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Abstract

Nucleus pulposus (NP) cells reside in the hypoxic niche of the intervertebral disc. Studies have 

demonstrated that RNA-binding protein HuR modulates hypoxic signaling in several cancers, 

however, its function in the disc is unknown. HuR did not show cytoplasmic translocation in 

hypoxia and evidenced levels of Hif-1α and HIF-targets in NP cells. RNA-Sequencing data 

revealed important extracellular matrix-related genes including several collagens, MMPs, 

aggrecan, Tgf-β3 and Sdc4 were regulated by HuR. Analysis of HuR-silenced NP cells confirmed 

that HuR maintained expression of these matrix genes. We confirmed decreased levels of secreted 

collagen I and Sdc4 and increased pro-MMP13 in HuR-knockdown cells. In addition, messenger 

ribonucleoprotein immunoprecipitation demonstrated HuR binding to Tgf-β3 and Sdc4 mRNAs. 

Interestingly, while HuR bound to Hif-1α and Vegf mRNAs, it was clear that compensatory 

mechanisms sustained their expression when HuR was silenced. Noteworthy, despite the presence 

of multiple HuR-binding sites and reported interaction in other cell types, HuR showed no binding 

to Pgk1, Eno1, Pdk1 and Pfkfb3 in NP cells. Metabolic studies showed a significant decrease in 

the extracellular acidification rate (ECAR) and mitochondrial oxygen consumption rate (OCR) and 
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acidic pH in HuR-silenced NP cells, without appreciable change in total OCR. These changes 

were likely due to decreased Ca12 expression in HuR silenced cells. Taken together, our study 

demonstrates for the first time that HuR regulates extracellular matrix (ECM) and pH homeostasis 

of NP cells and has important implications in the maintenance of intervertebral disc health.
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Introduction

Low back pain (LBP) is a common health problem and its lifetime prevalence has been 

reported to be as high as 84% [1, 2]. LBP is the leading cause of years lived with disability 

in both developed and developing countries [3–5] and results in an enormous economic 

burden [6, 7]. Back pain is strongly associated with degeneration of the intervertebral discs 

(IVD) [8], which is characterized by the degradation of extracellular matrix (ECM), 

including proteoglycans and collagens, along with upregulation of matrix degrading 

enzymes [9, 10]. The intervertebral disc comprises an outer fibrocartilaginous annulus 

fibrosus (AF) and inner proteoglycan-rich and notochord-derived nucleus pulposus (NP) 

[11–14], which resides in an avascular niche. HIF-1α, is a master transcription factor which 

plays a critical role in maintenance of NP cell matrix synthesis and regulation of glycolytic 

metabolism [15–17]. Recent studies have demonstrated that HIF-1α is required for postnatal 

NP cell survival [18] and to maintain intracellular pH homeostasis through regulation of 

carbonic anhydrases 9 and 12 [19].

Noteworthy, control of HIF-1α levels and activity in NP cells is unique and represents 

adaptation of these cells to their physiologically hypoxic microenvironment [16, 20–23]. Our 

previous studies have shown that prolyl hydroxylase (PHD) 2 and PHD3 play opposing roles 

in controlling HIF-1α protein stability and, therefore, activity in NP cells [20, 21, 24]. Thus, 

while regulation of HIF-1α has been studied at the protein level, far less is known about 

control of its transcript levels, mRNA stability, and translation. Regulatory steps between 

transcription of the pre-mRNA, cytoplasmic export and translation of the mature mRNA are 

regulated by cis elements within 5’ and 3’ untranslated regions (UTRs) and/or coding region 

of the mRNA, primarily through interaction with two classes of trans binding factors [25]. 

These comprise RNA-binding proteins (RBPs), and non-coding RNAs, including antisense 

RNAs and microRNAs (miRNAs) [26]. Concerning mRNA stability, a HIF antisense (aHIF) 

transcript, that forms a negative feedback loop with HIF-1α [27], and mRNA-destabilizing 

protein tristetraprolin (TTP) [28] has been shown to decrease the HIF-1α mRNA stability. 

