognition
element (BRE), the motif ten element (MTE), downstream core element (DCE) and the X core
promoter element (XCPE) located at standard positions upstream of the TSSs, thereby suggesting
the importance of HNF-4a in the initiation of OTC transcription. Initiation of transcription
mediated by DNA-dependent RNA-polymerase 1l is dependent on the assembly of functional
pre-initiation complex (PIC) consisting of general transcription initiation factors TFIIA, TFIIB,
TFID, TFIE, TFIIF, and TFIIH (reviewed in Hahn, 2004, Myer and Young, 1998). The
transcriptional machinery and the PIC formation is well described in promoters equipped with
general core promoter elements but it has been poorly studied in promoters lacking these
elements. However, few indices suggesting the role of HNF-4a in the transcription from TATA-
less and Inr-less promoters can be found in the literature. The HNF-4o. was shown to activate
transcription in vitro by facilitating assembly of the pre-initiation complex through direct
physical interaction with TFIIB. The interaction of TFIIB with DNA-bound HNF-4o. led to
TF1IB-mediated recruitment of TBP. Furthermore, HNF-4o participated in the assembly of
downstream basal factors into the PIC (Malik and Karathanasis, 1996). Similar mechanism
comprising both the stable complex activator-TFIIB-TBP assembly and involvement in the
association of downstream basal transcription factors TFIIE and TFIIF was observed later in
estrogen receptor as another member of the nuclear hormone receptor superfamily (Sabbah et al.,
1998). In a recent study, the systematic characterization of the HNF4a-TFIID link revealed that
the HNF4o DNA-binding domain binds directly to the TBP and, through this interaction, can
target TBP or TFIID to promoters containing HNF4a-binding sites (Takahashi et al., 2009).

In conclusion, our data strongly suggest the essential role of HNF-4a in regulation of OTC
transcription in human. The regulatory mechanism may involve physical interaction with TFIIB,
recruitment of TBP and stabilization of TFIID to particular site in the promoter followed by the

assembly of the pre-initiation complex.
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Figure legends

Figure 1: Sequence alignment of the rat Otc (lower case) and human (upper case) OTC 5’
flanking region. The regions protected against DNA | cleavage in rat are underlined. The 5”- ends
of the rat promoter fragments studied by (Murakami et al., 1990) and their relative activity in
chloramphenicol acetyltransferase reporter assays are marked with arrows. Transcription factor
binding sites identified as cis-acting regulatory elements in rat are boldfaced. Transcription factor
binding sites predicted by Match and MatlInspector in human OTC promoter are boldfaced and
highlighted in grey. Black arrows indicate human OTC promoter variants tested in reporter
assays. Three alternative TSSs identified within the human liver mRNA are marked with black

triangles.

Figure 2: Transcriptional activity of the mutant promoter variants in combination with the
enhancer (left panel) and without the enhancer (right panel). The data are based on at least 6
independent experiments. The box represents the range between the 25th and 75th percentile,
horizontal line within the box shows the median. Whiskers indicate the minimal and maximal
value. Diamonds are used for means. Multiple comparisons of variance using Bonferroni method
are presented in the table below the plots. Statistical significance is represented by asterisks:
(***) indicate the differences with p < 0,005 and (**) is used for statistical significance with p <
0.01.

Figure 3: Analysis of the DNA — protein interactions within human OTC core promoter. A —
DNase | footprinting. Peaks represent the fragments obtained after DNase | cleavage (in blue)
and internal standard (in red). Regions protected against the endonuclease cleavage are marked
by red horizontal bars; B — Electromobility shift assays (EMSA). Standard EMSA (upper left
panel), competition assays with a specific competitor for HNF-4o. (upper right panel) and a
specific confirmation of HNF-4o binding to the predicted sites using competitor and supershift
assays (lower panels). Detection of the anti-HNF-4o antibody was performed by probing the
same membrane with a secondary antibody (right electrophoreograms in lower panels). NX -
incubated with nuclear extract. C — Schematic summary of results. Horizontal bars represent
promoter fragments used in the dual liciferase reporter assay (dark blue), protected regions
observed with the DNase | protection assay (red) and EMSA probes (light blue). Upper part of
the figure represents transcription factors and their binding sites (underlined sequence) predicted

with high score using Matlnspector and Match programs.
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Figure 4: A — Functional analysis of wildtype (793) and mutated (793(HNF4mut)) OTC
promoter carrying mutation in the proximal binding site for HNF-4a., both subcloned to pGL3
vector containing enhancer. The data are presented as mean + SD. B -Sequence comparison of
the in silico predicted human HNF-4o binding sites and their rat and mouse homologues with the
matrix sequence motifs published by Fang et al. (2012). Grey boxes show the core sequence
motif. “n” indicates equal incidence of all four nucleotides. Letters below the sequences in the
“Matrix” section represent common (uppercase) or probable, but not common (lowercase)

alternatives.
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Tables and Figures

Table 1: Reporter constructs used in dual luciferase reporter assay

Construct Promoter variant Enhancer
Fragment lenght Position

pGL3_793/Enh 793 bp c.-838 .. c.-46 yes
pGL3_685/Enh 685 bp c.-730 .. c.-46 yes
pGL3_458/Enh 458 bp c.-503 .. c.-46 yes
pGL3_223/Enh 223 bp C.-268 .. c.-46 yes
pGL3_173/Enh 173 bp c.-218 .. c.-46 yes
pGL3_133/Enh 133 bp c.-178 .. c.-46 yes
pGL3_81/Enh 81 bp €.-126 .. c.-46 yes
pGL3_0/Enh - - yes
pGL3-793/0 793 bp c.-838 .. c.-46 -
pGL3_223/0 223 bp C.-268 .. c.-46 -
pGL3_173/0 173 bp c.-218 .. c.-46 -
pGL3_133/0 133 bp c.-178 .. c.-46 -
pGL3_81/0 81 bp c.-126 .. c.-46 -
pGL3_793(HNF4m)/Enh 793 bp c.-838 .. c.-46 yes
pGL3_0/0 - - -
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4.4. Glucocerebrosidase gene has an alter native upstream promoter, which
has featur es and expression characteristic of housekeeping genes

4.4.1. Commentary
There are five alternative GBRanscripts annotated in the databases, four of which

apparently originate upstream of the known promoter (P1). Tresscripts, differing in the
preence of either one or two extra exons —2 and -1, are not predicted to alter the amino-acid
sequence of the GBAs their variable'®nds do not contain initiation codons. Their expossi
should be apparently driven by an alternative upstream promoter (P2) located 2.6 kb above the
translation origin.

In this study, we have shown that the region 1 kb upstream in the 5’-flanking region of
exon —2 can function as an alternative promoter of @B we also analyzed its properties.

For that purpose we applied a similar methodical approach as we introduced and optimized
within the OTC project.

In a luciferase reporter assay we confirmed the transcriptional activity of both P1 and P2
promoters in Hep-G2 cells. Using the method 'cfeésial deletions we delimited the P2 core
promoer and characterized the promoter regions exhibitingdise regulatory activity. We
identified three alternative transcription start sites located 347, 380, and 413 bp upstream of the
translation initiation site. Furthermore we studied the expression profile of transcripts
originating from P2 and P1 across 20 human tissues and we found that expression is more
stable than in the case of housekeeping genes GARRHACTB In-silico analyses of the P2
promoter revealed the lack of a TATA box (unlike P1) and presence of an unmethylated CpG
island and multiple Sp-1 consensus binding sites.

