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Abstract

The polymerase delta interacting protein 2 (Poldip2) is a nuclear-encoded mitochondrial protein 

required for oxidative metabolism. Under hypoxia, Poldip2 expression is repressed by an unknown 

mechanism. Therefore, low levels of Poldip2 are required to maintain glycolytic metabolism.

The Cellular Communication Network Factor 2 (CCN2, Connective tissue growth factor, CTGF) 

is a profibrogenic molecule highly expressed in cancer and vascular inflammation in advanced 

atherosclerosis. Because CCN2 is upregulated under hypoxia and is associated with glycolytic 

metabolism, we hypothesize that Poldip2 downregulation is responsible for the upregulation of 

profibrotic signaling under hypoxia. Here, we report that Poldip2 is repressed under hypoxia 

by a mechanism that requires the activation of the enhancer of zeste homolog 2 repressive 

complex (EZH2) downstream from the Cyclin-Dependent Kinase 2 (CDK2). Importantly, we 

found that Poldip2 repression is required for CCN2 expression downstream of metabolic inhibition 

of the ubiquitin-proteasome system (UPS)-dependent stabilization of the serum response factor. 

Pharmacological or gene expression inhibition of CDK2 under hypoxia reverses Poldip2 

downregulation, the inhibition of the UPS, and the expression of CCN2, collagen, and fibronectin. 

Thus, our findings connect cell cycle regulation and proteasome activity to mitochondrial function 

and fibrotic responses under hypoxia.
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INTRODUCTION

Hypoxia and pseudohypoxia are important pathophysiological signals in the cardiovascular 

system. Hypoxia triggers a secretory and proliferative phenotype in smooth muscle cells of 

various vascular beds, such as the lung [1] and the bladder [2]. Similarly, the stabilization 

of the hypoxia-inducible factor 1α in aortic smooth muscle cells is responsible for the 

increased deposition of extracellular matrix components such as collagen, contributing to 

Angiotensin II-induced vascular remodeling [3].

The polymerase delta interacting protein 2 (Poldip2) is a nuclear-encoded mitochondrial 

protein required for oxidative metabolism in various cell types, including highly glycolytic 

cancer cells [4]. We have previously reported that Poldip2 is repressed under hypoxia 

[4]. However, the molecular mechanism that regulates Poldip2 expression during hypoxia 

remains elusive.

The ubiquitin-proteasome system (UPS) is the primary site for regulated protein 

degradation. UPS function involves the breakdown of polyubiquitin-tagged proteins by the 

26S proteasome, a multiprotein complex consisting of a 20S core particle associated with 

one or two 19S regulatory particles [5]. The 19S regulatory particle is responsible for 

UPS activation and serves to recognize, unfold, and translocate client proteins across the 

proteolytic chamber [6].

We recently reported that Poldip2 expression downregulation is responsible for inhibiting 

the UPS by a mechanism that involves glycosylation of one of the 19S components, the 

activator 26S proteasome regulatory subunit 4 (PSMC1) [7].

The cellular communication network factor 2 (CCN2, connective tissue growth factor, 

CTGF) is a profibrogenic protein overexpressed in fibrotic diseases and cancer [8–10]. 

CCN2 expression stimulates the synthesis of other connective proteins, including type I 

collagen, fibronectin, and elastin [11, 12]. Furthermore, CCN2 expression is upregulated 

by hypoxia [13, 14]. Regarding the vasculature, we and others have shown that CCN2 

is upregulated in advanced atherosclerosis in humans [15] and during diabetes-induced 

vascular inflammation in mice [16], both of which are pathological states that have been 

linked to hypoxia and hypoxia-inducible factor 1 alpha (HIF1α) signaling.

Notably, several lines of evidence have established that glycolytic cells display high CCN2 

expression [17–19]. This study aimed to elucidate the signaling pathway and metabolic 

reprogramming events leading to the upregulation of CCN2 and other profibrotic proteins in 

vascular smooth muscle cells during hypoxia.