On the other hand, miRNAs miR-17–92 and miR-199a have been shown to repress HIF-1α 
translation [29, 30], while the RBPs polypyrimidine tract-binding protein (PTB), 

cytoplasmic polyadenylation-element-binding protein (CPEB), and HuR enhance HIF-1α 
translation [31–33].

HuR (ELAVL1), a member of the embryonic lethal, abnormal vision, Drosophila-like 

protein family [34, 35], is a ubiquitously expressed RBP. Through its three RNA recognition 
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motifs (RRM), HuR binds to many target mRNAs containing U- or AU-rich sequences, 

typically present in their UTRs [36–38]. Under basal conditions, HuR is predominantly 

localized to the nucleus and translocates to the cytoplasm under stressful conditions 

includinghypoxia and glucose deprivation to stabilize expression of specific, pro-survival 

mRNAs [39–41]. Noteworthy, increased HuR expression has been correlated to poor clinical 

outcomes in many cancers [42–44]. Recent studies have shown relationship between HuR 

and hypoxic signaling in several cancers, where HuR binds and controls levels of HIF-1α, 

VEGF and other hypoxia/HIF-1 responsive genes [33, 39, 44, 45]. HuR is proposed to 

control both cytoplasmic export and translation of HIF-1 [33, 46]. However, the role of HuR 

in NP cells, in their physiologically hypoxic environment, remains unknown. We therefore 

investigated whether HuR is a regulator of HIF-1α signaling pathway in these cells. In 

addition, we investigated other functions of HuR relevant to physiology and function of the 

intervertebral disc that have been not described before. Our studies showed for the first time 

that HuR does not play a major role in maintenance of HIF-1α signaling in NP cells but 

does control extracellular matrix (ECM) and pH homeostasis of NP cells, suggesting 

important implications in maintenance of intervertebral disc health.

Results

Hypoxia does not promote HuR nucleocytoplasmic shuttling or its expression in NP cells:

We first investigated the expression of HuR in the healthy mouse intervertebral disc. 

Immunohistochemistry showed robust expression of HuR in NP cells that was co-localized 

with DAPI (Fig. 1A), indicating prominent nuclear expression of HuR in the physiologically 

hypoxic NP niche. Weaker expression was also seen in the cytoplasm of NP cells. Previous 

study has shown HuR mRNA induction by hypoxia in other cell type [47]. However, there 

was no significant change in HuR mRNA expression in response to hypoxia in NP cells (Fig. 

1B). Previously, we demonstrated in pancreatic cancer cells that HuR translocated from the 

nucleus to the cytoplasm upon hypoxic stress [39]. To test whether hypoxia promotes 

cytoplasmic translocation in NP cells, we cultured rat NP cells under hypoxia for up to 72 h 

and analyzed HuR expression by Western blot. Surprisingly, HuR protein was prominently 

expressed in both the nucleus and the cytoplasm of NP cells even under normoxia (Fig. 1C). 

Furthermore, the cellular distribution of HuR was unaltered by culturing under hypoxic 

conditions (1% pO2) (Fig. 1C–E). Similarly, immunofluorescent staining of HuR protein in 

NP cells showed no changes in nucleo-cytoplasmic distribution of HuR in response to 

hypoxia (Fig. 1F).

HuR silencing showed no effects on Hif-1α and select canonical HuR/HIF-1α target genes 
in NP cells:

In other cell types, HuR regulates the hypoxic response largely by stabilizing key 

transcription factor HIF-1α. To investigate the contribution of HuR in NP cells in controlling 

Hif-1α as well HIF-1α transcriptional targets that have been shown or predicted to directly 

bind HuR in other cells [33, 48, 49], we knocked down HuR by transducing rat NP cells 

with lentivirus expressing HuR-directed shRNA under either normoxic or hypoxic 

conditions. The level of HuR protein was robustly decreased in total (Fig. 2A and B), 

cytoplasmic, and nuclear (Fig. 2C) cellular protein fractions, confirming a successful 

Pan et al. Page 3

Matrix Biol. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



knockdown. Proliferation rate of NP cells was not affected by HuR inhibition under hypoxia 

(Fig. 2D). Surprisingly, HuR knockdown had no impact on the mRNA level of Hif-1α (Fig. 