Finally, we analyzed both promoters and the untranslated region in DNA samples from a
phenotypically diverse group of twenty Ashkenazi Jewish Gaucher patients homozygous for
the common mild mutation p.N370S. Sequence variations explaining phenotypic differences

were found neither in P1 and P2 nor exons -2 and —1.
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Database searches have shown that a part of glucocerebrosidase (GBA) transcripts may originate at an
alternative upstream promoter (P2) located 2.6 kb upstream of the known (P1) GBA promoter. The putative
alternative transcripts contained one or two extra exons (exon —2 or exons — 2, — 1, respectively), but the
first ATG codon and predicted amino-acid sequence are the same as in the transcript from P1. Luciferase
assays confirmed promoter activity of both sites in HepG2 cells: the P1 construct exhibited the highest activity
of luciferase (17.8241.10 relative luciferase units), while the P2 construct reached 3.01 4 0.43 relative
luciferase units. Serial 5 deletions of P2 led to changes in reporter activity, the most prominent decreases
were observed in deletion constructs carrying bases —353 to — 658, and —353 to —920 (numbered as in
NM_001005750.1), respectively. This suggests that the P2 core promoter is contained within the region of
—920 bp to —1311 bp.
Three P2 transcription initiation sites were found by 5’ RACE at positions 347, 380, and 413 bp upstream of the
+ 1 ATG. The expression stability of transcripts from P2, P1 was studied in 20 human tissues and was higher
than that of GAPDH and ACTB, which are commonly used as reference housekeeping genes. The P2 contains an
unmethylated CpG island, multiple Sp-1 consensus binding sites and, unlike P1, does not contain a TATA box,
features all common to the majority of housekeeping gene promoters.
We have examined DNA samples from a phenotypically diverse group of twenty Ashkenazi Jewish Gaucher
patients homozygous for the common mild mutation N370S. Both P1 and P2, as well as exons —2 and — 1, did
not contain any sequence variations, with the exception of the known polymorphism rs10908459 found on
one allele. The phenotypical differences in the patients were thus not explained by nucleotide variations in
both promoters.

© 2011 Elsevier Inc. All rights reserved.

Introduction

sidase (GBA) located in a gene-rich region at 1q21; the gene spans 7.8 kb
and contains 11 exons and 10 introns. A highly homologous transcribed

Gaucher disease is a glycolipid storage disorder caused by an
inherited deficiency of activity of glucocerebrosidase, a hydrolase that
catalyzes one step in lysosomal degradation of glycosphingolipids [1].
Gaucher patients carry mutations in the gene encoding glucocerebro-
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but untranslated pseudogene (psGBA), which is a result of a tandem
duplication event involving ancestral GBA and neighbouring metaxin
genes, is located 16 kb downstream from GBA [2]. This duplication,
which probably occurred before the divergence of great apes and Old
World monkeys, has been found only in primates and humans [3].

Although glucocerebrosidase is expressed in all cell types - a
feature characteristic of housekeeping genes - differences in its
expression levels in cell lines suggested at least some degree of
differential regulation of expression. Also, glucocerebrosidase activity
to mRNA levels ratios has not been concordant in all examined cell
lines. Because of this, it has been suggested that in addition to
regulation by mRNA levels, GBA activity must be controlled also by
other mechanisms [4,5].

The majority of housekeeping genes characteristically have TATA-
less promoters containing CpG islands and are enriched in binding
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sites for some transcription factors, including Sp1 [6]. The glucocere-
brosidase promoter located immediately upstream of exon 1 (P1)
does not have an associated CpG island and contains a TATA box [2].
Other regulatory elements were identified in the promoter, whose
ability to drive expression of a reporter gene was shown in several
human cell lines. Binding of transcription factors was confirmed by
gel-shift assays. It has been elucidated, by deletion analysis, that there
are several enhancers and a repressor [7].

Currently, there are five alternative transcripts annotated in the
databases, four of which apparently originate at an alternative
promoter (P2) located 2.6 kb upstream of the first ATG and contain
either one or two extra exons (exon — 2 or both exons —2 and —1,
respectively) (Fig. 1). These transcripts are not predicted to alter the
amino-acid sequence of the glucocerebrosidase as their variable 5’
ends do not contain initiation codons.

In this study, we show that the region 1 kb upstream of exon —2
can function as an alternative promoter of glucocerebrosidase and we
also analyze its properties. We found transcripts from P2 promoter in
multiple tissues, confirming that the promoter is used in vivo.

We have also examined the sequence of exons —2, — 1 and the P1
and P2 promoters in a group of Ashkenazi Jewish Gaucher patients
homozygous for the N370S mutation [8] who presented with
discordant phenotypes.

Patients and methods
Patients and genotyping

A group of 20 Ashkenazi Jewish type 1 Gaucher patients homozygous
for the N370S mutation were included in the study on the basis of
written informed consent. Ten of them had mild Gaucher phenotype,
which is the usual presentation of the disease in patients with this
genotype, while the remaining patients had severe form of the disease.
The P1,P2,exons — 1 and — 2 were amplified from genomic DNA in each
patient and sequenced. Primer sequences are in Table 1.

Numbering of sequences

The promoter and cDNA sequences were numbered beginning with
the A in the initiation ATG codon according to Reference Sequence
NM_000157.2 for the P1 promoter and Reference Sequence
NM_001005750.1 for the P2 promoter. No base was assigned to zero
position.

Sequencing of RT-PCR products

GBA transcripts originating at P2 were probed by RT-PCR using
primers U4 and L9 (Table 1). Upstream primer annealed to exon — 2,
while downstream primer annealed in exon 9 to the sequence deleted
in the pseudogene, making the amplification specific for the active

gene. The products were gel-purified, cloned, and individual clones
were sequenced.

Generation of reporter gene constructs

PCR products (921 and 1156 bp long, respectively) containing the
sequence of P1 (—948/—27, NM_000157.2; NG_009783.1, g.7639-
8559) or P2 (— 1509/—353,NM_001005750.1, NG_009783.1, g.3892-
5047) promoters were amplified using primers with overhangs
containing sequences recognized either by Kpnl or Xhol restrictases
(forward and reverse primers, respectively, Table 1). Primer
sequences were derived from genomic sequence of chromosome 1
(Reference Sequence NG_009783.1). The fragments were gel-purified
and directly cloned in the TA cloning vector pCR®4 -TOPO® (Life
Technologies (Invitrogen, Carlsbad, USA), and the resulting constructs
were verified by sequencing. Positive clones were double digested
with Kpnl and Xhol (Fermentas), released fragments were cloned in
both sense and antisense orientations into pGL4.16 (luc2CP/Hygro)
vector (Promega, Madison, USA) upstream of the firefly luciferase
reporter gene, generating pGL4 —1509/— 353 and pGL4 —948/—27
constructs, respectively.

Generation of serial deletions in P2 constructs

Serial deletions of P2-containing construct pGL4 —1509/—353
were created by site-directed mutagenesis using the QuickChange XL
site-directed mutagenesis kit (Stratagene, La Jolla, USA) [9]. Primers
listed in Table 1 were used to generate mutant constructs with
different 5’end deletions (pGL4 —1311/—353, pGL4 —1164/—353,
pGL4 —920/—353 and pGL4 -658/—353) according to the manufac-
turer's instructions. All deletions were confirmed by DNA sequencing.

