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An oxygen gradient is formed in the liver due to the unidirectional bloodflow from the portal vein and
hepatic artery to the central vein and due to the oxygen-consuming metabolic processes of the cells along
the sinusoid. This gradient appears to be one of the major factors responsible for differential expression of a
number of genes between periportal and perivenous zones of liver sinusoid. The serine dehydratase
(SerDH) gene is predominantly expressed in the hepatocytes of periportal zone. Northern blot analysis and
transfections with SerDH promoter luciferase constructs containing SerDH promoter (-2303... +55 bp) up-
stream of the Firefly luciferase gene demonstrated that the SerDH expression was higher under normoxia
(16% O,) as compared to hypoxia (8% O,). Four putative normoxia responsive elements (NRE) were found
in the SerDH promoter (NRE-1, NRE-2, NRE-3, NRE-4). To identify which of these elements is functional in
hepatocytes, several plasmids containing 6 copies of putative SerDH NRE’s upstream of the SV40 promoter
and the Firefly luciferase gene were constructed. It was found that NRE-2 in both HeLa and HepG2 cells as
well as NRE-1 in HeLa cells were responsible for the O,-dependent SerDH gene expression.

Keywords: serine dehydratase gene, transcription regulation, reporter gene, luciferase, hepatocytes,
normoxia

Introduction. An oxygen gradient is formed in the
liver due to the unidirectional bloodflow. Oxygen par-
tial tension (free concentration) equals about 60-65 mm
Hg in the periportal blood and falls to about 30-35 mm
Hg in the perivenous blood. This gradient in O, tension
appears to play a key role in the differential expression
of a number of genes between the more aerobic
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periportal zone and less aerobic perivenous zone of
liver sinusoid [1].

It has been shown that promoters of most genes in-
duced by hypoxia contain a specific O, responsive se-
quence, named the hypoxia response element (HRE)
[2]. This sequence can be bound by several related tran-
scription factors known as hypoxia-inducible factors
(HIF), among which HIF-1 is studied the most. HIF-1 is
a dimer of HIF-1a and HIF-1f3, both belonging to the
basic helix-loop-helix (b HLH) PAS (Per-ARNT-Sim)
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transcription factor family. While HIF-1f was found to
be a constitutional protein, HIF-1a protein levels were
oxygen-dependent. Although hypoxia may have insig-
nificant effect on the HIF-1oo. mRNA expression, the
major regulation appears to occur posttranslationally
on the level of protein stabilization. Under normoxia
two proline residues (P402 and P564) within the O,-de-
pendent degradation domain of HIF-1a are subject to
hydroxylation by a new family of prolyl hydroxylases.
The hydroxylation enables the binding of the von
Hippel-Lindau (VHL) tumor suppressor protein, a
component of an E3 ubiquitin ligase complex that tar-
gets the HIFa-subunits for degradation by the
ubiquitin-proteasome pathway.

While the molecular mechanisms of the
hypoxia-dependent gene regulation are well character-
ized, the mechanisms, regulatory transcription factors,
and the DNA responsive elements required for
normoxia-dependent gene induction are poorly known
[3-5]. It was the aim of the present study to characterize
the oxygen-dependent expression of serine dehydratase
(SerDH) gene, one of the genes upregulated in the more
aerobic periportal zone as compared to the perivenous
zone of liver sinusoid, and to identify promoter ele-
ments responsible for this regulation.

L-serine dehydratase (L-serine ammonia-lyase, EC
4.2.1.13) is an enzyme, catalyzing the pyridoxal phos-
phate-dependent deamination of serine to produce
pyruvate. This enzyme catalyzes the conversion of
L-threonine to a-ketobutyrate by the same mechanism
and is identical to L-threonine dehydratase (EC
4.2.1.16). It is a homodimeric protein having a 327
amino acid subunit with molecular weight of 34 kDa
[6]. SerDH is expressed in liver predominantly and to a
lesser extent — in kidney. Its expression is activated by
glucagon and glucocorticoids and repressed by insulin
[7], while oxygen-dependent regulation of SerDH has
not been investigated yet.

