
PHD/HIF-1 upregulates CA12 to protect against
degenerative disc disease: a human sample, in vitro
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Intervertebral disc degeneration is a major cause of low back pain. The nucleus pulposus (NP) is an important
intervertebral disc component. Recent studies have shown that carbonic anhydrase 12 (CA12) is a novel NP marker.
However, the mechanism by which CA12 is regulated and its physiological function are unclear. In our study, CA12,
hypoxia-inducible factor 1α (HIF-1α) and HIF-2α expression levels were examined in 81 human degenerated NP samples
using real-time RT-PCR, immunohistochemistry and western blot. Rat NP cells were cultured in a hypoxic environment, and
hypoxia-induced CA12 expression was examined. Rat NP cells were treated with HIF-1α siRNA or the prolyl hydroxylase
(PHD) inhibitor dimethyloxalylglycine (DMOG) to evaluate the role of PHD/HIF-1 in regulating CA12 expression. Rat NP
cells were treated with CA12 siRNA to determine the function of CA12. A rat ex vivomodel was established to confirm that
PHD, HIF-1, and CA12 have important roles in disc degeneration. We found that CA12 was significantly downregulated in
degenerated human NP samples at the mRNA and protein levels. CA12 expression sharply increased by ~ 30-fold in
response to hypoxia. The expression of HIF-1α, but not HIF-2α, also decreased in degenerated human NP samples and was
positively correlated with CA12 expression. HIF-1α knockdown under hypoxia reduced the CA12 mRNA and protein
expression levels. DMOG treatment increased HIF-1α and CA12 expression. CA12 knockdown significantly inhibited
anabolic protein expression, whereas catabolic enzymes remained unchanged. The ex vivo experiments supported our
in vitro studies of the role of PHD/HIF-1/CA12. In conclusion, CA12 is downregulated in degenerated NPs, and its
expression may be regulated by the PHD/HIF-1 axis. Decreased CA12 expression may lead to decreased extracellular
matrix synthesis, which contributes to degenerative disc disease progression.
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Low back pain (LBP) is one of the most common clinical
complaints. Approximately 80% of people experience LBP
during their lifespan,1 and this condition causes severe pain,
disability, and heavy economic burden. Among the various
causes of LBP, intervertebral disc degeneration is thought to be
one of the most central causes.2,3 The intervertebral disc
consists of the central proteoglycan-rich nucleus pulposus (NP)
and the surrounding fibrocartilaginous annulus fibrosis (AF)
with good restoration of strength, ROM, and function. The
highly absorptive proteoglycans in the NP absorb stress and
maintain the structural and functional integrity of the
spine.4,5 An imbalance between NP extracellular matrix
(ECM) anabolism and catabolism leads to degenerative disc

disease.6 NP cell aging or changes to the microenvironment
can lead to decreased normal ECM protein synthesis (mainly
type II collagen and aggrecan) and increased synthesis of
ECM proteins related to fibrosis, such as type I collagen.6

Inflammatory cytokines, such as interleukin-1β and tumor
necrosis factor-α, stimulate the expression of ECM catabolic
enzymes, such as matrix metalloproteinases and a disintegrin
and metalloproteinase with thrombospondin motifs
(ADAMTSs).7,8 Loss of ECM results in reduced disc height
and altered mechanical characteristics of the spine, leading to
progressive degenerative disc disease.

Carbonic anhydrase 12 (CA12) is a transmembrane
protein of the carbonic anhydrase family, which includes
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zinc metalloenzymes that catalyze reversible CO2 hydration
into bicarbonate and hydrogen ions.9 Hypoxia-induced CA12
upregulation promotes tumor survival and growth by
maintaining intracellular pH.10–12 Microarray and real-time
RT-PCR results have confirmed the significant differential
expression of CA12 in NP compared with articular cartilage
and AF.13,14 Several research groups have begun to use CA12
as an NP marker.15–17 Thus, we hypothesize that CA12 has a
role in NP physiology. Although Power et al14 found that CA
inhibition disrupts pH and leads to lactate accumulation in
NP cells, the exact function of CA12 in NP remains unknown.
CA12 regulation in the NP is also unknown. Because CA12
expression is induced by hypoxia18 in tumor cells and because
the intervertebral disc is a nonvascular and relatively hypoxic
organ, we hypothesize that hypoxia regulates CA12 expression
in the NP. Furthermore, we suggest that CA12 has an
important role in the NP degeneration process and that its
expression is regulated by the prolyl hydroxylase (PHD)/
hypoxia-inducible factor (HIF) axis. In this study, we aimed
to confirm the change in CA12 expression in degenerated
NPs, determine the mechanism of CA12 regulation in the NP
in vitro and ex vivo, and elucidate the function of CA12 in the
NP in vitro and ex vivo.

MATERIALS AND METHODS
Human Tissue Collection and Grading
Informed consent was obtained from each patient. Our study
was approved by the Institutional Review Board of Sir Run
Run Shaw Hospital. NP samples were obtained from patients
with degenerative disc disease who were undergoing
discectomy and fusion (degenerated group) or patients with
vertebral burst fractures who underwent discectomy and
fusion but did not have a history of LBP (control group). The
degenerated group was further subdivided into three
subgroups (Grade III, Grade IV, and Grade V) according to
the Pfirrmann grading system.19 The patients’ clinical
characteristics are summarized in Table 1. All samples
were collected in our department between January 2012 and
December 2013. After collection, samples were immediately
dissected under a microscope and either frozen in
liquid nitrogen or fixed in 4% buffered paraformaldehyde
for 24 h.

Rat NP Cell Culture and Treatment
The NP was separated from the lumbar discs of 8-week-old
male Sprague–Dawley rats using a dissecting microscope and
finely diced into small pieces no 41 mm3 in size. The tissues
were treated with 0.2% type II collagenase (Sigma-Aldrich,
St. Louis, MO, USA) for 1 h at 37 °C. The supernatant was
placed into Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 20% fetal bovine serum (Gibco,
Gaithersburg, MD, USA) in a humidified atmosphere
containing 5% CO2 at 37 °C. For the hypoxia treatment, cells
were cultured in a hypoxic incubator with a mixture of 1% O2,
5% CO2, and 94% N2 for 6–72 h. CA12 or hypoxia-inducible

factor 1α (HIF-1α) expression was downregulated by treating
NP cells with CA12 or HIF-1α siRNA, respectively
(Genepharm, Shanghai, China). In brief, cells were grown to
50% confluence and transfected with chemically synthesized
target siRNA or negative control siRNA using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. To determine the role of PHD,
we treated cells with 0.5, 1, or 2 mM of the competitive PHD
inhibitor dimethyloxalylglycine (DMOG) (Sigma-Aldrich)
for 24 h.

Isolation and Culture of Disc/Endplate Specimens
Thoracic and lumbar intervertebral discs, including the
adjacent vertebral endplates, were separated from 8-week-
old male Sprague–Dawley rats. Specimens were washed in
Hank’s solution (Solarbia, Beijing, China) with 55 mM
Na-citrate (Sigma-Aldrich). Discs were washed with agitation
overnight in DMEM supplemented with 5% fetal calf serum
and 20 mM Na-citrate in an incubator (37 °C, 5% CO2, 100%
humidity). Specimens were treated with or without 1 mM
DMOG and 100 μM of the CA inhibitor acetazolamide
(ACTZ) (Sigma-Aldrich) for up to 2 weeks in 48-well plates
with DMEM supplemented with 10% fetal calf serum and
25 μg/ml L-ascorbate.