Here, we report that under hypoxia, the expression of CCN2, CCN2-dependent collagen 1A, 

and fibronectin are upregulated by a mechanism that requires the metabolic inhibition of the 

ubiquitin-proteasome system downstream of Poldip2 repression. Additionally, we reveal that 

the signaling pathway leading to Poldip2 repression under hypoxia involves activation of the 

enhancer of zeste 2 (EZH2), a subunit of the polycomb repressive complex 2, downstream 

of cyclin-dependent kinase 2 (CDK2). Thus, our findings connect cell cycle regulation and 

proteasome activity to mitochondrial function and fibrotic responses under hypoxia.
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RESULTS

CDK2/Cyclin A/EZH2-mediated repression of Poldip2 under hypoxia.

We have previously shown that Poldip2 expression is oxygen-dependent [4]. We first sought 

to investigate the mechanism of Poldip2 expression inhibition under hypoxic conditions 

since it is currently not known. Previous work showed that Poldip2 expression is required 

for normal cell cycle progression in mouse embryonic fibroblasts [20]. Consistent with 

this reported relationship, we observed that after thymidine-block release, the expression of 

Poldip2 in human aortic smooth muscle cells (HASMCs) follows a pattern that resembles 

the expression of B-type mitotic cyclins [21] (Supplementary Figure 1). This result 

suggests that Poldip2 expression is regulated by signaling pathways that control the cell 

cycle and that these pathways might be involved in the repression of Poldip2 expression 

during hypoxia. To investigate the possible role of cell cycle-related signaling pathways in 

inhibiting Poldip2 expression under hypoxia, we first characterized the effect of hypoxia on 

cell cycle signaling. We found that in HASMCs, hypoxia induces the expression of cyclin 

A2 (CCNA2) and the phosphorylation of cyclin-dependent kinase 2 (CDK2) at Threonine 

160 (Figure 1), a posttranslational modification that is required for full activation of the 

CDK2−cyclin A dimer [22]. Thus, we posited that CDK2 activation is required for Poldip2 

inhibition under hypoxia. Consistent with this hypothesis, downregulation of CDK2 (Figure 

2A), or cyclin A (Figure 2B), reversed the hypoxia-induced downregulation of Poldip2. 

These results indicate that under hypoxia, Poldip2 expression is inhibited by a CDK2/Cyclin 

A-dependent mechanism.

The histone methyltransferase enhancer of zeste EZH2 is the catalytic subunit of the 

polycomb repressive complex 2, which methylates histone H3 to repress target genes 

by writing the inhibitory histone H3 lysine K27 di-and trimethylation (H3K27me2/3) 

[23]. Since it has been reported that CDK2-induced gene silencing proceeds through 

phosphorylation and activation of EZH2 [24, 25], we hypothesized that CDK2-mediated 

inhibition of Poldip2 under hypoxia occurs by an EZH2-dependent mechanism. Indeed, we 

observed that EZH2 is phosphorylated under hypoxia (Figure 1) in a CDK2 (Figure 2A) and 

Cyclin A-dependent manner (Figure 2B). Most importantly, hypoxia failed to downregulate 

Poldip2 in EZH2-deficient HASMCs (Figure 3 and Supplementary Figure 2) which overlaps 

with the inhibition of the hypoxia-induced, EZH2-dependent K27 trimethylation of Histone 

3. Similar results are observed in human ventricular cardiac fibroblasts (Supplementary 

Figure 3). Consistent with our hypothesis, activation of the CDK2/Cyclin A/EZH2 pathway 

precedes H3 methylation and Poldip2 downregulation (Supplementary Figure 4). Together, 

these data indicate that hypoxia represses Poldip2 expression by a CDK2/EZH2-dependent 

mechanism.

Poldip2 repression is required for the metabolic inhibition of the Ubiquitin-Proteasome 
System under hypoxia in HASMCs.

Recent data from our laboratory showed that Poldip2-deficiency in normoxic cells 

inhibits the Krebs cycle [4] and leads to a metabolic reprogramming that causes the 

upregulation of the hexosamine pathways and the O-GlcNAc transferase (OGT)-dependent 

and glycosylation-mediated inhibition of the ubiquitin-proteasome system (UPS) [7]. Thus, 
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we posited that repression of Poldip2 under hypoxia might participate in metabolic 

inhibition of the UPS.