Materials and Methods. The isolation of primary
rat hepatocytes from liver was performed at sterile con-
ditions by the method of collagenase perfusion as de-
scribed in [8]. Hepatocytes were cultured in medium M
199 (Gibco, Eggenstein, Germany) in the presence of
dexamethasone (10 uM), insulin (I nM) and (in the
course of the first 4 h after plating) 4% fetal calf serum
(FCS). HeLa and hepatoma HepG2 cells were cultured
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in the MEM medium (PAA Laboratories, Austria) con-
taining 10% FCS. The cells were cultured in CO, incu-
bator Cytoperm 8080 (Heraeus, Hanau, Germany) at
37°C in humidified atmosphere containing 8% O, (mild
hypoxia) or 16% O, (normoxia), 5% CO, and 87% or
79% N, respectively. Taking into account oxygen dif-
fusion through culture medium, oxygen concentrations
in CO, incubator correspond to the physiological oxy-
gen concentrations on the surface of perivenous and
periportal hepatocytes [1].

To construct the plasmids pGL3SerDH-2303,
pGL3SerDH-2128, pG13SerDH-937, pG13SerDH-471,
and pGI3PCK-493, the vector pGL3 basic (4818 b.p.)
(Promega, Mannheim, Germany), containing the Fire-
fly luciferase (Luc) gene as a reporter to estimate the
promoter activity, was used. The corresponding regions
of SerDH promoter were cloned in the polylinker of
pGl3 basic. The plasmids pGl3-SerDH-NREI,
pGl3-SerDH-NRE2, pGl3-SerDH-NRES3, and
pGl3-SerDH-NRE4 were constructed using the vector
pGL3 promoter (Promega), in the polylinker of which
the corresponding oligonucleotides were cloned in
front of SV40 promoter. The oligonucleotides contain-
ing six copies of the corresponding NRE elements were
obtained from the NAPS company (Gottingen, Ger-
many) and HPLC purified. Each repeating unit con-
tained 9 b.p. of the corresponding NRE flanked by 3
b.p. at the 5?- and by 2 b.p. at the 37-ends. The
oligonucleotides also contained additional sequences
which were necessary for technical reasons, namely, ei-
ther the Spel or Smal restriction sites in the middle of
the sequence for the identification of positive clones
and both Sacl and Nhel sites at the ends. The construct
pGl3-Epo-HRE contained three copies of the HRE
from the erythropoietin gene in front of pGl3 promoter
and was already described [9]. E. coli K 12 DH5a and
XL1-blue strains (Stratagene, Heidelberg, Germany)
were transformed by electroporation. Plasmid DNA
was isolated using JETstar Plasmid Purification System
(Genomed, Bad Oeynhausen, Germany).

Primary rat hepatocytes (1-10° cells per & 60 mm
dish), HeLa and HepG2 cells (confluent cultures on &
60 mm dishes) were transfected using calcium phos-
phate precipitation method with 2.5 pg plasmid DNA,
consisting of 500 ng pRL-V40 (Promega) and 2 pg
Firefly luciferase reporter gene construct, as described
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before [10]. Construct pRL-SV40, expressing Renilla
luciferase gene under control of SV40 promoter, was
used to control transfection efficiency. In every culture
experiment, two dishes were transfected per measured
point. After removal of the media (4 h after
transfection), cells were cultured at standard conditions
without serum. After 24 h, the medium was changed
and cells were cultured for another 24 h either under
hypoxia or normoxia. Cells were then washed twice
with 0.9% NaCl and incubated for 15 min on a rocking
platform with 300 pl of passive lysis buffer supplied
with the Dual Luciferase Reporter Assay Kit
(Promega). The lysate was then scraped from the
plates, vortex-mixed, and centrifuged for 2 min. From
the supernatant, 20 pl was assayed for Firefly luciferase
activity in a luminometer Auto Lumat Plus LB 953
(Berthold, Pforzheim, Germany). After addition of 100
pl of Stop and Glo™ Reagent (Promega), which
quenches the activity of Firefly luciferase, the Renilla
luciferase activity was recorded again in a