2E). Moreover, regardless of the oxygen tension, select HIF-1α and/or HuR targets 

including Phd2, Phd3, Pdk1, Pgk1, Pfkfb3, Vegf, Eno1, and Ldhb were not affected by HuR 

knockdown and also did not alter hypoxic inducibility of select targets (Fig. 2 E and F). 

Likewise, Western blot and corresponding densitometric analysis showed no significant 

changes in protein levels of HIF-1α and selected HuR/HIF-1α targets in HuR silenced NP 

cells (Supplemental Fig. 1A–C).

RNA sequencing reveals a broader role of HuR in regulation of matrix homeostasis in NP 
cells:

In order to understand the overall role of HuR in NP cells and identify previously unknown 

targets in an unbiased manner, we subjected HuR-knockdown cells to RNA sequencing. Our 

analysis identified 2,115 transcripts that were differentially expressed between HuR 

knockdown and control NP cells (adjusted p-value < 0.05) (Fig. 3 A and B). We first 

validated our RNA-Seq data by examining levels of known HuR target genes in knockdown 

cells. As expected, expression of HuR along with Bcl2 and Idh1 [41] were decreased while 

expression of CDKN1B was increased in HuR knockdown cells (Fig. 3C). Again, Hif-1α 
and select HIF-1α/HuR targets including Egln3, Pdk1, Pgk1, Pfkfb3, Vegfa, Eno1, and Ldhb 
showed no statistically significant differences between knockdown and control cells (Fig. 

3D). Surprisingly, expression of several key extracellular matrix genes and genes involved in 

matrix homeostasis were altered by HuR knockdown (Fig. 3E and F). Ingenuity Pathway 

Analysis (IPA) was used to identify the top pathways, functions and networks associated 

with the list of differentially expressed genes (Supplemental Tables 1, 2 and 3). Many genes 

associated with Connective Tissue Development and Function, Skeletal and Muscular 

System Development, which are critical in context of disc matrix metabolism and 

degeneration, were identified by the IPA analysis.

Distinct role of HuR in regulation of various genes involved in matrix homeostasis in NP 
cells:

We next used qRT-PCR to measure the expression levels of select matrix-related genes that 

were identified by the RNA-Sequencing analysis. In agreement with RNA-Seq results, 

expression levels of Acan, Sdc4, and Tgfb3, were positively regulated by HuR, irrespective 

of the oxygen tension (Fig. 4 A). There was no change in expression levels of Col2a1 with 

HuR silencing (Fig. 4B). Expression levels of several collagens (Fig. 4C), laminins (Fig. 

4D), integrins (Fig. 4E), and MMPs (Fig. 4F) were also responsive to HuR knockdown. 

Noteworthy, some genes were regulated by HuR knockdown under both normoxia and 

hypoxia while others were controlled by HuR only in hypoxic conditions. HuR negatively 

regulated levels of Ptges, Aqp3, and Serpinb3a under both normoxic and hypoxic conditions 

(Fig. 4G).

HuR silencing reduces protein levels of collagen I and aggrecan in NP cells:

To extend our finding that HuR regulates mRNA levels of Col I and Acan in NP cells, we 

performed immunofluorescence staining for their protein products. We found a significant 

decrease in collagen I expression level and a small reduction in aggrecan expression level in 
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HuR knockdown NP cells (Fig. 5A). In contrast, there was no change in collagen II protein 

level (Fig. 5A). To investigate whether the production and secretion of collagen I was 

affected, we precipitated collagens from the cell media. As indicated in Figure 5B, the 

production of collagen I diminished in the HuR-silenced group under both normoxic and 

hypoxic conditions (Fig. 5B). In line with mRNA expression results, SDC4 protein level was 

also reduced in the HuR stable knockdown group in both normoxia and hypoxia (Fig. 5 C 

and D). Interestingly, in HuR knockdown cells, while levels of secreted pro-MMP13 (60 

kDa) increased, there was a small decrease in the active form of the enzyme which has a 

molecular weight of 48 kDa (Fig. 5E, G). There was also no appreciable difference in 

MMP3 levels between control and HuR knockdown cells (Fig. 5F, G). While MMP2 

(gelatinase A) activity remained unaffected, a small decrease in MMP9 (gelatinase B) 

enzymatic activity was seen in HuR knockdown cells under hypoxia as measured by gelatin 

zymography (Fig. 5H).