Cell culture, transfection and reporter gene analysis

HepG2 (human hepatoblastoma) cells cultured in Opti-MEM®
(Invitrogen) were supplemented with 10% (v/v) fetal bovine serum.
The cells were grown in 25 cm? flasks at 37 °C, 5% CO.. A total of 5x 10*
HepG2 cells per well were seeded into a 24-well culture plate 1 day
prior to transfection. 500 ng of each construct was transfected into
HepG2 cells using the Tfx™-20 Reagent (Promega). The empty pGL4
vector was transfected simultaneously. The pRL-TK vector (Promega)
harboring the Renilla luciferase gene was co-transfected as an internal
control to normalize for the transfection efficiency. Each construct was
transfected in triplicate, and each transfection experiment was
repeated independently at least three times. After 48 h, cells were
washed with phosphate-buffered saline (PBS) and lysed with 100 pl of
the passive lysis buffer (Promega). The luciferase reporter gene
activity was assayed using the Dual-Luciferase® Reporter Assay
System (Promega). The intensity of chemiluminescence in the
supernatant was measured using a luminometer (Berthold, Bad

Fig. 1. Alternative transcripts of GBA. GBA transcripts according to GeneBank reference sequences: variant 1 (Acc.No. NM_000157.2) variant 2 (Acc.No.NM_001005741.1), variant 3
(Acc.N0.NM_001005742.1), variant 4 (Acc.No.NM_001005749.1), and variant 5 (Acc.No.NM_001005750.1). The position of P1, P2, and of the P2-associated CpG island are shown.
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Table 1
Primers used for amplifications and generation of deletions constructs (see Patients and methods).
Amplified region Forward primer 5'Position Reverse primer 5'Position Annealing Length
temp. (°C)  (bp)

P1_sense® 5'-GGTACCGTGTGCCACTCCCGCTAAATC-3’ g.7638 5’-CTCGAGAGACCACAGGGGTTCCAGAGT-3’ g. 8559 67 921
(NG_009783.1) (NG_009783.1)

P1_antisense® 5'-CTCGAGGTGTGCCACTCCCGCTAAATC-3’ g.7638 5'-GGTACCAGACCACAGGGGTTCCAGAGT-3’ g. 8559 67 921
(NG_009783.1) (NG_009783.1)

P2_sense® 5/-GGTACCTTTCAGTGAGCACCCAATCCC-3’ g.3892 5'-CTCGAGGAGAAAAGCAGCCCTGGGGAG-3’ g. 5047 67 1156
(NG_009783.1) (NG_009783.1)

P2_antisense® 5'-CTCGAGTTTCAGTGAGCACCCAATCCC-3’ g.3892 5'-GGTACCGAGAAAAGCAGCCCTGGGGAG-3’ g. 5047 67 1156
(NG_009783.1) (NG_009783.1)

Exons —1, =2 5-TGAGGAAGGGCTCTGAGTCC-3’ g.4958 5'-TCAAGCGGAGGGTAGGGACC-3’ g. 5828 65 871
(NG_009783.1) (NG_009783.1)

U4, L9 5/-GCTGCTGTTTCTCTTCGCCGAC-3' g.5170 5'-GGTCCTCCTTCGGGGTTCA-3’ c. 1685 63 1515
(NG_009783.1) (NM_001005750.1)

—353/—1311"  5'-CCTAACTGGCCGGTACTAGCTGGGATTACAGG-3'  g. 4090 60
(NG_009783.1)

—353/—1164°  5'-CCTAACTGGCCGGTACATTACAGGTGTGACTC-3'  g. 4237 60
(NG_009783.1)

—353/—920° 5'-CTAACTGGCCGGTACAACGTGGTGCCTCC-3'  g.4481 60
(NG_009783.1)

—353/—658" 5'-CCTAACTGGCCGGTACTGTGGGAATTCAATCG-3'  g. 4743 60
(NG_009783.1)

U1, L1 5'-CCTGAGGCTCTCTAAAGAGGAAGGTTAGGAA-3"  g.4683 5'-GAGTCTCTGAAGGATAGAGGATCCACGTTAA-3"  ¢.323 65 674
(NG_009783.1) (NM_001005750.1)

U2, L1 5’-CGACACGCATGCGTAGTTCTC-3' g.4795 5'-GAGTCTCTGAAGGATAGAGGATCCACGTTAA-3"  ¢.323 65 562
(NG_009783.1) (NM_001005750.1)

U3, L1 5'-CCAGCGACACTTGTTCGTTCAACTT-3’ g.4920 5'-GAGTCTCTGAAGGATAGAGGATCCACGTTAA-3"  ¢.323 65 437
(NG_009783.1) (NM_001005750.1)

U4, L1 5/-GCTGCTGTTTCTCTTCGCCGAC-3’ g.5170 5'-GAGTCTCTGAAGGATAGAGGATCCACGTTAA-3' ¢.323 65 187
(NG_009783.1) (NM_001005750.1)

U1, L2 5’-CCTGAGGCTCTCTAAAGAGGAAGGTTAGGAA-3"  g. 4683 5'-AAGACCACAGGGGTTCCAGAG-3’ c.351 65 692
(NG_009783.1) (NM_001005750.1)

U2, L2 5'-CGACACGCATGCGTAGTTCTC-3’ g.4795 5'-AAGACCACAGGGGTTCCAGAG-3’ c. 351 65 580
(NG_009783.1) (NM_001005750.1)

U3, L2 5'-CCAGCGACACTTGTTCGTTCAACTT-3’ g.4920 5-AAGACCACAGGGGTTCCAGAG-3’ c. 351 65 455
(NG_009783.1) (NM_001005750.1)

U4, L2 5'-GCTGCTGTTTCTCTTCGCCGAC-3’ g.5170 5'-AAGACCACAGGGGTTCCAGAG-3’ c.351 65 205
(NG_009783.1) (NM_001005750.1)

Meth1 5'-GGTTGGATTTATTGTGGGAATTTAAT-3’ g.4731 5'-TCAAAACCCTTCCTCAAATCTCATT-3’ g. 4973 56 242
(NG_009783.1) (NG_009783.1)

Meth2 5'-AATGAGATTTGAGGAAGGGTTTTGAG-3’ g.4949 5'-CCATTACACTCCAACCTAAAC-3’ g. 5340 56 391
(NG_009783.1) (NG_009783.1)

Meth3 5'-GTTTAGGTTGGAGTGTAATGG-3’ g.5320 5'-TCATTAATAAAATCTAACCATCCTTACC-3’ g. 5630 56 310
(NG_009783.1) (NG_009783.1)

Primer positions correspond to 5’end of the primers, either in genomic or cDNA reference sequence.

¢ Underlined sequence is a non-hybridizing overhang.

b Primer used for generation of serial deletions in P2 insert by site-directed mutagenesis. Underlined sequence anneals to the vector pGL4, while the rest of the primer anneals to
P2. The position indicates the 5’end of the P2-hybridizing sequence.

Wildbad, Germany) and expressed as the ratio of Renilla luciferase to designed (Table 1). PCR products were gel-purified and sequenced.

firefly luciferase luminescence (RLU, relative luciferase units). Upper primers were designed to anneal to the presumed 5’ ends of the
transcript. Lower primers annealed to the junction of exon —1 and
Identification of the transcription initiation site exon 1 and in the exon 1, respectively (Fig. 2).
PCR 5" RACE
RT-PCR was used to approximate the position of the transcription Transcription initiation sites of the gene were identified by 5’ RACE

initiation site. Four upper primers and two lower primers were technique that amplifies products only from capped mRNAs [10]. 5

Fig. 2. Location of TagMan probes and primers relative to transcription initiation sites.
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RACE was carried out using the GeneRacer™ Kit (Invitrogen) with
RNAs isolated from human leukocytes, liver, and placenta. Alterna-
tively, the FirstChoice® RLM-RACE Kit (Ambion (Life Technologies),
Austin, USA) was used with the FirstChoice® Human Placenta Total
RNA (Ambion). Nested PCR was performed with 5’ RACE universal
primers and gene-specific primers. Primers 5’-aagaccacaggggttcca-
gag-3’ or 5'-gagtctctgaaggatagaggatccacgttaa-3’ were used for the
first round of amplification, while 5’-caggaattggagaccagcctgac-3’ and
5’-ggcaaaacgaaatcccaccgcag-3’, for the second, respectively. Obtained
cDNA fragments were gel purified and sequenced directly and/or after
cloning into TA cloning vector pCR®4 -TOPO® (Invitrogen).

Real-time PCR

The utilization of transcription initiation sites was studied by
quantitative RT-PCR. Primers and TagMan probes were designed using
Primer Express 3.0 software (Applied Biosystems (Life Technologies),
Foster City, USA) to be specific for the sequence upstream (probe 1 and
probe 2) and downstream (probe 3) of transcription initiation sites
identified by 5’ RACE (Fig. 2, Table 2). Amplification conditions are
available upon request. All reactions were performed using StepOne™
Real-time PCR system (Applied Biosystems). cDNA was obtained by
reverse transcription of Human Placenta Total RNA (Ambion) using
High Capacity RNA-to-cDNA Kit (Applied Biosystems). A standard curve
was generated by tenfold serial dilutions of the gDNA for each assay,
yielding correlation coefficients >0.98 in all experiments. Each standard
and sample value was determined in duplicate. The expression of
targets of all three assays was quantified from the standard curve.