Real-time RT-PCR Analysis
Total RNA was extracted from NP tissues or the treated NP
cells, cultured as described above. NP tissues that had been
frozen in liquid nitrogen were ground into a fine powder
using a mortar and pestle, and total RNA was extracted using
the RNeasy Mini kit (Qiagen, Valencia, CA, USA) according
to the manufacturer’s protocol. Complementary DNA
(cDNA) was synthesized from 500 ng RNA from each sample,
2 μl 5 × PrimeScript RT Master Mix (Takara Bio, Otsu,
Japan) and RNase-free dH2O in a final volume of 10 μl.
Real-time RT-PCR was performed using a 96-well plate ABI
Prism 7500 (Applied Biosystems, Foster City, CA, USA) with

Table 1 Clinical patient characteristics

Characteristics Degenerated group Control group

Sample numbers 66 15

Age (years) 56.98 (25–84) 38.20 (17–76)

Gender (male/female) 35/31 7/8

Pfirrmann grade

I 6

II 9

III 29

IV 30

V 7

CA12 protects against disc degeneration
S Chen et al

562 Laboratory Investigation | Volume 96 May 2016 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA).
The total volume (20 μl) of each PCR reaction contained
10 μl SsoFast EvaGreen Supermix, 7 μl RNase-free dH2O,
2 μl cDNA, and 10 μM of each forward and reverse primer
(Table 2). The quantity of each target gene was normalized to
β-actin expression.

Western Blot
Cells or ground NP tissues were incubated in RIPA buffer
(Cell Signaling Technology, Boston, MA, USA) supplemented
with 100 mM phenylmethanesulfonyl fluoride (PMSF) on ice,
followed by centrifugation at 12 000 rpm for 15 min to isolate

the supernatant. Proteins were resolved by 10% SDS-PAGE
and transferred to PVDF membranes (Bio-Rad) by
electroblotting. The membranes were blocked with 5%
non-fat dry milk in TBST at room temperature for 1 h and
then incubated with anti–CA12 (1:1000; Cell Signaling
Technology), anti-HIF-1α (1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) or anti-β-actin (1:2000; Santa Cruz
Biotechnology) polyclonal immunoglobulin G antibodies
overnight at 4 °C. Protein bands were developed using
a horseradish peroxidase-conjugated goat-anti-rabbit
immunoglobulin G (Abcam, Cambridge, MA, USA), followed
by detection with ECL reagent (Millipore, Billerica, MA,
USA). Protein bands were visualized using the LAS-4000
Science Imaging System (Fujifilm, Tokyo, Japan).

Histological Studies
Tissues were fixed in 4% buffered paraformaldehyde for 24 h.
Rat disc samples were decalcified in 10% EDTA for 1 month.
Tissues were then dehydrated in graded ethanol solutions and
embedded in paraffin. For each specimen, three serial sections
(4-μm thick) were cut on a microtome. To observe
morphology and matrix degeneration, sections were stained
with hematoxylin-eosin (H&E) or safranin O (SO)-fast green.
To examine CA12 immunoreactivity, an immunohistochem-
ical study was performed using a histostain SABC kit
(CWBIO, Beijing, China) according to the manufacturer’s
instructions. Samples without treatment of CA12 antibody
was included as negative control. Specimens were examined
and photographed using a high-quality microscope.

Statistical Analysis
Statistical analyses were performed using SPSS for Windows
software, version 16.0 (SPSS, Chicago, IL, USA). All data are
presented as the mean± s.e.m. A Mann–Whitney U-test was
used to compare the mean values of two groups. A Spearman
rho test was used to analyze the correlation between
transcriptional levels of different genes. P-valueso0.05 were
considered significant.

RESULTS
Evaluation of 81 Human NP Degeneration Samples
We performed MRI analysis, H&E staining, SO staining, and
real-time RT-PCR and found significant degeneration in the
degenerated group compared with the control group
(Figures 1a and k). Compared with the control group MRI
(Figures 1a and b), the degenerated group MRI (Figures 1c
and d) showed decreased signal intensity of NP in T2WI,
a narrower disc space and a disappearing margin between the
NP and AF. As shown by H&E staining (Figures 1e and f), the
cell numbers were significantly decreased, and the cell
shapes changed from small and round (Figure 1e) to
spindle-like (Figure 1f). There was also evidence of more
hypertrophic cells in the degenerated group. Furthermore, SO
staining (Figures 1g and h) demonstrated significantly
decreased proteoglycan content in the degenerated group

Table 2 Primer sequences used for real-time RT-PCR

Gene Gene ID Sense Sequence 5’→3’

Type II collagen A1 (human) 1280 F CTGGAAAAGCTGGTGAAAGG

R GGCCTGGATAACCTCTGTGA

Aggrecan (human) 176 F TCCCCTGCTATTTCATCGAC

R CCAGCAGCACTACCTCCTTC

SOX9 (human) 6662 F GGAATGTTTCAGCAGCCAAT

R TGGTGTTCTGAGAGGCACAG

CA12 (human) 771 F TGGCATTCTTGGCATCTGTA

R TTGGTGGCTGGCTTGTAAAT

HIF-1α (human) 3091 F CAAGAACCTACTGCTAATGC

R TTATGTATGTGGGTAGGAGATG

HIF-2α (human) 2034 F GACATGAAGTTCACCTACTGTGATG

R GCGCATGGTAGAATTCATAGG

β-actin (human) 60 F AGCGAGCATCCCCCAAAGTT

R GGGCACGAAGGCTCATCATT

CA12 (rat) 363085 F TTGAACCTAACCAATGATGGC

R GAACAGCAAGGACAGCGAG

HIF-1α (rat) 29560 F TCACTGTACATGCCACCGCAA

R CTGGTGAGGCTGTCCGACTGTG

Type I collagen A1 (rat) 29393 F CATCTCCATGGCCTCTGCAA

R CACATGTGTGGCCGATGTTTC

Type II collagen A1 (rat) 25412 F AAGGGACACCGAGGTTTCACTGG

R GGGCCTGTTTCTCCTGAGCGT

Aggrecan (rat) 58968 F CAGTGCGATGCAGGCTGGCT

R CCTCCGGCACTCGTTGGCTG

MMP3 (rat) 171045 F TTGTCCTTCGATGCAGTCAG

R AGACGGCCAAAATGAAGAGA

ADAMTS-4 (rat) 66015 F ACAATGGCTATGGACACTGCCTCT

R TGTGGACAATGGCTTGAGTCAGGA

ADAMTS-5 (rat) 304135 F GTCCAAATGCACTTCAGCCACGAT

R AATGTCAAGTTGCACTGCTGGGTG

SOX9 (rat) 140586 F AGCGACAACTTTACCAG

R GGAAAACAGAGAACGAAAC

β-actin (rat) 81822 F CCTCTATGCCAACACAGT

R AGCCACCAATCCACACAG

CA12 protects against disc degeneration
S Chen et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 96 May 2016 563

http://www.laboratoryinvestigation.org


(Figure 1h) compared with the control group (Figure 1g).
Real-time RT-PCR results showed decreased expression of
type II collagen (Figure 1i), SOX9 (Figure 1j), and aggrecan
(Figure 1k).

CA12 and HIF-1α Expression was Downregulated in
Degenerated NP Tissues
We examined CA12 transcription in the 81 NP samples
and found that it was significantly downregulated in the
degenerated groups (Figure 2a). We further divided the
degenerated group into three subgroups according to the
Pfirrmann grading system and found that CA12 expression
progressively decreased from the control group to Grade V
(Figure 2b). Immunohistochemical analysis (Figure 2c)
showed that CA12 localized to the plasma membrane, and

the number of CA12-positive cells decreased in the degenerated
group. As observed by western blot, the protein levels
(Figure 2d) were in accordance with the mRNA levels.

CA12 Expression was Regulated by PHD/HIF-1α in
Hypoxic Conditions
To examine the relationship between CA12 and relative
hypoxic conditions in NP cells, we measured CA12 expression
under hypoxic conditions by real-time RT-PCR. As shown in
Figure 3a, CA12 mRNA was significantly upregulated at 12,
24, 48, and 72 h under hypoxic conditions. The mRNA level
was upregulated by ~ 30-fold by 72 h. Because the CA12
promoter contains two hypoxia-responsive elements (HRE,
(A/G)CGTG), we hypothesized that hypoxia-induced factors
regulate CA12 by directly binding to its promoter. To

Figure 1 Evaluation of human NP samples by magnetic resonance image (MRI), histological study and real-time RT-PCR. (a, b) The T1WI (a) and T2WI
(b) of a 41-year-old male patient with L1 vertebral fracture. The NP of L1/L2 was collected in our study (white arrow). (c, d) The T1WI (c) and T2WI (d)
of a 61-year-old male patient with degenerative disc disease. The NP of L4/L5 was collected in our study (white arrow). (e–h) H&E staining of the control
group (e mag. × 100) and degenerated group (f mag. × 100); safranin O staining of the control group (g mag. × 100) and degenerated group (h mag.
× 100). Scale bar: 100 μm. i–k: Real-time RT-PCR results of type II collagen (i), SOX9 (j), and aggrecan (k) of the degenerated group and control group.
**Po0.01.
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Figure 2 CA12 and HIF-1α expression decreased in the degenerated group. (a) Real-time RT-PCR detection of CA12 mRNA in the degenerated group
and control group. (b) Real-time RT-PCR detection of CA12 mRNA in the degenerate group after subdivision by the Pfirrmann grading system.
(c) Immunohistochemical detection of CA12 protein in human NP samples from both groups. Scale bar: 100 μm. (d) CA12 western blot analysis in both
groups (C1, C2, and C3 from the control group; D1, D2, and D3 from the degenerated group). (e, f) Real-time RT-PCR detection of HIF-1α (e) and HIF-2α
(f) expression in degenerated and control groups. *Po0.05; **Po0.01.

Figure 3 CA12 expression was induced by hypoxia, and mediated by PHD/HIF-1α. (a) Real-time RT-PCR results of CA12 mRNA in rat NP cells treated
under hypoxia for 0, 6, 12, 24, 48, or 72 h. (b) Western blot analysis of NP cells treated with negative control siRNA or 100 nM HIF-1α siRNA under
hypoxic conditions. (c, d) Real-time RT-PCR detection of HIF-1α (c) and CA12 (d) in rat NP cells treated with 50, 100 or 200 nM HIF-1α siRNA or negative
control siRNA under hypoxic conditions. (e) Real-time RT-PCR detection of CA12 in rat NP cells treated with negative control siRNA or 100 nM HIF-1α
siRNA under normoxic conditions. (f) Real-time RT-PCR detection of CA12 in rat NP cells treated with 0, 0.5, or 2 mM DMOG. *Po0.05; **Po0.01.
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determine which HIF has a role in human NPs, we examined
HIF-1α and HIF-2α expression levels in the 81 human NP
samples. As shown in Figures 2e and f, HIF-1α mRNA levels
significantly decreased, whereas HIF-2α levels remained
unchanged. The HIF-1α mRNA level, but not the HIF-2α
level, positively correlated with the CA12 mRNA level
(Spearman coefficient 0.25; Po0.05). To determine whether
HIF-1α regulates CA12 expression, we suppressed HIF-1α
expression under hypoxic conditions using HIF-1α siRNA.
Western blot (Figure 3b) and real-time RT-PCR (Figure 3c)
confirmed that knockdown was efficient. Notably, CA12
expression was significantly decreased in cells that were
transduced with HIF-1α siRNA in a dose-dependent manner
(Figure 3d). In contrast, HIF-1α knockdown did not affect
CA12 expression under normoxic conditions (Figure 3e).
In addition, treatment with the PHD inhibitor DMOG
significantly induced CA12 expression under normoxic
conditions in a dose-dependent manner (Figure 3f).