HuR silencing reduces ECAR and extracellular proton production rate possibly through 
targeting Ca12 in NP cells:

RNA-Seq data showed that carbonic anhydrase 12 (Ca12) was positively regulated by HuR 

under hypoxia; qPCR and Western blot analysis confirmed CA12 mRNA and protein levels 

were attenuated after HuR silencing (Fig. 6 A–C). We therefore investigated whether HuR 

affects NP cell metabolism by measuring the extracellular acidification rate (ECAR) and 

oxygen consumption rates (OCR) using a Seahorse XF Analyzer. Interestingly, culturing 

HuR-silenced NP cells under hypoxia for 24 h resulted in a significant decrease in the 

ECAR (Fig. 6, D and E). Whereas, a small reduction in Mitochondrial OCR, without any 

change in total OCR, was also observed in HuR silenced NP cells (Fig. 6F–H). We next 

explored the source of extracellular proton production that contributed to decreased ECAR: 

H+ produced via anaerobic glycolysis or CO2 hydration catalyzed by CA12. By measuring 

the extracellular lactate concentrations, we found that H+ generated from glycolysis 

remained unaffected following HuR knockdown (Fig. 6J). Noteworthy, a significant drop of 

CO2 hydration component of proton production rate (PPR) was detected after silencing 

HuR, which may result in decreased ECAR in HuR-silenced NP cells (Fig. 6I).

Analysis of HuR binding to target mRNAs in NP cells:

To determine whether HuR directly binds HIF-1α and its target mRNAs in NP cells, 

messenger ribonucleoprotein immunoprecipitation (mRNP-IP) assays were performed using 

control and HuR-silenced cells (Fig. 7A and B). As expected, HuR protein directly bound to 

HuR mRNA but not to Gapdh mRNA [50] (Fig. 7C), which served as a negative control. In 

control cells, HuR protein interacted with Tgfβ3 and Sdc4 mRNAs, as was expected based 

on earlier results, and these interactions were greatly diminished in HuR-knockdown cells 

(Fig. 7D). Interestingly, we also detected some HuR binding to Hif-1α and Vegf mRNAs 

(Fig. 7E), despite the fact that no significant changes were found in expression levels of 

Hif-1α protein or mRNA or Vegf mRNA after stable knockdown of HuR. This may be due 

to compensatory regulation of Hif-1α and Vegf in HuR-silenced NP cells. Noteworthy, 

interaction between HuR and COL1A1 mRNA was detected in control NP cells (Fig. 7E), 

although there were no predicted potential HuR binding sites in Col1a1 mRNA 
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(Supplemental Table 4). No interactions were detected between HuR protein and other select 

HIF-1α target mRNAs including Pgk1, Pdk1, Eno1, Pfkfb3, Acan and Ca12 (Fig. 7F).

Discussion

HuR (ELAVL1), an RBP, is ubiquitously expressed and is primarily localized to the nucleus 

under basal conditions [36–38]. Previous studies have shown that various stresses, including 

hypoxia, induce shuttling of HuR to the cytoplasm, where it stabilizes expression of target 

mRNAs [39]. Cytoplasmic translocation of HuR has been correlated to poor clinical 

prognosis in many cancers and promotes resistance to hypoxia in tumor cells [42–44, 47]. 

Importantly, HuR is a known regulator of HIF-1α [33, 46]. However, the role of HuR in NP 

cells, which exist in a physiologically hypoxic environment and exhibit novel modes of 

HIF-1α regulation [16, 20–23] remains unexplored. In the current study, we discovered that 

hypoxia failed to induce HuR nucleocytoplasmic shuttling in NP cells, which may represent 

an adaptation to their physiologically hypoxic conditions.

It has been previously reported that direct binding of HuR increases HIF and VEGF mRNA 

stability and promotes their translation [33, 48]. Surprisingly, we found that loss of HuR 

function did not decrease levels of Hif-1α or levels of select HIF/HuR-target genes, 

including Phd2, Phd3, Pdk1, Pgk1, Pfkfb3, Vegf, Eno1 and Ldhb in NP cells. