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Abstract
Objective—The goal of the investigation was to study if hypoxia and HIF proteins regulate
expression of GlcAT-I, a key enzyme in GAG synthesis in nucleus pulposus (NP) cells.

Methods—QRT-PCR and Western blot were used to measure GlcAT-I expression. Transfections
were performed to determine the effect of HIF-1/-2 on GlcAT-I promoter activity.

Results—In hypoxia there was an increase in GlcAT-I expression; a significant increase in
promoter activity was seen in both NP and N1511 chondrocytes. We investigated if HIF controlled
GlcAT-I expression. Suppression of HIF-1α and HIF-2α induced GlcAT-I promoter activity and
expression only in NP cells. While, GlcAT-I promoter activity was suppressed by co-expression of
both CA-HIF-1α and CA-HIF-2α only in NP cells suggesting a cell type specific regulation. Site
directed mutagenesis and deletion constructs were used to further confirm the suppressive role of
HIFs on GlcAT-I promoter function in NP cells. Although it was evident that interaction of HIF
with HRE results in suppression of basal promoter activity, it was not necessary for transcriptional
suppression. This result suggested both a direct and an indirect mode of regulation possibly
through recruitment of a HIF-dependent repressor. Finally we show that hypoxic expression of
GlcAT-I was also partially dependent on MAPK signaling.

Conclusions—Results of these studies demonstrate that hypoxia regulates GlcAT-I expression
through a signaling network comprising both an activator and suppressor molecules and that this
regulation is unique to NP cells.
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Introduction
The intervertebral disc is a specialized tissue that permits rotation as well as flexure and
extension of the human spine. It consists of an outer ligamentous annulus fibrosus that
encloses gel-like nucleus pulposus. The superior and inferior boundaries of the intervertebral
disc are formed by the cartilage endplates. Blood vessels infiltrate the superficial region of
the endplates and the outer third of annulus fibrosus, but do not enter the nucleus pulposus
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(1,2). In line with the avascular nature of this tissue there is a robust and constitutive
expression of both HIF-1α and HIF-2α suggesting that the nucleus pulposus cells reside in
an hypoxic environment (3–5).

The hypoxic cells in the nucleus pulposus secrete a complex extracellular matrix that
contains the hydrophilic proteoglycan aggrecan substituted with many glaycosaminoglycan
(GAG) chains (6). The major GAG of the nucleus pulposus is chondroitin sulfate.
Structurally, this molecule is a heteropolysaccharide containing repeating units of N-acetyl
galactosoamine linked to glucuronic acid. In its fully sulfated form, the molecule exhibits a
high negative charge density and when hydrated assumes a linear configuration. Bound to
the aggrecan core protein, and associated with hyaluronic acid, the chondroitin sulfate
chains form a giant polydispersed supramolecular structure. The high osmotic pressure of
the aggregate contains the biomechanical forces applied to the spine (7). Surprisingly, while
the importance of proteoglycan secretion and function has been discussed by many
investigators, mechanisms of control of GAG synthesis, are poorly understood.

A key rate limiting step in chondroitin sulfate synthesis in chondrocytes and possibly
nucleus pulposus cells is mediated by galactose–β1,3-glucuronysltransferase-1 (GlcAT-I),
the enzyme that catalyzes the transfer of glucuronic acid to the core protein Gal–Gal–Xyl–
O-Ser trisaccharide (8–11). Our recent work has shown that in nucleus pulposus cells,
GlcAT-I expression is responsive to growth factors, TGFβ and BMP-2 as well as TonEBP, a
tonicity sensitive transcription factor (12–14). Previous studies have shown stimulatory
effect of hypoxia on aggrecan synthesis in nucleus pulposus cells (15). Whether hypoxia and
the HIF family of transcription factors control chondroitin sulfate synthesis in these cells is
not known.

The major objective of the investigation was to examine the hypothesis that hypoxia
regulates GlcAT-I expression by nucleus pulposus cells. We show for the first time that
HIF-1 and HIF-2 serve as negative regulators of GlcAT-I expression in nucleus pulposus
cells. Our results suggest that hypoxia and HIF proteins form a regulatory loop that
maintains expression of this critical gene in nucleus pulposus cells.

EXPERIMENTAL PROCEDURES
Reagents and Plasmids

Human GlcAT-I reporter plasmids have been reported before (13). pCA-HIF-2α with a
triple mutation (P405A/P530A/N851A) (16) were provided by Dr. Celeste Simon,
University of Pennsylvania. Plasmids were kindly provided by Dr. Eric Huang, NCI
Bethesda [p(HA)HIF-1α(401Δ603) and pARNT], Dr. Melanie Cobb, University of Texas
Southwestern Medical Center, Dallas [DN-ERK1 (ERK1K71R) and DN-ERK2
(ERK2K52R)] (17), Robert Freeman, University of Rochester [mouse ShHIF-2α] (18). Rat
HIF-2α siRNA and control SiRNA duplexes were purchased from Dharmacon (ON-
TARGET plus SMARTpool). SiHIF-1α (PBS/pU6-HIF1α) plasmid developed by Dr.
Connie Cepko was obtained from Addgene (#21103) (19). As an internal transfection
control, vector pRL-TK (Promega) containing Renilla reniformis luciferase gene was used.
The amount of transfected plasmid, the pre-transfection period after seeding, and the post-
transfection period before harvesting, have been optimized for rat nucleus pulposus cells
using pSV β-galactosidase plasmid (Promega) (4). The N1511 line was a kind gift from Dr.
Motomi Enomoto-Iwamoto.

Isolation of nucleus pulposus cells and cell culture in hypoxia
Rat nucleus pulposus cells were isolated using a method reported earlier by Risbud et al. (4).
Nucleus pulposus cells were maintained in Dulbeccos Modified Eagles Medium (DMEM)
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and 10% fetal bovine serum (FBS) supplemented with antibiotics. Nucleus pulposus cells
were cultured in an Hypoxia Work Station (Invivo2 300, Ruskinn, UK) with a mixture of 1%
O2, 5% CO2 and 94% N2 for 24–72 h. The concentration of oxygen chosen for this study
was based on our previous in vitro studies, as well as information generated on the oxemic
status of the disc in vivo. In some experiments, N1511 cells, a mouse chondrocyte line
maintained in culture as described above was used.

Real time RT-PCR analysis
Following treatment, total RNA was extracted from nucleus pulposus cells using RNAeasy
mini columns (Qiagen). Before elution from the column, RNA was treated with RNase free
DNAse I. 2 μg of total RNA was used to synthesize cDNA using SuperScipt III cDNA
synthesis kit (Invitrogen). Reactions were set up in triplicate in 96 well plate using 1 μl
cDNA with SYBR Green PCR Master Mix (Applied Biosystems) to which gene-specific
forward and reverse PCR primers were added (GlcAT-I: NCBI # NM_001128184 Fwd: 5′-
atgcccagtttgatgctactgcac -3′, Rev: 5′-tgttcctcctgcttcatcttcggt -3′). Each set of samples
included a template-free control. PCR reactions were performed in a StepOnePlus real time
PCR system (Aplied Biosystems) according to the manufacturer’s instructions. All the
primers used were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA).

Immunofluorescence microscopy
Cells were plated in flat bottom 96 well plates (5 × 103/well) and cultured in hypoxia for 24
h. After incubation, cells were fixed with 4% paraformaldehyde, permeabilized with 0.2%
triton-X 100 in PBS for 10 min, blocked with PBS containing 5% FBS, and incubated with
antibodies against GlcAT-I (1:200) (Novus) at 4 °C overnight. As a negative control, cells
were reacted with isotype IgG under similar conditions. After washing, the cells were
incubated with Alexa fluor-488 conjugated anti-mouse secondary antibody (Invitrogen), at a
dilution of 1:50 and 10 μM propidium iodide for 1 h at room temperature. Cells were
imaged using a laser scanning confocal microscope (Olympus Fluoview, Japan).

Protein extraction and Western blotting
Cells were placed on ice immediately following treatment and washed with ice-cold HBSS.
Nuclear proteins were prepared using the CellLytic NuCLEAR extraction kit (Sigma-
Aldrich, St. Louis). All the wash buffers and final re-suspension buffer included 1X protease
inhibitor cocktail (Roche), NaF (5 mM) and Na3VO4 (200 μM). Nuclear or total cell
proteins were resolved on 8–12 % SDS-polyacrylamide gels and transferred by
electroblotting to PVDF membranes (Bio-Rad, CA). The membranes were blocked with 5%
non-fat dry milk in TBST (50 mM Tris, pH 7.6, 150 mM NaCl, 0.1% tween 20) and
incubated overnight at 4 °C in 3% non-fat dry milk in TBST with the anti-GlcAT-I (1:500,
Novus) or anti-HIF-2α antibody (1:1000, R&D Systems). Immunolabeling was detected
using the ECL reagent (Amersham Biosciences).

DMMB assay
The proteoglycan content of the cells cultured for 5 days was measured as sGAG by
colorimetric assay with 1–9 dimethylmethylene blue (DMMB) (Blyscan, Biolcolor Ltd.,
UK) with chondroitin-4-sulphate as a standard following the manufacturer’s instructions.
Briefly, GAGs were precipitated from cell extracts and conditioned medium and stained
with DMMB and staining was quantified by measuring absorbance at 656 nm. Results were
calculated as GAG (μg)/total DNA (ng) and expressed relative to value obtained for
untreated controls.
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Site directed mutagenesis
GlcAT-I-D reporter plasmid was used to mutate HRE sites (G/ACGTG to G/AAAAG).
Mutants were generated using QuickChange II XL site-directed mutagenesis kit
(Stratagene), using forward and reverse primer pair containing the desired mutation,
following the manufacturer’s instructions. The mutations were verified by sequencing.

Transfections and dual luciferase assay
Cells were transferred to 24-well plates at a density of 4 × 104 cells/well one day before
transfection. To investigate the effect of HIF over expression on GlcAT-I promoter activity,
cells were cotransfected with 100–300 ng of pSiHIF-1α (100–300 ng) or pSiHIF-2α (100–
300 ng) or CA-HIF-1α or CA-HIF-2α (100 ng ARNT with CA-HIF plasmids) or appropriate
backbone vector with 300–350 ng GlcAT-I reporter and 300–350 ng pRL-TK plasmid. To
measure the effect of hypoxia cells were transfected with 500 ng of GlcAT-I reporter
plasmids with 500 ng pRL-TK plasmid, in some experiments nucleus pulposus cells were
co-tranfected with SiHIF-2α (25–50 nM) or treated with the inhibitors PD98059 (50 μM),
SB203580 (10 μM) and SP60025 (10 μM) (Calbiochem). LipofectAMINE 2000
(Invitrogen) was used as a transfection reagent. For each transfection, plasmids were
premixed with the transfection reagent. 48–72 h after transfection, the cells were harvested
and a Dual-Luciferase™ reporter assay system (Promega) was used for sequential
measurements of firefly and Renilla luciferase activities. Quantification of luciferase
activities and calculation of relative ratios were carried out using a luminometer (TD-20/20,
Turner Designs, CA). At least three independent transfections were performed, and all
analyses were carried out in triplicate.

Statistical analysis
All measurements were performed in triplicate, data is presented as mean ± S.E. Differences
between groups were analyzed by the ANOVA; *p < 0.05.

RESULTS
To explore the premise that hypoxia regulated GlcAT-I expression, nucleus pulposus cells
were cultured at 1% O2 and the expression of GlcAT-I was analyzed. Figure 1A shows that
hypoxia results in increased GlcAT-I mRNA levels in nucleus pulposus cells. In addition,
we studied GlcAT-I expression in nucleus pulposus cells using immunofluorescence
microscopy and Western blot analysis. Hypoxic treatment results in elevated GlcAT-I
protein expression (Fig. 1B, C); the increase is pronounced 24 h after treatment. Similar to
nucleus pulposus cells, a control chondrocyte cell line exhibits hypoxic induction in GlcAT-
I mRNA and protein levels (Fig. 1D, E). To confirm that the increase in GlcAT-I expression
was related to sulfated GAG generation, we measured sGAG in nucleus pulposus cells in
hypoxia. Figure 1F shows that compared to normoxia there is a significant induction in
sGAG levels in hypoxia.

The organization of human GlcAT-I promoter and major transcription factor binding sites
are shown in Fig. 2. There are 4 conserved hypoxia response elements (HRE) in the
promoter at −406/−411 bp, −255/−260 bp, −242/−247 bp and −144/−149 bp with respect to
transcription start site (Fig. 2A, B). To investigate the hypoxic regulation of GlcAT-I
transcription, we measured the activity of different size promoter fragments: −1170/+61 bp
(GD), a −274/+61 bp (GM) and a −123/+61 bp (GP) (see Fig. 2C) in both nucleus pulposus
as well as N1511 chondrocytes. Figure 2D shows that irrespective of oxemic tension GD
fragment has maximal basal activity, whereas the GP fragment exhibits the least activity in
nucleus pulposus cells. We next examined the effect of hypoxia on activity of these
promoter fragments in nucleus pulposus cells. In hypoxia, there is an increase in activity of
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GD and GM promoter fragment; the activity of shortest promoter fragment GP is unchanged
compared to its normoxic activity (Fig. 2E). Unlike the nucleus pulposus cells, in
chondrocytes GD fragment exhibits the minimal basal activity while GM fragment showed
the highest basal activity in both normoxia and hypoxia (Fig. 2F). Moreover, in N1511 cells
while the GD fragment shows hypoxic induction in activity, neither GM and GP fragments
are responsive to hypoxia (Fig. 2G).

To investigate if HIF-1 plays a role in regulation of GlcAT-I expression in nucleus pulposus
cells, we partially silenced HIF-1α expression in nucleus pulposus cells and evaluated
GlcAT-I expression in hypoxia. As expected, SiHIF-1α treated cells evidence a decrease in
expression of HIF-1α mRNA (Fig. 3A) and protein (Fig. 3B), when compared with cells
transfected with control SiRNA. We also confirmed that suppression of HIF-1α lowered its
known target gene expression (supplementary Fig. 1). A significant suppression of enolase-1
promoter activity, a known HIF-1 target gene in nucleus pulposus cells is seen. GlcAT-I
expression is then evaluated in the silenced cells. We found that there is a robust increase in
GlcAT-I expression both at the mRNA (Fig. 3A) and protein (Fig. 3B) level in the silenced
cells when compared with cells transfected with control SiRNA. In addition, we treated
nucleus pulposus cells with highly specific HIF-2α translational inhibitor, methyl-3
(2(cyano(methylsulfonyl)methylene)hydrazino)thiophene-2-carboxylate (20), and measured
GlcAT-I expression. Suppression in HIF-2α level resulted in significant increase in GlcAT-I
mRNA (Fig. 3C) and protein (Fig. 3D) expression. To investigate if change in HIF and in
turn GlcAT-I expression corresponds to change in GAG synthesis, we measured GAG levels
in HIF silenced cells. Fig. 3E shows that there is a significant increase in GAG synthesis
when expression of both HIF-1α and HIF-2α is suppressed (Fig. 3E).

To further evaluate the role of HIF-1 and HIF-2 in transcriptional regulation of GlcAT-I
expression, the activity of the −1170/+61 bp promoter fragment was measured by
performing loss of function studies. When HIF-1α expression was silenced using siRNA,
GlcAT-I promoter activity is induced under both normoxic and hypoxic conditions in
nucleus pulposus cells (Fig. 3F). Interestingly, induction of activity is similar in both
normoxia and hypoxia. To assess the role of HIF-2α in regulation of GlcAT-I, we co-
transfected nucleus pulposus cells with HIF-2α SiRNA. It was noted that HIF-2α silencing
results in induction in promoter activity, independent of oxemic status (Fig. 3G). In contrast
to nucleus pulposus cells, silencing of either HIF-1α (Fig. 3H) or HIF-2α (Fig. 3I) did not
affect GlcAT-I promoter activity in chondrocytes.

To validate whether GlcAT-I promoter activity is responsive to HIF signaling, we co-
transfected nucleus pulposus cells with plasmids encoding CA-HIF-1α or CA-HIF-2α which
are insensitive to oxidative degradation (Fig. 4A, B). Transfection with CA-HIF-1α (Fig.
4A) as well as CA-HIF-2α (Fig. 4B) significantly suppresses GlcAT-I promoter (−1170/+61
bp) activity. The inhibitory effect of CA-HIF-1α on GlcAT-I promoter activity is such that
when the concentration of plasmid is decreased from 300 to 100 ng level of inhibition
remains constant (Fig. 4A). For CA-HIF-2α, while suppression of promoter activity is
evident at 100 ng, the effect is further enhanced when the concentration of plasmid is
increased to 300 ng (Fig. 4B). As expected, co transfection of CA-HIF-1α or CA-HIF-2α
does not affect GlcAT-I promoter activity in N1511 chondrocytes (Fig. 4C, D). To
determine the region of the promoter that is responsible for HIF mediated suppression, we
measured the activity of the three promoter fragments in the presence of HIF-1α and
HIF-2α. It is evident that activity of all three promoter fragments is suppressed by both
HIF-1 and HIF-2 (Fig. 4E, F).

We then examined the interaction of HIFs with HRE in the GlcAT-I promoter. For this
study we used reporters that contained mutation in either single (M1) or multiple (M2 and
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M3) HREs (Fig. 5A). Compared to the wild type reporter, all the mutant reporters are more
responsive to hypoxia and showed increased induction in activity (Fig. 5B). We examined
the effect of HIF-1α and HIF-2α silencing on M3 reporter activity. The results clearly show
that similar to wild type reporter, irrespective of oxemic tension HIF-1α silencing leads to
increased activation of M3 reporter (Fig. 5C). A similar trend is seen following HIF-2α
silencing (Fig. 5D). Moreover, overexpression of HIF-1α as well as HIF-2α results in
suppression of activity of the mutant reporter (Fig. 5E).

We next investigated the involvement of the MAPK signaling pathway in hypoxic induction
of GlcAT-I. Cells were treated with PD98059 (ERK inhibitor) or SB203580 (p38 inhibitor)
in hypoxia and promoter activity was measured. Figure 6A shows that ERK but not p38
inhibition suppresses the hypoxic activity of the −1170/+61 bp GlcAT-I (GD) promoter
fragment. However, the activity of the −274/+61 bp (GM) promoter fragment is insensitive
to both ERK and p38 inhibition (Fig. 6B). In contrast to ERK and p38, inhibition of JNK
results in hypoxic induction of both the promoter fragments (Fig. 6A, B). To investigate
which isoform of ERK was responsible for the regulation, we co-transfected cells with DN-
ERK1 and DN-ERK2 plasmids. Figure 6C, D show that inhibition of ERK2 but not ERK1
results in suppression of GlcAT-I (−1170/+61 bp) promoter activity in hypoxia. To validate
role of MAPK in regulation of GlcAT-I expression in hypoxia, we measured mRNA
expression following treatment with inhibitors. Figure 6E shows that treatment with
PD98059 suppressed GlcAT-I expression while JNK inhibition results in further increase in
expression.

Based on these experiments a working model of GlcAT-I regulation by hypoxia and HIF
transcription factors in nucleus pulposus cells is proposed (Fig. 6E)

DISCUSSION
The goal of this investigation was to test the hypothesis that the expression of GlcAT-I, a
key enzyme required for the biosynthesis of chondroitin and heparan sulfate is regulated by
HIF. The hypothesis was based on previous studies that showed that there was significant
expression of GlcAT-I in the nucleus pulposus, a tissue that is devoid of vasculature (12,13).
The study revealed that there was a hypoxia-dependent increase in GlcAT-I expression. On
the other hand, HIF negatively regulated its expression. Use of deletion constructs together
with gain and loss of function studies indicated that HIF directly suppressed basal GlcAT-I
promoter activity through interactions with one or more HREs, although it was not required
for transcriptional suppression. We put forward the hypothesis that suppression is mediated
directly through binding to the HREs and indirectly by an as yet undefined repressor
molecule (Fig. 6F). Hence, within the hypoxic environment of the intervertebral disc,
members of the HIF transcription factor family and MAPK regulate GlcAT-I expression
through an activator - repressor signaling circuit.

We observed that GlcAT-I expression was inducible by hypoxiain both nucleus pulposus
cell and a chondrocyte line. These findings are in line with a report by Robins et al. which
showed an increased hypoxic expression of GlcAT-I in stromal cells (21). Studies with
promoter deletion constructs indicated significant differences in basal activity between
nucleus pulposus cells and chondrocytes. This finding suggested that promoter regulation
was cell type specific. In the same study, we determined if the conserved HRE sites played a
regulatory role in mediating the hypoxic response. Again, the response varied, lending
strength to the notion that regulation is unique to nucleus pulposus cells.

With respect to hypoxia, there is one overriding characteristic of HIF-1α and HIF-2α
expression in nucleus pulposus cells: expression is refractory to oxemic status (3–5).
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However, gain and loss of function studies suggested that in nucleus pulposus cells, GlcAT-I
expression is regulated in a HIF-dependent manner and that HIF functions as a
transcriptional repressor of GlcAT-I. This result is in line with the recent report that HIF
proteins serve as transcriptional repressors in nucleus pulposus cells (22) and that HIF-1
and HIF-2 play a more complimentary role in nucleus pulposus cells than has been reported
in articular cartilage (5,22). Once again, these responses were markedly different from
those observed using the chondrocytic N1511 cell line lending support to the notion that
there is a unique relationship between HIF and GlcAT-I expression in nucleus pulposus
cells.

The over expression studies provided further details on the possible repressor role of HIF. In
nucleus pulposus cells, HIF-1α or HIF-2α over expression suppressed the activity of both
the −274/+61 and −127/+61 promoter fragments that contained either two proximal or no
HRE motif respectively. This finding suggests that in nucleus pulposus cells, a HIF-
dependent repressor is likely recruited to the promoter sequence between bases −127/+61; in
this case, direct binding of HIF is not a pre-requisite for activity suppression (see Fig. 5).
Site directed mutagenesis studies confirmed this observation. Thus, the increase in mutant
promoter activity in hypoxia suggested that direct binding of HIF to HREs was a partial
cause of the observed repression. Indeed, subsequent studies showed that the activity of the
HRE mutant reporter was sensitive to modulation of HIF levels. Accordingly, these loss and
gain of function experiments strongly suggested that HIF controlled GlcAT-I promoter
activity both by direct interaction with HREs and indirectly by recruitment of another
repressor. Moreover, it was apparent that direct binding of HIF to the HREs was not
necessary for the suppression. Nevertheless, we conclude that in the hypoxic intervertebral
disc, the expression of HIF-1 and HIF-2 serve to control basal GlcAT-I expression. Further
studies are currently underway in our laboratory to determine the identity of HIF-dependent
repressor involved in regulation of GlcAT-I expression in cells of the nucleus pulposus.

To delineate signaling mechanisms that transduce hypoxic expression of GlcAT-I in nucleus
pulposus cells, we focused first on the MAPK pathways using loss of function approach. In
earlier studies, we noted the significance of this signaling pathway in regulating the
functional and survival activities of cells of both the nucleus pulposus and annulus fibrosus
(23–25). Moreover, we have recently shown that in nucleus pulposus cells, MAPK mediates
TGFβ and BMP-2 dependent increase in GlcAT-I promoter activity as well
glycosoaminoaglycan accumulation (12). Similarly, Barré et al. reported that calcium ions
promoted GlcAT-I transcription by activation and recruitment of Sp1 to the promoter
through MEK/ERK signaling (26). Thus, the importance of the MAPK signaling pathway in
mediating nucleus pulposus cell function is well documented (23–25). Related to the
expression of GlcAT-I, we found that if ERK is inhibited pharmacologically, there is
suppression of hypoxic GlcAT-I reporter activity. Moreover unlike ERK1 which plays a role
in growth factor mediated GlcAT-I regulation, in hypoxia, the ERK2 isoform was required
for GlcAT-I promoter activity (12). We interpreted this finding to indicate that these MAPK
isoforms were not redundant, but were modulated by, and responsive to, separate
physiological stimuli.

Deletion analysis indicated that the region between −1170 bp to −274 bp of the GlcAT-I
promoter was responsible for ERK regulation. Since this region is a distance from Sp1 site
(see schematic, Fig. 2), it precludes the possibility that this motif was responsible for
hypoxic induction of GlcAT-I promoter activity in nucleus pulposus cells (13,24).
Interestingly, unlike ERK, suppression of JNK resulted in further induction of both the
−1170 bp and −274 bp fragments of GlcAT-I promoter in hypoxia. Whether JNK interacts
with a HIF responsive repressor has yet to be determined. However, this result, supported
by the mutagenesis and deletion analysis, indicates that a strong repressive element is
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present within first 127 bases and is responsible for regulating hypoxic expression of
GlcAT-I. Future studies are aimed at investigating this hypothesis and the exact nature of the
repressor.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Real-time RT-PCR analysis of GlcAT-I expression by nucleus pulposus cells cultured in
hypoxia (1% O2) up to 24 h. There was increased expression at 4 h which continued till 24
h. B) Immunofluorescent analysis of nucleus pulposus cells in hypoxia. Cells showed
increased GlcAT-I expression 24 h after the treatment. C) Western blot analysis of GlcAT-I
expression by nucleus pulposus cells. Note, the expression of the 43 kd GlcAT-I band. Note,
increased GlcAT-I levels after 24 h in hypoxia. D) Real-time RT-PCR analysis of GlcAT-I
expression by N1511 chondrocytes cultured in hypoxia (1% O2) for 24 h. Hypoxia increased
expression of GlcAT-I in chondrocytes. E) Western blot analysis showing increased
expression of GlcAT-I by N1511 cells in hypoxia. F) Hypoxia significantly increased sGAG