CA12 Downregulation Altered ECM Synthesis
To identify the function of CA12 in intervertebral disc
degeneration, we suppressed its expression using siRNA in rat
NP cells under hypoxic conditions. As shown in Figures 4a

and b, we confirmed CA12 downregulation at both the
protein and mRNA levels. Upon CA12 knockdown, type II
collagen and SOX9 levels significantly decreased (Figures 4c
and d). Aggrecan levels also decreased, although without
statistical significance (Figure 4f). Interestingly, type I collagen
was upregulated after CA12 knockdown (Figure 4e). The
expression of catabolic enzymes (eg, MMP3, ADAMTS-4, and
ADAMTS-5) (Figures 4g and i) did not change.

The Role of PHD/HIF-1α/CA12 in an ex vivo Rat Disc
Model
To further explore the potential protective effects of
PHD/HIF-1α/CA12 in degenerative disc disease, we used a
whole disc ex vivo model. H&E staining and SO staining
showed that the ECM was significantly degraded in the
control group, as described by Haschtmann et al,20 and
DMOG treatment prevented this degradation. When discs
were treated with the CA inhibitor ACTZ, DMOG’s protective
effect was dampened (Figures 5a and b). An analysis of the
mRNA levels further confirmed these results. After a 2-week
treatment with DMOG, aggrecan, type II collagen, and SOX9
expression significantly increased, whereas type I collagen
expression decreased (Figures 5c and f). DMOG treatment

Figure 4 The role of CA12 in NP anabolism and catabolism. (a) Western blot analysis of CA12 in rat NP cells treated with CA12 siRNA under hypoxic
condition. (b) Real-time RT-PCR of CA12 in rat NP cells treated with CA12 siRNA under hypoxic conditions. (c–f) Real-time RT-PCR of type II collagen (c),
SOX9 (d), type I collagen (e), and aggrecan (f) in rat NP cells treated with CA12 siRNA under hypoxic conditions. (g–i) Real-time RT-PCR of MMP3 (g),
ADAMTS-4 (h), and ADAMTS-5 (i) in rat NP cells treated with CA12 siRNA under hypoxic conditions. *Po0.05; **Po0.01.
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also induced CA12 and HIF-1α expression (Figures 5g and i).
However, when discs were co-treated with ACTZ and
DMOG, type II collagen, type I collagen, aggrecan, and
SOX9 expression were partially restored to control levels
(Figures 5c and f).

DISCUSSION
CA12 is enriched in human NP tissue compared with other
tissues, including AF and cartilage.13,14 Our research further
exhibited that CA12 was downregulated in the degenerated
NP, suggesting that CA12 has a role in degenerative disc
disease and may be a marker for disc degeneration. The trend
of decreased CA12 expression among subgroups divided by
the Pfirrmann grading system also suggested that CA12 levels
in the NP could be used as a biomarker of degenerative disc
disease severity and progression. These results raise two
questions: what is the physiological function of CA12 in NP
cells, and what is the primary mechanism that controls CA12
expression in NP cells?

Although limited vessels infiltrate the outer AF layers and
cartilage endplate, they do not enter the NP.21 NP cells
are in a hypoxic microenvironment under physiological

conditions.22,23 CA12 expression is induced by hypoxia in
VHL-defective renal cell carcinoma,24 suggesting that it may
be similarly regulated in NP cells. Our results showed that
CA12 mRNA expression increased by ~ 30-fold after 72 h in
hypoxic conditions.

HIF mediates oxygen homeostasis by regulating numerous
enzymes in response to hypoxia.25,26 HIFs are heterodimers
that are composed of an oxygen tension-regulated α-subunit
and a constitutively expressed β-subunit. The α-subunit
translocates to the nucleus and forms a heterodimer with the
β-subunit.27 The heterodimer then binds to a specific site in
the promoter, termed the HRE, and regulates several
genes that are important for cell survival under hypoxia,
such as erythropoiesis, vascular endothelial growth factor, and
glucose transporters.25,28 However, several proline residues in
the α-subunit are hydrolyzed by PHDs under normoxia. The
α-subunit then becomes poly-ubiquitinated and degraded by
the proteasome.27 It has been found that HIF-1 and HIF-2 are
expressed in NP tissue.29–31 We found that the human CA12
promoter contains 2 HREs (5′-C/GCGTG-3′), and HIF-1 has
been reported to mediate CA12 upregulation in tumor cells.18

Figure 5 The role of PHD/HIF-1α/CA12 in an ex vivo rat NP model. (a) H&E staining of sections of discs treated with 1 mM DMOG or 1 mM DMOG plus
100 μM ACTZ under normoxia. Scale bar: 100 μm. (b) SO staining of sections of discs treated with 1 mM DMOG or 1 mM DMOG plus 100 μM ACTZ
under normoxia. Scale bar: 100 μm. (c–h) Real-time RT-PCR analysis of aggrecan (c), type II collagen (d), type I collagen (e), SOX9 (f), CA12 (g), and
HIF-1α (h) in discs treated with 1 mM DMOG or 1 mM DMOG plus 100 μM ACTZ under normoxia. (i) Western blot analysis of CA12 and HIF-1α
expression in discs treated with 1 mM DMOG or 1 mM DMOG plus 100 μM ACTZ under normoxia. *Po0.05; **Po0.01.
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These data suggest that decreased CA12 may also be regulated
by HIF in the degenerated NP.

To determine which HIF functions in disc degeneration, we
examined HIF-1α and HIF-2α expression in 81 NP tissues. Our
results suggested that HIF-1α is significantly downregulated
and that its expression positively correlated with CA12
expression. We further validated these findings by HIF-1α
knockdown. Transfection with different doses of HIF-1α led to
dose-dependent CA12 downregulation. However, HIF-1α did
not modulate CA12 expression under normoxia, demonstrat-
ing the importance of PHDs in HIF-1α-induced CA12
expression. Therefore, we inhibited PHDs using the
pan-PHD inhibitor DMOG under normoxia for 24 h
and found that HIF-1α and CA12 expression were
dose-dependently induced.

We next investigated CA12 function in NP cells. CAs are
enzymes that catalyze the reversible hydration of cell-gene-
rated carbon dioxide into protons and bicarbonate ions.11,32

Thus, CA12 can contribute to cellular alkalinization and
intracellular pH homeostasis. Chiche et al18 and Doyen et al33

previously found that CA12 suppression decreases tumor cell
survival by increasing intracellular acidosis. Power et al14

found that the CA12 inhibitor 4-aminobenzene sulfonamide
decreases lactate levels in hypoxic NP cells, suggesting that
CA12 can counteract cellular acidosis. We confirmed the
function of CA12 in NP catabolism and anabolism by
knocking down CA12 expression. Anabolic genes, such as
type II collagen, SOX9 and aggrecan, were downregulated
without affecting catabolic genes. Type I collagen, which is
related to NP fibrosis and degeneration, was upregulated. Our
data highlight the protective roles of CA12 during the process
of disc degeneration.

In our ex vivo studies, we found that DMOG treatment
increased anabolism, and this effect could be partially blocked
by the CA inhibitor ACTZ. This finding was in accordance
with our in vitro experiments. Because ACTZ is a carbonic
anhydrase inhibitor, our results suggest that CA12 promotes
anabolism during disc degeneration by regulating NP pH
homeostasis.

Although our study highlights important findings, further
studies are required. First, we were unable to examine direct
interaction between HIF-1 and the CA12 promoter, although
we showed that HIF-1 modulated CA12 expression. This can
be determined in the future through chromatin immunopre-
cipitation studies. Second, considering the influence of
trauma on NP, a control group of normal human disc
samples would be more suitable than samples from fracture
patients. We are currently collecting normal post-mortem NP
samples and this new control group will be used in future
studies.

In conclusion, we revealed that PHD/HIF-1/CA12 is a
novel pathway that may affect disc degeneration by modulat-
ing ECM anabolism. Therefore, genetic or pharmacological
modulation of PHD/HIF-1/CA12 activity may be a novel
therapeutic approach to degenerative disc disease.
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