To examine UPS activity under hypoxia, we tracked a fluorogenic UPS substrate’s 

degradation and observed that concomitant to Poldip2 repression, UPS activity is inhibited 

under hypoxia (Supplementary Figure 5A). Consistent with this result, hypoxic HASMCs 

accumulate poly-ubiquitinated aggregates and Ub-GFP (Supplementary Figure 5B).

Then, we use a forced expression of Poldip2 to restore its level under hypoxia. 

We confirmed that overexpressed Poldip2-myc was localized to the mitochondrion as 

endogenous Poldip2 (Supplementary Figure 6). Most importantly, we observed that 

Poldip2 expression rescued UPS activity (Figure 4A) and prevented the accumulation of 

poly-ubiquitinated aggregates or UPS activity reporters (Figure 4B). These experiments 

demonstrate that Poldip2 repression under hypoxia is required for hypoxia-induced UPS 

inhibition in HASMCs.

Furthermore, regarding the upstream mechanism and consistent with the role of OGT-

mediated glycosylation in hypoxia-induced UPS inhibition, we observed that hypoxia 

upregulated key enzymes of the hexosamine biosynthetic pathway (HBP). Hexokinase 

2 (HK2), glutamine-fructose-6-phosphate transaminase 2 (GFPT2) (which catalyzes the 

HBP’s rate-limiting reaction), and OGT were significantly upregulated by hypoxia 

in HASMCs (Supplementary Figure 7), leading to the accumulation of O-GlcNAc-

modified proteins in HASMCs (Supplementary Figure 7). This hypoxia-induced metabolic 

reprogramming event is mediated by Poldip2 repression since overexpression of Poldip2 

reversed hypoxia-induced upregulation of HK2, GFPT2, and OGT, as well as the 

accumulation of O-linked glycosylated proteins (Figure 5).

Finally, and consistent with the role of OGT in UPS inhibition downstream of Poldip2 

downregulation, we observed that UPS activity was restored, and the accumulation 

of ubiquitinated proteins and UPS activity reporters were reversed when OGT was 

downregulated in hypoxic HASMCs (Figures 6A and B). Together, these data demonstrate 

that the repression of Poldip2 under hypoxia inhibits UPS activity through upregulation of 

the HBP and OGT-mediated glycosylation.

The CDK2/EZH2/Poldip2/OGT-dependent inhibition of the UPS is responsible for profibrotic 
gene expression under hypoxia.

CCN2 expression is upregulated by hypoxia in a variety of cell types [14, 26–29]. 

Furthermore, the rate of connective tissue deposition is accelerated in response to hypoxia 

[30] and the inhibition of the UPS [31]. Thus, we postulated that Poldip2-mediated UPS 

inhibition under hypoxia regulates fibrotic gene expression in HASMCs. First, we confirmed 

that hypoxia induces the expression of CCN2, Collagen 1A (COL1A), and Fibronectin 1 

(FN1) in HASMCs (Supplemental Figure 8A). Our data also indicated that under hypoxia, 

the expression of CCN2 is upstream of COL1A and FN1 (Supplementary Figure 8B) in 

an upstream pathway that seems to be independent to the TGF-ß pathway, which displays 

no upregulation under hypoxic conditions (Supplementary Figure 8C). These experiments 
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demonstrated that CCN2 is upregulated and drives the expression of COL1A and FN1 in 

HASMCs under hypoxia.

Importantly, we observed that forced expression of Poldip2 under hypoxia is sufficient to 

reverse the accumulation of CCN2, COL1A, and FN1 in HASMCs (Figure 7) and human 

ventricular cardiac fibroblasts (Supplementary Figure 9).

Angiotensin II strongly activates HIF1α in VSMCs [32–34]. Consistently, Poldip2 deficient 

mice infused with Angiotensin express higher levels of CCN2 in the media of coronary 

arteries (Figures 8A–B) and accumulation of interstitial collagen in the heart (Figure 8C) 

under this pathological condition which is prone to activate HIF1α. These experiments 

demonstrate a critical role for Poldip2 in fibrosis in vitro and in vivo.

In agreement with the role of OGT in mediating UPS inhibition in this pathway (Figure 6), 

we found that CCN2, COL1A, and FN1 upregulation under hypoxia is abrogated in OGT 

deficient HASMCs (Figure 9A).

Previously, we identified the 19S component PSMC1 as the target of OGT-mediated UPS 

inhibition. OGT-mediated glycosylation impairs PSMC1 phosphorylation-induced activation 

[7]. Consistently, we found that forced expression of PSMC1 not only restores hypoxia-

induced UPS inhibition (Supplemental Figures 5 A–B) but reverses the expression of 

profibrotic genes as well (Figure 9B). Finally, we confirmed that inhibition of CDK2 using 

siRNA (Figure 10) or pharmacological inhibitors (Supplementary Figures 10 A–B) and 

downregulation of EZH2 (Figure 11) are sufficient to block the expression of profibrotic 

genes under hypoxia and restore hypoxia-induced UPS inhibition. This series of experiments 

demonstrates that CCN2 and CCN2-induced expression of COL1A and FN1 under hypoxia 

depends on the Poldip2 repression by a CDK2/EZH2-dependent mechanism.

The UPS inhibition-dependent stabilization of SRF is required for profibrotic gene 
expression under hypoxia.

factor (SRF) is known to induce the expression of CCN2 in a variety of cell types [35–

37]. Importantly, we have demonstrated that inhibition of the proteasome downstream 

from Poldip2 downregulation induces the stabilization of SRF, leading to its increased 

transcriptional activity [7]. Thus, we posited that the stabilization of SRF under hypoxia 

downstream Poldip2 repression is responsible for the CCN2 upregulation and profibrotic 

signaling in HASMCs. In support of this notion, we found that SRF expression is increased 

under hypoxia in a Poldip2- and PSMC1-dependent manner (Figure 12A–B). In particular, 

SRF is required for the upregulation of CCN2, COL1A, and FN1 under hypoxia (Figure 

12C). These data demonstrate that SRF stabilization under Poldip2 inhibition-mediated 

repression of the UPS is required for the expression of fibrogenic genes under hypoxia in 

HASMCs.

Based on our data, we propose a signaling pathway by which hypoxia leads to the 

upregulation of CCN2 and fibrosis (Figure 13). This mechanism leading to the expression of 

pro-fibrotic proteins links the cell cycle to the metabolic inhibition of the UPS. Importantly, 
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we established that this mechanism required intraorganellar communication coordinated by 

the mitochondrial protein Poldip2.

DISCUSSION

Hypoxia is a significant environmental signal that initiates downstream physiological and 

pathological responses in the vasculature [38]. Our study demonstrates that hypoxia activates 

a particular metabolic reprogramming event in HASMCs, leading to inhibition of the UPS 

and induction of profibrotic signaling. We demonstrated that inhibition of the mitochondrial 

protein Poldip2 is critical for the metabolic reprogramming induced by hypoxia in 

HASMCs. Previously, we demonstrated that Poldip2 expression is required for oxidative 

metabolism and that its repression under hypoxia supports glycolytic metabolic shift [4]. 

Here, we expanded our observations and determined that under hypoxia, downregulation 

of Poldip2 activates the hexosamine pathways and increases OGT-mediated glycosylation. 

Similar metabolic reprogramming with increased OGT-mediated glycosylation has been 

reported in pancreatic ductal adenocarcinoma cancer cells [39]. Furthermore, since Poldip2 

supports glycolytic reprogramming in triple-negative breast cancer cells [4], this mechanism 

may generally apply to metabolic adaptation to hypoxia in other cancer cells.

In cancer cells, hypoxia increases the expression of EZH2 by HIF-1α -dependent 

transcriptional activation (48). However, this seems cell type-dependent since we did not 

observe an induction of EZH2 expression by hypoxia.

Consistent with previous reports that show that HK2 is a direct target of HIF-1α [40], 

hypoxic cells displayed a significant increase in HK2 expression (Supplementary Figure 

3). Interestingly, forced expression of Poldip2 reduced HK2 expression without affecting 

the level of HIF-1α (Figure 3). Thus, it is conceivable that post-translational modifications 

induced by changes in the metabolome affect the affinity of HIF-1α for hypoxia response 

elements (HRE) or for protein members of the PAS family to form heterodimers required for 

activity.

Our findings are consistent with earlier work showing the ability of hypoxia to activate 

CDK2 [41]. Additionally, previous studies have identified CDK2 as a positive regulator 

of glycolytic shift [42] and an upstream mediator of fibrosis [43]. In the current study, 

we identify Poldip2 as a target of CDK2-initiated signaling that mediates metabolic 

reprogramming, inhibition of the UPS, and the expression of fibrogenic factors.