Expression profile of P2 and P1 transcripts

TagMan probes 3 and 4, respectively (Table 2), were used for the
determination of expression stability of promoters P2 and P1. The
specificity of probe 4 was verified by absolute quantification using
oligonucleotides complementary to GBA gene and pseudogene
(Generi Biotech, Prague, Czech Republic, sequence not shown).
Expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and B-actin (ACTB) was quantified with probes purchased from
Applied Biosystems (Cat. No. 4326317E and 4326315E, respectively).
cDNAs were reverse transcribed from FirstChoice® Human Total RNA
Survey Panel (Ambion) as described above. Purified RNAs were
precisely quantified by the manufacturer and declared concentrations
of RNA were used. Negative controls without template were included
in each plate. Amplification efficiencies of all probes were tested by
construction of standard curves using serial dilutions of cDNA and
ranked between 91% and 114%.

The expression stability of GBA and commonly used housekeeping
genes GAPDH and ACTB were evaluated using geNorm (version 3.5)
and NormFinder software packages, which examine expression
stability of genes using different algorithms [11,12]. Ct values were
transformed to relative quantities using delta Ct method assuming the
amplification efficiency equal to 2 in all cases.

DNA methylation

The methylation status of the CpG island overlapping with P2 was
studied using bisulphite sequencing. Bisulphite-modified genomic

DNA [13] of three control individuals served as a template for
amplification of the CpG-rich sequence in the vicinity of P2 in three
fragments. Primers designed to anneal to the modified DNA are listed
in Table 1. Gel-purified products were sequenced.

Bioinformatics—identification of putative transcription factor binding
sites

The search for putative transcription factor binding sites was
performed using TFSEARCH (http://www.cbrc.jp/research/db/
TFSEARCH.html), MatInspector program (http://www.genomatix.de/
shop/evaluation.html) [14] and Alibaba2 (http://www.gene-regulation.
com/pub/programs.html#alibaba2).

GBA reference transcripts were obtained from NCBI (http://www.
ncbi.nlm.nih.gov/refseq/), the sequences were last accessed on 26th
August 2010). Expressed sequence tags (ESTs) containing sequence
homologous to exons —2 and —1 were identified using BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and/or UCSC Genome Browser
(http://genome.ucsc.edu/cgi-bin/hgGateway).

The multiple alignment of — 2 exon and P2 region (Supplementary
data) was modified from 44-way alignment of assembled genomes
available from Galaxy (http://main.g2.bx.psu.edu/) [15].

Results

The constructs containing the sequence of both P1 (in pGL4_P1+)
and P2 (in pGL4_P2+), respectively, delivered significantly higher
levels of reporter activity than negative controls with the same
sequence in antisense orientation as well as the empty vector. The P1
construct exhibited the highest activity of luciferase (17.82+1.10
relative luciferase units), while the P2 construct reached 3.01 £ 0.43
relative luciferase units (Fig. 3).

The pGL4 —1509/— 353 containing the whole sequence of P2 and
the deletion construct pGL4 —1164/—353 displayed comparable
levels of luciferase activity, but the other deletion constructs led to
changes in reporter activity. The highest activity was observed in
pGL4 —1311/—353, while pGL4 —658/— 353 exhibited dramatically
lower luciferase activity. The lowest activity was observed in pGL4
—920/—353 (Fig. 4). This suggests that the P2 core promoter is
located within the region ranging from —920 bp to — 1311 bp. The
region — 1311 bp to — 1509 bp probably contains a negative regulator
of transcription activity.

RT-PCR products corresponding to transcript variants containing
exon — 2 or both exons —1 and — 2 were found by RT-PCR in cDNA
prepared from placental RNA. 5 RACE identified three transcription
initiation sites at the P2, corresponding to the positions 347, 380 and
413 bp upstream of the + 1 ATG (Fig. 2, Supplementary data). Most of
the clones had 5’ends at the position — 347 and only few clones at the
position —413. Two clones (of the total of 40) were at positions — 452
and — 563, respectively. We were, however, able to amplify weak RT-
PCR products up to position — 500 bp. RT amplifications with primers
annealing upstream of this region did not yield any products.

The levels of transcripts initiating upstream of sites identified by 5’
RACE were studied by quantitative RT-PCR. The signal from probe 3
(downstream of —347) was 300 times higher than that of probe 1
(upstream of —563); the signal from probe 2 (upstream of —413)
was only twice as high as the signal from probe 1. This result

Table 2

TagMan probes and primers.
TagMan assay Forward primer Tm (°C) Reverse primer Tm (°C) Probe Tm (°C)
promlIGBA1 5'-AGAGTCTTACTGCGCGGGG-3’ 59 5'-AGCCTGCAAAGGCGCC-3/ 60 5'-AGTCTCCAGTCCCGCC-3’ 69
promlIGBA2 5'-GCTCGCCAGCGACACTTG-3' 60 5'-GGACTCAGAGCCCTTCCTCAA-3’ 59 5'-CGTTCAACTTGACCAATG-3’ 69
promIIGBA3 5'-TCAATCGCCCCCATCCA-3’ 60 5'-TGCGTGTCGGCG C-3 59 5'-CAACAGTGTGCTGGCG-3’ 70
promIGBA4 5'-CGGAATTACTTGCAGGGCTTA-3’ 58 5'-CAAAAACAAGGATGCAGGTACCT-3’ 58 5'-CCTAGTGCCTATAGCTAAG-3’ 69
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Fig. 3. Reporter activity of P1 and P2 of the GBA. Both the P1 (pGL4_P1+) and P2 (pGL4_P2+) reporter luciferase activities are shown in RLU (relative luciferase unit). The RLU
activity of each construct is plotted as fold increases over that of the pGL4 vector. Error bars represent standard deviation. The pGL4 vector, and the constructs with P1 (pGL4_P1-)
and P2 (pGL4_P2-) promoters cloned in antisense orientation, were used as a negative control and exhibited negligible luciferase activity.

corresponds well with 5’ RACE, where most clones had 5’end at
positions — 347, —380, —413 (Fig. 2).

The expression stability of transcripts from P2, P1, and two
housekeeping genes (GAPDH and ACTB) was studied in 20 human
tissues. The Ct values determined by real-time PCR for the mRNAs
from P1, P2, GAPDH, and ACTB are shown in Fig. 5. Both geNorm and
NormFinder found the expression stabilities of P1 and P2 transcripts
comparable, while both were higher than stabilities of the established
housekeeping genes GAPDH and ACTB (Table 3). The expression
profile of P1 and P2 followed the same trend among tissues (Fig. 5).
The results of bisulphite sequencing showed that the CpG island was
unmethylated (data not shown).

The multiple sequence alignment showed that P2 is conserved in
primates. The best homology was obtained in chimpanzee, gorilla, and
orangutan. Exon — 1 homology was found only in gorilla. Analysis of
P2 sequence predicted consensus binding sites for a number of
transcription factors. No consensus TATA or CAAT boxes were
identified, but multiple Sp1 binding sites were found. In addition,
conserved binding sites for several other transcription factors, GATA-1,
AP-1, YY1, CREB, CRE-BP, E2F, and two CLEAR motifs were also found
(Supplementary data).

The results of sequencing study in Ashkenazi Jewish Gaucher
patients homozygous for the N370S did not support our hypothesis
that sequence variations in P1, P2, exons —2 and — 1 may influence
Gaucher phenotype. No sequence variations have been found in the

patients with the exception of a known polymorphism rs10908459
(dbSNP build 131, http://www.ncbi.nlm.nih.gov/sites/entrez?
db=snp) found in heterozygosity in one of the patients.