Fig. 1. Modulation of glucagon-dependent SerDH
mRNA expression by oxygen in rat primary
hepatocytes. Hepatocytes were first cultured for 24 h
under normoxia (16% O,). After 24 h the medium
was changed and cells were further cultured for 24 h
under normoxic or hypoxic (8% O,) conditions. After

8 O, % 21 h cells were treated with the indicated concentra-

10 tions of glucagon (ggn.). (A) The SerDH mRNA lev-
els were measured by Northern blotting. The mRNA
level under normoxia was set equal to 1. Values are
means = SEM of three independent culture experi-
ments. Statistics, Student’s t-test for paired values: *
significant difference 8% O, vs. 16% O,, p < 0.05.
(B) Representative Northern Blot. For Northern anal-
ysis 15 pg total RNA were hybridized to
digoxigenin-labelled SerDH and B-actin antisense
RNA probes. Autoradiographic signals were ob-
tained by chemiluminescence and scanned by
videodensitometry.

luminometer. Luciferase activity presented in figures
was calculated as a ratio between intensities of Firefly
and Renilla luciferase luminescence (normalized lumi-
nescence). Statistical analysis was performed as de-
scribed in Legends to Figures.

Total RNA from hepatocytes was isolated using
isothiocyanate method as described [11]. The detection
of mRNA on Northern blots was performed after hy-
bridization of 15 pg total RNA with digoxigenin la-
beled SerDH or B-actin specific probes (DIG RNA La-
beling Kit, Roche, Mannheim, Germany). Hybridiza-
tion signals were visualized by chemiluminescence,
and  the  videodensitometer  (Biotec-Fischer,
Reiskirchen, Germany) was used for quantification of
these signals.

Results and Discussion. /nduction of SerDH
mRNA expression by glucagon and its modulation by
oxygen.Primary rat hepatocytes were cultured for 24 h
at standard conditions and then treated for 24 h under
hypoxia (8% O,) or normoxia (16% O,) either with or
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Fig. 2. Regulation of SerDH promoter Luc gene expression by oxygen. The hepatocytes were transiently transfected with the Luc gene con-
structs driven by a wild type —2303 b.p., —2128 b.p., =937 b.p. or =471 b.p. rat SerDH promoter (pG13SerDH-2303, pG13SerDH-2128,
pGl13SerDH-937, and pGI3TAT-471). Hepatocytes were first cultured for 24 h under normoxia (16% O,). After 24 h the medium was
changed and cells were further cultured for 24 h under normoxic or hypoxic (8% O,) conditions. In each experiment the percentage of Luc

activity was determined relative to the corresponding 16% O, controls which were set equal to 100%. The values represent means £ SEM of

six independent experiments. Statistics, Student’s t-test for paired values: * significant difference 8% O, vs. 16% O,, p< 0.05.

without addition of glucagon. In the absence of its in-
ducer — glucagon, SerDH mRNA expression in primary
rat hepatocytes was not detectable (Fig.1). It proves that
normoxia alone is not a sufficient stimulus to induce
SerDH expression. Indeed, the expression of
gluconeogenic SerDH enzyme in vivo at standard con-
ditions is undetectable. However, fasting, leading to se-
cretion of glucagon, stimulates SerDH expression [7].
When the cells were treated for 3 h with 1 nM
glucagon, SerDH mRNA expression was induced app.
5-fold under normoxia and app. 2-fold under hypoxia.
At a glucagon concentration of 10 nM SerDH mRNA
levels were further enhanced app. 12-fold under
normoxia and app. 5-fold under hypoxia, thus, SerDH
mRNA levels under normoxia were again app. 2.5-fold
higher than SerDH mRNA levels under hypoxia. These
results indicate that regardless of the presence of differ-
ent glucagon concentrations, SerDH mRNA expression
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under hypoxia is much lower than under normoxia
(Fig.1).

Localization of the normoxia responsive elements
in the promoter of SerDH gene. To find out what se-
quences could be involved in the regulation of SerDH
gene expression by oxygen, the SerDH promoter se-
quence was analyzed for similarities with the NRE of
the phosphoenolpyruvate carboxykinase-1 (PCK-1)
gene 5'-TTAGGTCAG-3' [4].

Sequence analysis of the rat SerDH promoter re-
vealed that four putative NREs were present within the
first 2303 b.p. of the promoter. All four potential
normoxia response elements, namely, NRE-I1,
-2169/-2161, 5-TGAGGACAG-3,, NRE-2,
-1904/-1896, 5'-TTATGTGAG-3', NRE-3, -578/-570,
5-TTAGTCCAG-3', and NRE-4,  +38/+46,
5'-CTAGATCAG-3', match the NRE of the PCK-1
gene in 7 out of 9 b.p.
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A 2303 b.p. fragment of the 5'-flanking region of rat
SerDH gene was cloned in front of the luciferase gene
in pGl3-basic to generate pG13SerDH-2303. In primary
rat hepatocytes transfected with pGI3SerDH-2303 Luc
activity was induced maximally under normoxia and to
only app. 60% under hypoxia (Fig.2).

The Luc activity in cells transfected with
pGI3SerDH-2303 and treated with glucagon was not
induced compared to the untreated control (unpub-
lished data). These results are in line with other studies
since both cAMP-regulatory elements (CRE-1 and
CRE-2) of SerDH gene, potentially involved in the
glucagon-dependent gene induction, are located app.
3500 b.p. upstream from the transcription initiation site,
i.e. they are not present in the construct
pGI3SerDH-2303 or the shorter constructs used in our
experiments [12]. A CRE-1 located at -3528/-3521 of
the SerDH gene is not involved directly in the gene acti-
vation by hormones whereas CRE-2 (-3538/-3531), ad-
jacent to CRE-1 and bound by CREB (CRE binding
protein), appears to be critical for cAMP and
glucagon-dependent induction of SerDH expression
[12].

To determine what region of the SerDH promoter
could be responsible for the oxygen-dependent regula-
tion of SerDH gene expression, primary rat hepatocytes
were transfected with three serially deleted SerDH pro-
moter luciferase gene constructs pGl3SerDH-2128,
pGl13SerDH-937, and pGl3SerDH-471 containing the
first 2128 b.p., 937 b.p., and 471 b.p. of the SerDH pro-
moter, respectively (Fig.2). Normoxia did not induce
Luc activity in the cells transfected with either
pGl3SerDH-2128, pGl3SerDH-937 or
pGl3SerDH-471 indicating that NRE-2, NRE-3, and
NRE-4 did not seem to be involved in the regulation of
SerDH gene expression by normoxia.

These results demonstrated that the expression of
the —2303 SerDH promoter Luc gene construct was in-
duced by normoxia and the normoxia responsive region
of SerDH was localized between —2128 and -2303 b.p.
of the SerDH promoter.