CCN2 is a primary pathological marker of fibrosis since it is a mediator of TGF-ß1 

signaling [44]. Recently, CCN2 expression has been linked to aerobic glycolysis [45]. 

Additionally, previous reports have shown that CCN2 expression is induced by hypoxia [28] 

via a HIF-1α-dependent mechanism [29]. Our results show that in addition to HIF-1α, the 

increased expression of CCN2, FN1, and COL1A under hypoxia requires the stabilization of 

SRF by a mechanism that involves Poldip2 downregulation and consequent inhibition of the 

UPS activity by OGT-mediated glycosylation.

Our data show that SRF is the specific target of UPS inhibition under hypoxia which is 

required to upregulate the expression of CCN2. This is consistent with previous reports 
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showing that the stabilization of SRF by UPS inhibition increases its transcriptional activity 

[46] and with the fact that in different systems, SRF-mediated signaling is required for 

fibrosis [35–37].

In summary, we show that Poldip2-mediated glycolytic shift under hypoxia signals through 

an HBP/OGT-mediated signaling pathway inhibits the UPS activity that directly impacts 

fibrotic signaling. The reduction of UPS activity is likely to impact many cellular functions, 

and the relationship of this pathway to diseases associated with hypoxia or other metabolic 

switches to a more glycolytic phenotype warrants further investigation.

EXPERIMENTAL PROCEDURES

Cell Culture

Human aortic smooth muscle cells (HASMCs) and human mammary epithelial cells 

(HMECs) were purchased from Thermo-Fisher. Cells were grown as recommended by 

the vendor in base media with the addition of growth supplements. After cells reached ~ 

80% confluence, growth supplements were removed 24h prior to experiments. For hypoxia 

experiments, cells were either exposed to normoxia or placed in 1% O2, 94% N2, 5% CO2 

using a HypOxystation H35 (HypOxygen, MD, USA).

Animal studies and Histology—Poldip2+/− mice used were generated by a gene trap 

insertion in the first intron of Poldip2 (chromosome 11, NCBI Gene ID: 67811) at the 

Texas A&M Institute for Genomic Medicine (College Station, TX) and fully backcrossed 

with C57BL/6 as previously described [47]. Mice were anesthetized and osmotic mini-

pumps (Azlet) containing [Asn1, Val5]-Ang II (Sigma) (750 μg/kg/day) or 0.9% saline 

were subcutaneously implanted into the mice, as previously described [48]. After 30 

days, mice were euthanized using CO2, and tissues were pressure perfused with saline 

and fixed with 10% buffered formalin. Slices were prepared for histology and stained 

with Trichrome staining. For immunofluorescent imaging, sections were blocked and 

then incubated with CCN2 (Everest EB11760) or HIF1α (Bethyl, A300-286A) primary 

antibodies overnight at 4°C. Confocal micrographs were acquired with a Zeiss LSM 510 

META Laser Scanning Confocal Microscope System using a 20x air objective lens and 

Zeiss ZEN acquisition software. When comparing sections from different experimental 

groups, confocal microscope image threshold settings remained constant. Mean fluorescence 

intensity and percent area were calculated using Image J software (NIH).

All procedures were approved by the Emory University Institutional Animal Care and 

Use Committee. Animal randomization and allocation concealment was performed for the 

analysis.

Inhibitors

CDK2 inhibitors were purchased from Cayman Chemical Company (CDK2 inhibitor II, Cat. 

15154) and Sigma (GW8510, Cat. G7791). The inhibitors were prepared according to the 

supplier’s instructions at a stock concentration of 50mM for CDK2 inhibitor II and 10mM 

for GW8510. This stock solution was used directly to treat the cells at the concentration 

determined for each experiment.
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G1/S Phase Synchronization using Double Thymidine Block

Thymidine synchronization was performed as previously described [49]. Briefly, HASMCs 

at 40% confluence were cultured in a growth medium supplemented with 2 mM thymidine 

(Sigma-Aldrich) for 18 hours (first block). After that, HASMCs were then washed with PBS 

to remove thymidine and cultured in a fresh growth medium for 9 hours. The second block 

of 16 hours was performed by adding 2 mM thymidine. After 16 hours, cells were washed 

with PBS, and a fresh medium was added.