Gogate et al. Page 10

Arthritis Rheum. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



production by nucleus pulposus cells. Values shown are mean ± SE, of 3 independent
experiments; *p<0.05.
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Figure 2.
A) Schematic of promoter organization of the human GlcAT-I gene showing location of
major transcription factor binding sites. The transcription start site is marked as +1. HRE is
shown as triangle, TonE as flattened circle, Sp1 are indicted as ovals while the NFAT
binding motifs are shown as rectangles. B) Stretches of DNA sequence of the GlcAT-I
promoter containing HRE (GCGTG/CACGC) motifs that are marked in bold and
underlined. C) Cartoon showing map of successive PCR generated 5′ deletion constructs of
the human GlcAT-I promoter. D) Basal activities of GlcAT-I promoter constructs in
normoxia and hypoxia relative to full length construct GD in NP cells. E) Hypoxic
regulation of GlcAT-I promoter constructs in NP cells. Constructs GD and GM show
increase in activity in hypoxia, whereas activity of construct GP is unaffected. F) Relative
activities of promoter constructs in N1511 chondrocytes. G) Chondrocytes show hypoxic
induction in activity of construct GD, activity of shorter constructs GM and GP is
unaffected. Values shown are mean ± SE, of 3 independent experiments; *p<0.05.
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Figure 3.
HIF regulation of GlcAT-I expression. Cells were transfected with HIF-1α-SiRNA
(SiHIF-1α) or control siRNA (C) and cultured in hypoxia. A, B) Partial silencing of HIF-1α
results in increased GlcAT-I mRNA (A) and protein (B) levels. C) NP cells treated with
HIF-2α translation inhibitor in hypoxia shows induction in GlcAT-I mRNA expression D)
Western blot analysis of NP cells treated with HIF-2α inhibitor. Treated cells show a
significant decrease in HIF-2α levels, concomitant increase in GlcAT-I expression is
evident. E) Silencing of both HIF-1α (SiHF1α) and HIF-2α (SiHF2α)results in increased
GAG deposition by NP cells. F, G) Effect of HIF on GlcAT-I promoter activity in NP and
N1511 cells. NP cells were transfected with F) SiHIF-1α G) SiHIF-2α and cultured in
normoxia (Nx) and hypoxia (Hx). Control cells were transfected with control siRNA (C).
Silencing of HIF-1α or HIF-2α resulted in a significant induction of GlcAT-I promoter
activity irrespective of oxemic state. H, I) Silencing of HIF-1α (H) and HIF-2α (I) has no
effect on GlcAT-I promoter activity in N1511 chondrocytes. Values shown are mean ± SE
from three independent experiments, * p < 0.05.
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Figure 4.
Effect of A, B) CA-HIF-1α and C, D) CA-HIF-2α expression on GlcAT-I promoter activity
in nucleus pulposus (A, C) and N1511 (B, D) chondrocytes. Note the significant suppression
in GlcAT-I reporter activity even when transfected with 100 ng of the HIF plasmid. In
contrast, HIF overexpression has no effect on GlcAT-I promoter activity in N1511
chondrocytes. E, F) Overexpression of HIF-1α and HIF-2α results in suppression of GD,
GM as well as GP promoter fragments in nucleus pulposus cells. Values shown are mean ±
SE, of 3 independent experiments; *p<0.05, ns = non significant.
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Figure 5.
Interaction of HIFs with HREs in the GlcAT-I promoter. A) Schematic of the GlcAT-I
reporter constructs (WT: wild type; M1: HRE1 mutant; M2: HRE1/2/3 mutant,
M3:HRE1/2/3/4 mutant) used in transfections. B) Effect of hypoxia on the activity of WT
and HRE mutants. HRE mutants show a higher induction in activity in hypoxia compared to
wild type reporter. C, D) Effect of silencing of C) HIF-1α (SiHIF-1α) and D) HIF-2α
(SiHIF-2α) on mutant reporter M3 in normoxia (Nx) and hypoxia (Hx). Silencing of both
HIF-1α and HIF-2α caused induction in the activity of HRE mutant M3 that is independent
of O2 tension. E) Effect of CA-HIF-1α and CA-HIF-2α co-expression on M3 mutant
activity. Both HIF-1α and HIF-2α suppressed the activity of M3. Values shown are mean ±
SE from three independent experiments, * p < 0.05; ns = non significant.
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Figure 6.
NP cells were transfected with GlcAT-I reporter plasmids GD (A) and GM (B) and cultured
with or without MAPK inhibitors PD98059 (PD; 50 μM), SB86002 (SKF; 10 μM) and
SP600125 (SP; 10 μM) in hypoxia for 24 h. PD caused suppression of only GD, while no
change in activity was observed when treated with SB. In contrast, SP promoted the hypoxic
activity of both GD and GM reporters. C, D) Cells were co-transfected with either DN-
ERK1 (C) or DN-ERK2 (D) with reporter GD. DN-ERK2, but not DN-ERK1, resulted in
suppression of reporter. E) NP cells were treated with MAPK inhibitors in hypoxia and
GlcAT-I mRNA expression analyzed. Expression decreased with PD treatment while SP
induced expression. Values shown are of 3 independent experiments; mean ± SE; *p < 0.05.
F) A proposed model of GlcAT-I regulation by hypoxia and HIF in NP cells. In hypoxia,
GlcAT-I level is maintained by transcriptional induction through yet unknown factor (X).
On the other hand, HIF-1 and HIF-2 serve as transcriptional suppressor, directly by
interaction with HRE and indirectly through an unknown repressor Y. Stimulatory effect of
hypoxia dominates repression through HIFs resulting in net increase in GlcAT-I levels and
increased GAG production.
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