Biological activity of the potential SerDH-specific
NREs under heterological conditions. Since hypoxia
responsive elements from erythropoietin and other
hypoxia-regulated genes could act as transcriptional
enhancers when cloned in front of an independent pro-

moter and a reporter gene, the role of potential NREs
from SerDH promoter in the normoxia-dependent gene
regulation was investigated using these elements as
enhancers, regulating expression of the reporter lucifer-
ase gene. The 90 b.p. oligonucleotides containing 6
copies either of NRE-1, NRE-2, NRE-3 or NRE-4 from
the SerDH promoter were cloned in front of the SV40
promoter and the luciferase gene in pGI3-prom to gen-
erate pGl3-SerDH-NREI, pGlI3-SerDH-NRE?2,
pGl3-SerDH-NRE3, and pGlI3-SerDH-NRE4. When
primary rat hepatocytes were transfected with these
constructs, neither of them was expressed differentially
under normoxia or hypoxia. However, in HepG2 cells
the construct pGl3-SerDH-NRE2 was activated by
normoxia in about 40%, while the others displayed the
same levels of Luc activity under normoxia and
hypoxia. In HeLa cells the expression of two out of four
constructs, pGl3-SerDH-NRE1 and
pGl3-SerDH-NRE2, was activated by normoxia in
about 30% (Fig.3). Luc activity in the cells transfected
with the hypoxia-inducible pGl3-Epo-HRE construct
[9] as a control was significantly higher in the cells cul-
tured under hypoxia for all three cell types investigated
(Fig.3).

These results indicate that some potential SerDH
NREs are more active in immortalized cells. It is well
known that intratumoral hypoxia is one of the driving
forces in cancer progression and a lot of genes involved
in survival, angiogenesis, and metastases formation are
induced by hypoxia [13-14]. On the other hand, some
pro-oncogenic proteins (e.g. plasminogen activators)
are induced by normoxia [15-16]. Therefore, hypotheti-
cal activation of factors stimulated by normoxia be-
cause of genetic changes in the process of
carcinogenesis might activate these genes even under
normoxia.

The majority of genes modulated by O, have been
shown to be induced by hypoxia. Though several genes
have been found to be positively modulated by
normoxia [1], little is known about possible normoxia
regulatory elements as well as corresponding transcrip-
tion factors mediating this modulation and a general
idea has not been presented. In the current study it was
shown that SerDH promoter sequences homologous to
the previously identified NRE of the PCK-1 gene [4]
were involved in the normoxia-dependent gene regula-
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Fig. 3. Oxygen-dependent expression of pGl3-SerDH-NRE Luc constructs in HepG2 and HeLa cells. HepG2 and HeLa cells were tran-
siently transfected with the Luc gene constructs pGl13-SerDH-NRE1, pGl3-SerDH-NRE2, pG13-SerDH-NRE3, pGl3-SerDH-NRE4, and
pGl3-Epo-HRE. After 24 h medium was changed and the cells were cultured for 24 h under normoxic (16% O,) or hypoxic (8% O,) condi-
tions. In each experiment the percentage of Luc activity was determined relative to the corresponding 16% O, controls (for pGI3-Epo-HRE cor-
responding to the 8% control) which were set equal to 100%. The values represent means £SEM of three independent experiments. Statistics,
Student’s t-test for paired values: * significant difference 8% O, vs. 16% O,, p< 0.05. Sequences shown in the upper strand correspond to
the sequences of the SerDH gene. The NRE sequences are underlined. Sequences shown in the lower strand correspond to the PCK-1 NRE.
The nucleotides different for SerDH NRE and PCK-1 NRE are shown in lower case letters.

tion. On the other hand, in the human glutathione
peroxidase (GPX) gene two similar 13 b.p. oxygen re-
sponsive elements were found to bind disparate pro-
teins and to confer normoxia-dependent induction of
GPX gene expression in human cardiomyocytes [3, 5].
The sequences of the oxygen responsive elements from
the GPX gene are not similar to the NRE sequences
identified in our experiments. It might be also specu-
lated that higher gene expression under normoxia as
shown in our study could be due to an inhibitory effect
of HIF-1 under hypoxia. However, HIF-1 usually acts
as an activator and the role of HIF-1 as transcriptional
inhibitor was demonstrated only for few genes so far
[17]. This mechanism does not appear to account for
SerDH modulation by oxygen since its promoter con-
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tains no complete 8 b.p. HRE in the 5?-flanking region.
The ability of NREs, described in our study, to function
in various cell types and in different promoters indi-
cates that these promoter elements are not specific for
SerDH gene only.

In the present study the O,-dependent expression of
SerDH mRNA and the O,-dependent regulation of
SerDH promoter activity were demonstrated. Both
SerDH mRNA and SerDH promoter-driven luciferase
reporter gene stimulation by normoxia (16% O)) as
compared to mild hypoxia (8% O,) was not modulated
by glucagon. Furthermore, the respective normoxia re-
sponsive elements in the SerDH promoter were identi-
fied and characterized.
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KHCJ’[OpO}l B MEXKKJICTOYHOM IIPOCTPAHCTBE I'CIIaTOLUTOB KaK

PeryjisaTop TpaHCKPUIILIKUU '€Ha CEpUHACTIUApaTasbl.

Pesrome

B ces3u ¢ oononanpagiennvim 08udicenuem Kposu om nopmaibHou
6€HbL U NEYEHOUHOU apmepuu K YeHMpaibHOU 6eHe U U3-3d UCHOJIb-
308AHUSL KUCLOPOOA KIEMKAMU CUHYCOUOd 8 NeYeHU hopmMupyemcs
epaouenm Konyenmpayuu kuciopooa. Eeo paznuunvie konyenmpa-
Yuu onpeoensiiom HepagHOMePHYI0 IKCNPeccuio 2eHo8 8 KIemkax,
PACNON0JUCEHHBIX 8 NEPUNOPMATLHOU U NePUBEHO3HOU 30HAX neye-
HOUYHO20 cunycouoa. I'en, kooupyrowuii cepurndecudopamasy (CAI),
ABNACMCA MUNUYHBIM NPEOCMAasumenem 2eHo8, NPeuMyuecimeenHo
IKCHPECCUPYIOWUXCS 8 2eNamoyumax nepunopmansHoll 30Hbl CUHY-
couda. Hozepn-6nom eubpuousayus u mpaumcgexyus nepeudHsix
2enamoyumos Kpbicvl KOHCmMpYKyueil, cooepicaujeli penopmepHblil
2eH noyugepasvl nod koumpoiem npomomopa eena CHAI" (2303
.. t55 n. 1), eviaeunu, umo sxcnpeccus CHI” eviuie npu Hopmokcuu
(16 % O,), uem npu cunoxcuu (8 % O,). Yemvipe nomenyuanbHvix
anemenma omeema na Hopmoxcuio (DOH) o6napysicenvl 6 npomo-
mope cena CHAI" (DQOH-1, D0H-2, DOH-3 u D0H-4). Ymobwvl ycma-
HOBUMb, KAKOU U3 9MUX dAeMeHmos @QyHKyuonupyem 6
eenamoyumax, Kiemxku mpanchuyuposaiu KOHCMpyKyuimu ¢ pe-
NOPMeEPHbIM 2eHOM T0YUhepasvl, HAXOOAUWUMCS NOO KOHMPOLEM 6
PpasHoil mepe yKopouenuvlx yuacmkoe npomomopa ena CHI
Tpancgpexyus knemox HeLa u HepG2 koncmpykyusmu, cooepoica-
WUMU WeCmb NOCIe008AMENbHO PACHOLOICEHHBIX KONULL KANCO020
u3 nomenyuanvuoix S0H neped npomomopom SV40 u penopmep-
HbIM 2eHOM atoyughepaswl, nokazana, umo OH-2 6 knemkax HeLa u
HepG2, a DOH-1 6 knemkax HeLa yuacmeyiom 6 pe2yaayuu mpauc-
kpunyuu eena CHI" npu nopmoxcuu.

Kurouegvie crnoga: een cepundecudpamasvi, pe2yisyus mpauc-
Kpunyuu, penopmepmuulii 2en, noyugepasza, 2enamoyumsl, HOp-

MOKCUAL.
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