Cell Transfection

Cells were transfected using Lipofectamine RNAiMAX reagent (Thermo 

Fisher Scientific) following the manufacturer’s suggested protocol. 

Sequences were: Poldip2 sense 5’-CGUGAGGUUUGAUCAGUAATT-3’; 

OGT sense 5’-TACGCGTGCCATCCAAATTAA-3’; EZH2 sense 

5’GACUCUGAAUGCAGUUGCU3’; CCN2 sense 5’AAAGGTTAGTATCATCAGATA-3’; 

CDK2 sense 5’-GACGGAGCTTGTTATCGCAAA-3’; SRF sense 5’- 

AAGGAGCGGCCTCGCCATAAA-3’. Allstars Negative control (Qiagen Cat. 1027281) 

was used as a negative control in all experiments.

Cell Fractionation

Cells were washed with PBS and scraped in 1X buffer A provided by the cell fractionation 

kit (Abcam, ab109719). Cells were then fractionated according to the protocol provided by 

Abcam. The final cell fractions were sonicated twice for 10s, SDS loading buffer was added 

(2X), and samples were heated to 80°C for 5 min.

Western Blots

Protein samples were separated on Express-Plus Page Gels (GenScript) with Tris-MOPS 

buffer containing SDS and transferred onto an Immobilon-P membrane (Millipore, 

IPVH00010).

All primary antibodies were incubated for 24h at 4°C. Protein bands were visualized using 

ECL Western Blotting Substrate (Pierce, 32106) and imaged on a Kodak Camera System. 

Densitometric analyses of protein bands were performed using the software (Carestream and 

Image J). Densitometric values were normalized to housekeeping genes.

Protein Company Catalog number

Poldip2 Santa Cruz sc-398591

Poldip2 Abcam ab172435

β-actin Sigma A5441

OCT Abcam ab96718

Ubiquitin Cell Signaling 3936S

COL1A Bioss Bs-10423R

Fibronectin Millipore AB2033
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Protein Company Catalog number

HIF1A Bethyl Laboratories  A300–286A

CCN2/CTGF Santa Cruz sc-14939

GFP Rockland 600120215

O-GlcNAc Cell Signaling 98755

O-GlcNAc Abcam ab2739

HK2 Santa Cruz sc-374091

GFP2 Cell Signaling 98755

p-CDK2 Abcam Ab183554

CDK2 Santa Cruz sc-163

p-EZH2 Active Motif 61241

PSMC1 Bethyl Laboratories  A303821A 

SRF Santa Cruz sc-335

Cyclin A Santa Cruz sc-53227

EZH2 Cell Signaling 52465S

Short-life reporter accumulation

HASMCs were transfected with siRNA control or against Poldip2 using RNAiMAX 

(Thermo-Fisher). After 24h, cells were transfected with GFP-Ub (Addgene#11928) using 

Lipofectamine 3000 (Thermo-Fisher) following the manufacturer’s recommendations. 

Total protein lysates were prepared after 24h, and the accumulation of fluorescent 

probe was quantified by immunoblot using a primary antibody recognizing GFP 

(Rockland#600-102-215).

Proteasome Activity

HASMCs were transfected with control siRNA or siRNA against Poldip2. After 48h, protein 

lysates were prepared, and 100μL of lysate was mixed with fusion protein for 48h at 

25°C. After collection, 100μL of lysate was transferred to a 96-well plate, mixed with 

Bz-Val-Gly-Arg-Amc to a final concentration of 50 mM, and incubated at 37°C for 1h. 

Fluorescence readings were taken using filters at specific wavelengths (360/380 excitation/ 

460 emission). The results were presented as % 26S proteasome activity compared to control 

activity. In some samples, 50 μM MG132 (Cayman Chemical, #10012628) was added 3h 

prior to samples collection as a positive control.

Adenoviral expression of Poldip2 and PSMC1

Human Poldip2 cDNA (Accession NP_056399) plus a C-terminal myc tag (EQKLISEEDL) 

was cloned into the pAdTrack-CMV vector, which allows for simultaneous expression of 

myc-tagged Poldip2 and GFP by two independent CMV promotors. The virus was packaged 

using the AdEasy Adenoviral Vector System. (Agilent Technologies) as previously described 

[50, 51].