Discussion

Four of the five known glucocerebrosidase transcripts contain
exon —2 (variants 2, 3, 4, and 5) or both exon —2 and exon —1
(variants 4 and 5). Transcripts 4 and 5 differ in three nucleotides at the
junction of exons —2 and —1 and transcripts 2 and 3 differ in
nineteen nucleotides at the junction of exon —1 and 1 (Fig. 1). The
existence of these variant transcripts is supported by a number of full-
length clones and ESTs in databases (not shown). Horowitz and co-
workers [2] confirmed that the region immediately upstream of exon
1 (P1 promoter) functions as a promoter of glucocerebrosidase from
which variant 1 mRNA is transcribed.

In this paper, we show that the sequence upstream of exon — 2 (P2
promoter) drives transcription of mRNA in the in vitro reporter assay
and the deletions of parts of the region lead to severe reduction of the
reporter activity. The P2 promoter fragment drove the transcription of
the reporter gene markedly higher than the control plasmid pGL4; the
reached levels of luminescence, however, were about six times lower
than that from P1 under the same conditions. This may suggest that
the P2 is a weaker promoter than P1. Nonetheless, it is important to
note that the fragment may not have contained all functionally

Fig. 4. 5'deletion analysis of the 5'flanking region of the GBA gene. The RLU (relative luciferase activity) of each deletion construct is plotted as fold increases over that of the pGL4
vector. The results are represented as the mean = S. D. of three separately transfected wells in one experiment. The pGL4 basic vector was used as a negative control and exhibited no

luciferase activity.
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Fig. 5. Cycle threshold values of P1, P2, GAPDH and ACTB in different tissues. The expression levels of P1, P2, GAPDH and ACTB in 20 different tissue samples were evaluated using
qRT-PCR. Ct values in P1 are in the range of 29.4 - 32.9 and in P2 27.9 - 30.6. Error bars represent standard deviation (n=2).

important elements of the promoter, including distant enhancers as
well as all regulatory sequences downstream of the initiation site. We
used fragments of similar size, which did not contain a larger part of
the downstream exons in both P1 and P2 constructs. For these
reasons, reporter gene expression from P1 and P2 constructs may not
be proportional to the strength of the native promoters.

Analysis of 5" RACE products has shown that transcripts originate
at three initiation sites (347, 380, and 413 bp upstream of the +1
ATG). We have confirmed by quantitative RT-PCR that the above sites
are the major transcription initiation sites of P2. The weak RT-PCR
products originating upstream of these sites in the 5’ region may
represent promoter upstream transcripts (PROMPTSs) [16].

Sardiello and co-workers [17] have recently found that most
lysosomal genes exhibit coordinated transcriptional behavior and are
regulated by the transcription factor EB (TFEB). They identified a 10-
bp motif named CLEAR (Coordinated Lysosomal Expression and
Regulation), which is enriched in promoters of lysosomal genes. P1
promoter of GBA contains two such elements and overexpression of
TFEB led to approximately 3 times higher expression of GBA. We have
found two elements compatible with the CLEAR consensus sequence
in P2, located —417 and — 891 bp from TSS found by 5’ RACE (347 bp
upstream of the +1 ATG) (Supplementary data). While CLEAR
elements are usually found within 200 bp of the transcription start
site (TSS), more distal CLEAR elements were found in promoters
upregulated by TFEB.

Multiple Sp-1 binding sites, an unmethylated CpG island, and the
absence of a TATA box are features that the P2 has in common with
the majority of housekeeping promoters. The P1 does not share these
properties, and the presence of the TATA box may suggest that P1 is a
regulated promoter [4,5]. However, the results from the quantitative
RT-PCR in RNA from normal adult human tissues did not show
significant differences in expression stability between the both
promoters. Moreover, the expression stability of P1 and P2 appears
to be higher than commonly used reference housekeeping genes
GAPDH and ACTB. Earlier studies showed that levels of glucocer-

Table 3

Expression stability coefficients of P1, P2, GAPDH, and ACTB.
Gene GeNorm NormFinder
P1 0.923 0.376
P2 0.900 0.397
GAPDH 1.141 0.631
ACTB 1.290 0.740

ebrosidase mRNA differ between cell lines of different origin,
suggesting that glucocerebrosidase expression may at least partially
be regulated. While the mRNA levels differed between cell lines, they
did not always correlate with enzyme activity, suggesting that other
mechanisms are also important in regulation of glucocerebrosidase
activity [4]. These results are not directly comparable with our
observations, because we have measured the amount of glucocer-
ebrosidase transcripts in total RNA extracted from normal human
tissues which contain a mixture of cells of different origin.
Importantly, the lines employed in the above studies included also
immortal cancerous cell lines that may not faithfully reflect properties
of the underlying cell type.

Transcripts from both promoters were detected in all studied
tissues. While we did not measure the absolute levels of transcripts
from each promoter, the ratio between P1 and P2 expressions
appeared to be similar among tissues.

Although we did not find significant differences in expression from
both promoters, steady-state levels of mRNA in normal adult tissues
do not exclude that one or both glucocerebrosidase promoters may be
differentially regulated under certain conditions including Gaucher
disease.

We hypothesized that differences in the manifestation of Gaucher
disease in patients with the same genotype may be caused by variable
expression of mutant glucocerebrosidase due to variants in the 5’
flanking sequences and the promoters. However, in the group of
patients homozygous for the common mild mutation N370S with
discordant phenotypes we found only one known polymorphism
(rs10908459) in heterozygosity in one case. It remains to be
elucidated what role the P2 promoter plays in the regulation of
glucocerebrosidase and possibly also in the pathogenesis of Gaucher
disease.

Acknowledgments

The study was supported by a grant from Grant Agency of Charles
University (GA UK 121407). O.L. and M.]. were supported by IKEM
MZ0 00023001, the project also received institutional support from
vZ MSM CR 0021620806.

Appendix A. Supplementary Data

Supplementary data to this article can be found online at
doi:10.1016/j.bcmd.2010.12.011.

94



E. Svobodovad et al. / Blood Cells, Molecules, and Diseases 46 (2011) 239-245 245

References [9] A.R. Shenoy, S.S. Visweswariah, Site-directed mutagenesis using a single
mutagenic oligonucleotide and Dpnl digestion of template DNA, Anal. Biochem.
319 (2003) 335-336.

[1] E.Beutler, G.A. Grabowski, Gaucher disease, in: C.R. Scriver, A.L. Beaudet, D. Valle, [10] M. Fromont-Racine, E. Bertrand, R. Pictet, T. Grange, A highly sensitive method for
W.S. Sly (Eds.), The Metabolic and Molecular Bases of Inherited Disease, McGraw- mapping the 5’ termini of mRNAs, Nucleic Acids Res. 21 (1993) 1683-1684.
Hill, New York, 2001, pp. 3635-3668. [11] RESEARCH0034. ]. Vandesompele, K. De Preter, F. Pattyn, et al., Accurate

[2] M. Horowitz, S. Wilder, Z. Horowitz, et al., The human glucocerebrosidase gene normalization of real-time quantitative RT-PCR data by geometric averaging of
and pseudogene: structure and evolution, Genomics 4 (1989) 87-96. multiple internal control genes, Genome Biol. 3 (2002).

[3] S.L.Winfield, N. Tayebi, B.M. Martin, E.I. Ginns, E. Sidransky, Identification of three [12] CL. Andersen, J.L. Jensen, T.F. Orntoft, Normalization of real-time quantitative
additional genes contiguous to the glucocerebrosidase locus on chromosome reverse transcription-PCR data: a model-based variance estimation approach to
1q21: implications for Gaucher disease, Genome Res. 7 (1997) 1020-1026. identify genes suited for normalization, applied to bladder and colon cancer data

[4] RE. Doll, F.I. Smith, Regulation of expression of the gene encoding human acid sets, Cancer Res. 64 (2004) 5245-5250.
beta-glucosidase in different cell types, Gene 127 (1993) 255-260. [13] SJ. Clark, J. Harrison, C.L. Paul, M. Frommer, High sensitivity mapping of

[5] RF. Doll, A. Bruce, F.I. Smith, Regulation of the human acid beta-glucosidase methylated cytosines, Nucleic Acids Res. 22 (1994) 2990-2997.
promoter in multiple cell types, Biochim. Biophys. Acta 1261 (1995) 57-67. [14] K. Cartharius, K. Frech, K. Grote, et al., Matlnspector and beyond: promoter

[6] W.S. Dynan, S. Sazer, R. Tjian, R.T. Schimke, Transcription factor Sp1 recognizes a analysis based on transcription factor binding sites, Bioinformatics 21 (2005)
DNA sequence in the mouse dihydrofolate reductase promoter, Nature 319 2933-2942.

(1986) 246-248. [15] J. Goecks, A. Nekrutenko, ]. Taylor, Galaxy: a comprehensive approach for

[7] Y.N.Blech-Hermoni, S.G. Ziegler, K.S. Hruska, et al., In silico and functional studies supporting accessible, reproducible, and transparent computational research in
of the regulation of the glucocerebrosidase gene, Mol. Genet. Metab. 99 (2010) the life sciences. Genome Biol 11 R86.

275-282. [16] P.Preker,]. Nielsen, S. Kammler, et al., RNA exosome depletion reveals transcription

[8] S.Tsuji, B.M. Martin, J.A. Barranger, et al., Genetic heterogeneity in type 1 Gaucher upstream of active human promoters, Science 322 (2008) 1851-1854.
disease: multiple genotypes in Ashkenazic and non-Ashkenazic individuals, Proc. [17] M. Sardiello, M. Palmieri, A. di Ronza, et al., A gene network regulating lysosomal
Natl Acad. Sci. USA 85 (1988) 2349-2352. biogenesis and function, Science 325 (2009) 473-477.

95



5. General discussion

The diagnosis of inherited metabolic disorders is based on clinical suspicion and
biochemical and molecular genetic testing. DNA-based methods are commonly considered as
final stage giving definitive diagnosis. However, in many cases standard techniques used for
genetic testing fail.

In the first article we report 25 different mutations in 37 probands originating from 29
families. Fourteen of identified genomic variants were novel and three of them, classified as
gross chromosomal rearrangements, would be overlooked using standard sequencing methods.
A novel 3 bp in-frame deletion p.Leu43del, eliminating leucine 43 residue from a highly
conserved domain important for correct folding of the enzyme was identified in one patient.
None of the three novel missense mutations p.Alal02Pro, p.Pro158Ser and p.Lys210Glu was
indicated to affect splicing or to be directly involved either in the enzyme active site or in the
intersubunit interactions (Shi D, et al., 2001). Nevertheless, the mutated residues show critical
intramolecular interactions with other spatially neighboring and highly conserved residues.
Sequencing of cDNA obtained from the liver specimens of four patients did not reveal any
abnormally spliced transcripts caused by a deletion ¢.126_128del TCT or substitutions
¢.304G>C and ¢.829C>T, but uncovered an aberrant splicing in the case of silent transition
€.867G>A resulting in the usage of an alternative exonic splicing site followed by an in-frame
deletion of 12 nucleotides.

Large deletions were identified in two males and one female. In patient 1, a large deletion
of 444 kb encompassed 15 out of 19 exons of RPGR and the entire OTC and TSPAN7 genes.
An insertion of a 63 bp fragment identical with the region g.41,647-41,704 coinciding with the
AluJb retroelement was identified between the breakpoints. The complex mutation was likely
originated through a two-step insertion/deletion process (Chuzhanova NA, et al., 2003). The
insertion may have occured through misalignment between two inexact inverted repeats that
occur upstream of the 5’-breakpoint and the intermediate breakpoint and consist of AluJb
repeats in opposite orientation with subsequent strand switching via interchromosomal serial
replication slippage (Chen JM, et al., 2005). A recombinogenic motif CCCCACCCC and its
complement found in close proximity to the intermediate breakpoint (position g.41,555) and
the 3’ breakpoint (position g.445,313), respectively, may have been responsible for DSBs and
non-homologous end joining (NHEJ) resulting in deletion.

The other two large deletions affected only parts of OTC: the 10 kb-deletion encompassing

exons 5 and 6 was identified in patient 8, whereas patient 36 was heterozygous for the 24.5 kb-
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deletion removing exons 9 and 10. Unlike other large deletions described in the OTC gene
(Engel K, et al., 2008; Quental R, et al.,2009), no repetitive elements were found in the vicinity
of the deletion breakpoints in our case. However, recombinogenic motifs CCTCCCT and
CCTCCTT, as same as their complements, were found in close proximity to the mutation
breakpoints in both patients respectively. The deletions have most likely been mediated by
DSBs and subsequent NHEJ (Lieber MR, et al., 2003). Small insertions, as seen in our patients,
are common for this type of recombination. Such a mechanism has not been previously
described in association with OTC gene deletions.

In addition to clearly pathogenic loss-of function mutations we found in our cohort a set of
hypomorphic mutations. In accordance with the published data (Matsuda I, et al., 1996), we
observed that such mutations may cause a broad spectrum of phenotypes even among the male
members of the same family. We examined the X-inactivation pattern in the peripheral blood
cells, urinary cells and saliva cells of a manifesting carrier with a hypomorphic mutation. The
patient skewed significant X-inactivation in favor of the mutant allele, while her asymptomatic
heterozygous mother showed the opposite pattern favoring the wild type allele. It has been
shown that trends in X-inactivation patterns are comparable among different tissues of the
same individual and analysis of X-inactivation accessible tissues (e.g. blood) may be useful to
predict the status in inaccessible tissues (Bittel, et al., 2008). In line with these findings our data
indicate that manifestation of symptoms caused by hypomorphic mutation might depend on
highly skewed X-inactivation in the liver, which is reflected by X-inactivation status in

peripheral tissues.

The second article follows a case excluded from the cohort mentioned above and published
separately. No predictably pathogenic mutation was found in the coding region of OTC of
female patient with mild form of OTCD. The only detected sequence variation was a
heterozygous single nucleotide substitution NG_008471.1:9.4849A>G (c.-366A>G). The
variation was inherited from the patient’s father who had no obvious complaints except for
eczema but clinical testing revealed mild orotic aciduria and mild elevation of plasma
glutamine and glutamic acid and abnormal allopurinol test. The substituted nucleotide c.-366A
is conserved in mammals including rat and mouse and the variation has not been published in
SNP databases. Therefore we considered the variation a suspect mutation.

Because the 5’-flanking region of OTC gene was not studied yet, we had to determine the TSS
and decide whereas the variation is located in the 5’-UTR or in the upstream, potentially
promoter region. We identified three alternative TSSs located 95, 119 and 169 bp upstream of
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TIS. Although the human OTC TSS was first assigned to the position c.-135 (Horwich AL, et
al., 1984), later published data suggested that transcription of human OTC does initiate within a
region of about 70 bases, mostly at preferred positions c.-95, ¢.-120, c.-150, c¢.-161 and c.-166
(Brusilow SW and Horwich AL, 2004). These findings as well as the records from the ESTs
library containing spliced clones starting from positions c.-92, ¢.-120, c.-151 and c.-169 bp
upstream of TIS correspond well with our results. Only one TSS was found in mouse and rat,
located 136 bp (Veres G, et al., 1986) and 87 bp (Takiguchi M, et al., 1987) upstream of the
TSS respectively. These results show that the novel variation c.-366 A>G is located upstream of
the OTC 5’UTR.

A 793 bp fragment encompassing the highly conserved region (72% homology with both,
rat and mouse) and ranging from -838 to -46 bp upstream of the TIS was chosen for functional
testing of promoter properties (Figure 6). The fragment exhibited significantly increased
transcriptional activity in hepatocellular lines Hep-G2, HuH-7 and PCL/PRF/5. Interestingly,
similar activity was observed also in HEK293 cells (control renal line). Studies in transgenic
mice revealed that introduction of the rat Otc controlled by the 1.3 kb rat promoter (Murakami
T, etal., 1989) and the human OTC controlled by the 0.7 kb mouse promoter (Jones SN, et al.,
1990) can conduct small intestine-selective gene expression in mouse at levels comparable with
those of the endogenous Otc. However, the mRNA levels of the introduced genes were low in
the liver. These findings together indicate the presence of some other liver-specific cis-acting
element(s).

Such an element, a distal enhancer ranging 230 bp and situated 11 kb upstream of the TIS,
was indeed identified in rat (Murakami T, et al., 1990). We identified a sequence homologous
in 83% with rat enhancer in a conserved region 9 kb upstream of human OTC (Figure 6) and
tested a fragment of 465 bp for its enhancer activity. Subcloning of the enhancer into the
reporter construct led to a significant increase in transcriptional activity in Hep-G2 but not in
HEK?293, thus indicating the role of promoter-enhancer interaction in liver-specific expression
of OTC.

When comparing the transcriptional activity of normal promoter and promoter carrying the
variation ¢.-366A>G, no significant difference was observed in constructs with promoter alone,
but the situation dramatically changed when enhancer was subcloned. Variant promoter in that
case reached only about 50% of the transcriptional activity observed with normal promoter.
The results of functional studies thus strongly suggest molecular pathogenicity of the c.-

366A>G promoter variation.
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Figure 6: Prediction of human OTC promoter and enfhancer. Figure assembled from

graphics obtained with the UCSC Genome browser (http://genome.ucsc.edu) represents
evolutionary conservation of the OTC 5’flanking region ranging 9717 bp. The blue peaks show
evolutionary conservation between 100 vertebrate controls, green peaks indicate levels of
homology with selected mammals (gorilla, rhesus, mouse, rat, dog and elephant respectively).
Black bars in the middle part correspond to the sequences identified as repeats with the

RepeatMasker algorithm, red arrow marks OTC 5’'UTR.

Our goal in the third publication was to characterize @i@@noter and enhancer and
identify elements responsible for the controldfC transcription. In a set of reporter assays,
using a series of 5’-deleted promoter fragments, we defined the 223 bp core promoter located -
46..-268 bp upstream of the TIS and containing all three TSS. Within the minimal promoter we
identified two positive cisacting elements: Cisl+ located within the first 81 base-pairs,
reaching 83% of the full promoter activity and Cis2+ located within the upstream 52 bp
sequence. Using a combination of bioinformatic predictive methods, DNase | footprinting and
EMSA we identified both, Cis1l+ and Cis2+ as HN##inding motifs situated at positions c.-
105..c.-121 and c.-136..c.-152 respectively. Another HNBifding site was recognized 187
bp upstream of the TIS. The sequence is highly conserved in vertebrates and the affinity of

HNF-4 to this region has been clearly demonstrated in rat (Kimura A, et al., 1993) and mouse
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(Inoue Y, et al., 2002). All three HNF-4o. binding sites share conserved matrix sequence and
could be considered as at least middle affinity binders to HNF-4o. (Fang B, et al. 2012).
Activation of the enhancer in rat is associated with the interaction of promoter-bound HNF-4
with the enhancer-bound C/EBPJ (Nishiyori A, et al., 1994). A similar mechanism involving
HNF-4 and C/EBPa. has been suggested for the promoter of human apolipoprotein B gene
(Metzger S, et al., 1993). We identified a binding site for C/EBPJ in the OTC core promoter
between positions ¢.-221 and c.-234 but deletion of the region did not change the level of
reporter signal in luciferase assays.

On the other hand, in silico analysis of the proximal 212 bp part of the enhancer region
revealed a set of six repeated C/EBPJ binding motifs. Accordingly, the DNase | cleavage of the
proximal enhancer region was decreased and DNA-protein interactions were observed even
with EMSA. Interaction of the liver enriched HNF-4 factors bound to the OTC core promoter
with the set of periodically occurring liver specific C/EBP-like proteins thus may contribute to
the tissue specificity of OTC expression in the liver, as was seen in the rat model (Nishiyori A,
etal., 1994).

The distribution of HNF-4o recognition sites within the OTC core promoter region exhibits
an important feature: All three HNF-4a binding motifs are located within 35 bases upstream of
the TSSs (Figure 7). Moreover, the sequence of 223 bp proximal promoter lacks any general
core promoter elements such as Inr, DPE, BRE, MTE, downstream core element (DCE) and the
X core promoter element (XCPE) located at standard positions upstream of the TSSs (Figure
7), thereby suggesting the importance of HNF-4¢ in the initiation of OTC transcription.

Few indices suggesting the role of HNF-4a in the transcription from TATA- less and Inr-
less promoters can be found in the literature. The HNF-4oc was shown to activate transcription
in vitro by facilitating assembly of the pre-initiation complex through direct physical
interaction with TFIIB (Malik S and Karathanasis SK, 1996). Similar mechanism was observed
later in estrogen receptor, an another member of the nuclear hormone receptor superfamily
(Sabbah M, et al., 1998). In a recent study, a systematic proteomic characterization of the
HNF4a-TFIID interactions revealed that HNF4ao. can directly target TBP subunit of TFIID to
promoters containing HNF4a-binding sites (Takahashi H, et al., 2009). The findings suggest
that regulatory mechanism of OTC transcription may involve physical interaction of HNF4a
with general transcription factors forming the pre-initiation complex of Pol Il. Such a
mechanism would explain characteristic features observed within OTC minimal promoter:

existence of multiple TSS, site-oriented initiation of transcription in the absence of general core
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promoter elements and a partial ability to compensate elimination of eaetisis element by

the function of others.
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Figure 7: Characteristic features of human OTC core promoters. Figure represents the
distribution of general core promoter elements within the region surrounding three alternative
TSSs of human OTC. None of these elements was recognized in standard position according to
the TSSs, except for the TATA-like sequence located 20 bp upstream of the c.-169 transcription
origin. A — Matrix sequences of common general core promoter elements with marked
frequencies of single bases. B — sequences of +/- 40 nucleotides surrounding alternative TSS.
Standard positions of general core promoter elements are marked by yellow and blue boxes.
The HNF-4r binding sites are in red with the core motif boldfaced. Bent arrow marks the TSS,

horizontal bars show the distances between TSS and HNf#nding sites.

The methodological approach introduced within the study T regulatory regions was
applied on the glucocerebrosidase gene. The GBA promoter (P1) was assigned to the region
located immediately upstream of the coding-exon 1 (Horowitz M, et al., 1989). Surprisingly,
four of the five known glucocerebrosidase transcripts contain alternative non-coding exon -2
or both exons -2 and —1. We identified three alternative TSS located at positions c.-347, ¢.-380
and c.-413 uptream of the TIS and inspected transcriptional activity of a 1156 bp fragment (P2)
ranging from c.-353 to c.-1509 upstream of the non-coding exon -2. The P2 promoter was
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found to be active, but the reached levels of reporter gene signal were about six times lower
than those of P1. Since we used both fragments of similar size, we might miss some important
cis-active element and therefore the reporter gene expression from P1 and P2 constructs may
not be proportional to the strength of the native promoters.

It was shown that lysosomal genes exhibit coordinated transcriptional behavior and are
regulated by the transcription factor EB (TFEB) (Sardiello M, et al., 2009). The coordinated
lysosomal expression and regulation motif (CLEAR) recognized by TFEB is widely enriched
in promoters of lysosomal genes. While two such motifs were previously recognized and
confirmed in the P1, we identified another two CLEAR-like sequences in P2 at positions 764
bp and 1238 bp upstream of the TIS. We found that in contrary to the P1, the P2 lacks a TATA-
box but it carries a multiple Sp-1 binding sites and an unmethylated CpG island thus presenting
common properties with the majority of housekeeping promoters. However, the results from
the quantitative RT-PCR in RNA isolated from normal adult human tissues did not show
significant differences in the expression from both promoters. Moreover, the expression
stability of both, the P1 and P2, appears to be higher than that of the commonly used reference
housekeeping genes GAPDH and ACTB.

In line with these findings we hypothesized that differences in the manifestation of GD in
patients presenting the same genotype may be caused by variable expression of different GBA
transcripts due to variations in the 5’-flanking region. We therefore examined the promoter
sequences in a group of 20 Ashkenazi Jewish Gaucher patients homozygous for the common
mild mutation p.N370S to inspect if the variable phenotype is not caused by aberrant
transcription. Unfortunately, we did not find any sequence variation either in the P1 or in the
P2 except for a common polymorphism rs10908459.
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6. Conclusions

In the present work we described the molecular basis of OTCD in probands coming from
29 families. We identified and characterized 14 novel mutations affecting the protein-coding
region including three large deletions and a pathogenic variation located in the 5’-flanking
region. We found and functionally characterized human OTC promoter and distal enhancer and
suggested mechanism of their involvement in the control of transcription. We found and
functionally characterized an upstream GBA promoter driving transcription of non-coding
exons -2 and -1.

The results, presented in four publications, can be summed up as follows:

1) Fourteen out of twenty five mutations altering the coding sequence of OTC gene were
found novel in DNA samples from 29 OTCD families. Three of them are missense
mutations affecting residues of highly conserved OTC architecture. another three are large
deletions. A manifesting heterozygote carrying a hypomorphic mutation with unfavorable
X-inactivation was identified and unfavorable mosaic skewing was observed in three

peripheral tissues.

2) The sequence spanning 793 bp in the 5’-flanking region of human OTC acts as a promoter.
The transcriptional activity of the promoter depends on a newly discovered upstream
enhancer located 9 kb upstream of the translation initiation site. The promoter — enhancer
interaction contributes to tissue specific expression of OTC in liver-derived cell lines.
Single nucleotide substitutions in the regulatory regions such as the c.-366A>G variation
may cause OTC deficiency. Therefore, analysis of the regulatory regions of OTC should be
considered in patients with OTCD and negative finding in the coding region of the gene.

3) HNF-4a plays an essential role in regulation of human OTC expression. Three HNF-4¢.
binding motifs are located within 35 bases upstream each of the transcription start sites in
the minimal promoter. Two of these sites were identified as cis-active regulatory elements
responsible for the full transcriptional activity of the promoter and both were shown to
cooperate with distal enhancer in the synergistic manner resulting in significantly increased
liver-specific expression of OTC. Moreover, DNA-bound HNF-4o seems to act as a direct

initiator of OTC transcription through recruitment of general transcription factors TFI1IB
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4)

and TDFIID and stabilization of the pre-initiation complex to the promoter at particular

sites lacking TATA-box or initiator.

The region 1 kb upstream of the GBA non-coding exon —2 acts as an alternative promoter.
The transcriptional activity of the alternative promoter P2 seems to be lower than that of the
promoter P1 driving the GBA expression from exon 1. The promoter P2 lacks TATA-box
but contains two CLEAR-like, multiple Sp-1 binding sites and an unmethylated CpG
island. Expression of the transcripts originating from both promoters was stable among
multiple tissues. The DNA analysis of the P1 and P2 promoters in a group of twenty
Ashkenazi Jewish Gaucher patients with pleiotropic phenotype homozygous for the
common mild mutation p.N370S did not reveal any sequence variations responsible for the

phenotypic differences.

Our data extend the possibilities of genetic testing for OTC and GBA deficiency.
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7. Summary

Molecular analysis is widely used to establish the final diagnosis of inherited metabolic
disorders. Nevertheless, standard methods based on the analysis of sequence variations in the
protein-coding regions often reach their limits. Particularly complex mutations at the
chromosomal level are commonly uncovered by DNA sequencing techniques and require
application of more sophisticated methods. In other cases, the disease may be caused by
aberrant regulation of gene expression due to mutations in regulatory regions. Special interest
should be therefore paid to detailed characterization of promoters, enhancers and other
regulatory units, similarly as to the understanding of regulatory mechanisms.

In the present thesis we deal with characterization of complex mutations in a set of OTCD
patients followed by a detailed study of OTC regulatory regions. Then we move to the GBA
gene, where we apply similar methodological approach to characterization of an upstream
promoter controlling the expression of several alternative transcripts.

First, we have described molecular basis of OTCD in a cohort of patients originating from
29 families. We identified and characterized 25 different mutations, 14 of which were novel. In
one female and two male patients we found 3 large deletions: A large 444 kb deletion
0.1276_445398delins63 removing the entire OTC together with other genes, and two smaller
deletions 9.42940_52876delinsT and g.57467_82002delinsCCT removing only parts of OTC.
In all novel mutations we evaluated their clinical significance. Moreover, we described a
heterozygote carrying a hypomorphic mutation and manifesting OTCD likely due to the
unfavorable X-inactivation which was observed independently in three different peripheral
tissues.

In one OTCD familly, which was excluded from the cohort and published separately, we
identified likely pathogenic variation c.-366A>G located in the 5’-flanking region. To establish
its clinical significance we delimited the OTC promoter. We determined 3 alternative
transcription start sites located at positions ¢.-95, ¢.-119 and c.-169 upstream of the translation
origin and defined and functionally characterized the OTC promoter as a sequence spanning
793 bp located 46 bp upstream of the initiation codon. Moreover, we found a strong distal
enhancer contributing to the tissue-specific expression of OTC in the liver. Finally we
evaluated the transcriptional activity of mutant promoter containing the c.-366A>G variation in
a reporter study and observed about 50% decrease when compared with normal promoter, thus
indicating pathogenicity of the variation. To our best knowledge we reported the first disease-

causing mutation in a regulatory region of one of urea cycle genes.
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In order to understand the mechanism of OTC transcription control, necessary for correct
interpretation of findings obtained with the mutation analysis of these regions, we inspected the
promoter and enhancer regions for functional sites. We delimited the minimal promoter and
identified two HNF-4a binding sites acting as strong cis-active regulatory elements responsible
for the full transcriptional activity of activation of the enhancer. Another, HNF-4a recognition
motif was found in the distal part of minimal promoter. All three HNF-4a are located within 35
bp upstream of the transcription start sites in a promoter lacking standard general core promoter
elements on standard positions, strongly suggesting direct involvement of these sitesin the
control of OTC transcription. In the proximal part of enhancer we localized a series of C/EBPJ3
recognition motifs which likely co-operate with promoter bound HNF-4a to increase the rate of
transcription. Synergistic operation of these liver-enriched factors seemsto contribute to the
tissue-specific expression of OTC in theliver.

We used a subset of methods introduced within the OTC project to characterize an
upstream promoter of the 3-glucocerebrosidase gene related with another inherited metabolic
disorder, GD. We identified three alternative GBA. transcription start sites |located 347, 380,
and 413 bp upstream of the trandlation initiation site and the alternative GBA promoter (P2)
controlling the transcription of MRNAS containing untranslated exons -2 and -1. The
transcriptional activity of the fragment of the P2 promoter seems to be lower than in the case of
the P1 promoter driving the expression from exon 1. The P2 promoter lacks TATA-box but
contains two CLEAR-like, multiple Sp-1 binding sites and an unmethylated CpG island. The
expression profiles of both, transcripts originating from P2 and P1, were rather stable across 20
human tissues indicating characteristic pattern of housekeeping genes. We hypothesized that
differences in the manifestation of Gaucher disease in patients with the same genotype may be
caused by variable expression of mutant glucocerebrosidase due to variants in the promoters.
However, the hypothesis was not confirmed: except from common polymorphism
(rs10908459), no sequence variation was detected in the P1 nor the P2 promoter in a
phenotypically diverse group of 20 patients homozygous for the common mild mutation
p.N370S.

In conclusion, our findings of novel mutations namely the large deletionsin OTC, the
discovery of key regulatory sequences essential for liver specific expression of OTC and the
discovery of an alternative GBA promoter extend the possibilities of molecular genetic testing
for OTCD and GD.
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