The human PSMC1 cDNA (MGC24583) with C-terminal myc tag (EQKLISEEDL) and 

His tag was cloned into the pAdTrack-CMV vector, which allows for the expression of 
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myc-tagged PSMC1 and His Tag by two independent CMV promoters. The adenovirus was 

obtained from Vigene Biosciences (Cat. VH827525).

Statistical Analysis

Data are presented as mean ± SEM from a minimum of 4 independent experiments. When 

samples passed the normality Shapiro Wilk test, significance was determined using a t-test 
for unpaired samples or one-way ANOVA followed by Dunnet’s post hoc test for multiple 

comparisons. When samples were not normally-distributed, the Mann-Whitney test for two 

groups or Kruskal Wallis for multiple group comparisons were used. GraphPad Prism 6 

Software was used for statistical analyses. A threshold of P<0.05 was considered significant. 

* represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001 and **** represents 

P < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hypoxia induces the activation of CDK2 and EZH2 phosphorylation in HASMCs.
HASMCs were cultured under normoxia or hypoxia for 48 hours. Total lysates were 

prepared and analyzed by western blot using specific antibodies (Left). β-actin served as 

a loading control. Densitometric analysis of protein signals normalized to β-actin (Right). 
Bar graphs represent mean ± SE from 4 independent experiments.
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Figure 2. A CDK2/CyclinA-dependent mechanism mediates EZH2 phosphorylation and Poldip2 
downregulation under hypoxia.
HASMCs were transfected with control siRNA (siControl) or siRNA against (A) CDK2 

(siCDK2) or (B) Cyclin A2 (siCCNA2). HASMCs were cultured under normoxia or 

hypoxia for 48 h. Total lysates were prepared and analyzed by western blot using specific 

antibodies (Left). β-actin served as a loading control. Densitometric analysis of protein 

signals normalized to β-actin (Right). Bar graphs represent mean ± SE from 4 independent 

experiments.
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Figure 3. Poldip2 is downregulated under hypoxia by an EZH2-dependent mechanism.
HASMCs were transfected with control siRNA (siControl) or siRNA against EZH2 

(siEZH2). After 24 hours, cells were cultured under normoxia or hypoxia for 48 hours. 

Total lysates were prepared and analyzed by western blot using specific antibodies (Left). 
β-actin served as a loading control. Densitometric analysis of protein signals normalized to 

β-actin (Right). Bar graphs represent mean ± SE from 4 independent experiments.
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Figure 4. Proteasome inhibition under hypoxia requires Poldip2 downregulation.
(A) HASMCs were transduced with empty vector or Poldip2-myc-expressing adenovirus 

and cultured under normoxia or hypoxia for 48 hours. Lysates were prepared, and UPS 

activity was measured using a fluorogenic assay described in the Methods section. Results 

were expressed as a percentage of the control. (B) Representative western blot to analyze 

the accumulation of Poly-ubiquitinated proteins and the reporter Ub-GFP signal. Bar graphs 

represent mean ± SE from 4 independent experiments.
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Figure 5. Hypoxia-increased flux through the HBP and OGT activity requires Poldip2 
downregulation.
HASMCs were transduced with empty vector or Poldip2-myc-expressing adenovirus and 

cultured under normoxia or hypoxia for 48 hours. Lysates were prepared and analyzed by 

western blots using specific antibodies. Representative western blots show the expression of 

key components of the HBP and the accumulation of O-linked GlcNAcylated proteins. Bar 

graphs are presented as mean ± SE from 4 independent experiments.
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Figure 6. UPS inhibition under hypoxia is OGT-dependent.
HASMCs were transfected with siRNA control (siControl) or siRNA against OGT (siOGT). 

After 24 hours, cells were cultured under normoxia or hypoxia for 48 hours. (A) Proteasome 

activity was measured using a fluorogenic assay described in the Methods section. (B) 

Representative western blot to analyze the accumulation of Poly-ubiquitinated proteins 

and the reporter Ub-GFP signal. Bar graphs represent mean ± SE from 4 independent 

experiments.
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Figure 7. Hypoxia-induced profibrotic gene expression requires Poldip2 downregulation.
HASMCs were transduced with empty vector or Poldip2-myc-expressing adenovirus and 

cultured under normoxia or hypoxia for 48 hours. Lysates were prepared and analyzed by 

western blot using specific antibodies against profibrotic proteins (Left). β-actin served as a 

loading control. Densitometric analysis of protein signals normalized to β-actin (Right).
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Figure 8. The media of arteries of Poldip2 deficient animals display exacerbate expression of 
CCN2.
Wild type and Poldip2 deficient mice were treated with AngII for 30 days, hearts were 

harvested and process for histology. A. Expression of CCN2 and HIF1a in coronary 

arteries acquired by Confocal microcopy. B. Bar graphs of mean fluorescence intensity 

± SE calculated using Image J software (NIH) from 10 independent experiments. C. 

Representative images of Masson’s Trichrome staining of heart tissue and Bar graphs of 

mean staining intensity ± SE calculated using Image J software (NIH) from 10 independent 

experiments.
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Figure 9. Hypoxia-induced profibrotic gene expression requires OGT-mediated inhibition of the 
UPS.
(A) HASMCs were transfected with control siRNA (siControl) or siRNA against OGT 

(siOGT) and cultured under normoxia or hypoxia for 48 hours. Lysates were prepared and 

analyzed by western blots using specific antibodies (Left). β-actin served as a loading 

control. Densitometric analysis of protein signals normalized to β-actin (Right). (B) 

HASMCs were transduced with an empty vector or adenovirus expressing PSMC1-myc 

and cultured under normoxia or hypoxia for 48 hours. Lysates were prepared and analyzed 

by western blots using specific antibodies (Left). β-actin served as a loading control. 
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Densitometric analysis of protein signals normalized to β-actin (Right). Bar graphs are 

presented as mean ± SE from 4 independent experiments.

Paredes et al. Page 23

Free Radic Biol Med. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. Hypoxia-induced profibrotic gene expression requires CDK2.
HASMCs were transfected with control siRNA (siControl) or siRNA against CDK2 

(siCDK2). HASMCs were cultured under normoxia or hypoxia for 48 h. Total lysates were 

prepared and analyzed by western blot using specific antibodies (Left). β-actin served as a 

loading control. Densitometric analysis of protein signals normalized to β-actin (Right). Bar 

graphs are presented as mean ± SE from 4 independent experiments.
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Figure 11. Hypoxia-induced profibrotic genes expression requires EZH2.
A. HASMCs were transfected with control siRNA (siControl) or siRNA against EZH2 

(siEZH2) and cultured under normoxia or hypoxia for 48 hours. Lysates were prepared 

and analyzed by western blots using specific antibodies (Left). β-actin served as a loading 

control. Densitometric analysis of protein signals normalized to β-actin (Right). Bar graphs 

are presented as mean ± SE from 4 independent experiments.
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Figure 12. Stabilization of SRF by UPS inhibition downstream Poldip2 repression is required for 
profibrotic signaling.
A. HASMCs were transduced with empty vector or Poldip2-myc-expressing adenovirus and 

cultured under normoxia or hypoxia for 48 hours. Lysates were prepared and analyzed 

by western blot using specific antibodies (Left). β-actin served as a loading control. 

Densitometric analysis of protein signals normalized to β-actin (Right). B. HASMCs 

were transduced with an empty vector or adenovirus expressing PSMC1-myc and cultured 

under normoxia or hypoxia for 48 hours. Lysates were prepared and analyzed by western 

blots using specific antibodies (Left). β-actin served as a loading control. Densitometric 

analysis of protein signals normalized to β-actin (Right). C. HASMCs were transfected with 

control siRNA (siControl) or siRNA against SRF (siSRF) and cultured under normoxia or 

hypoxia for 48 hours. Lysates were prepared and analyzed by western blots using specific 

antibodies (Left). β-actin served as a loading control. Densitometric analysis of protein 

signals normalized to β-actin (Right). Bar graphs are presented as mean ± SE from 4 

independent experiments.
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Figure 13. 
Proposed signaling pathway leading to increased expression of profibrotic genes under 

hypoxia.
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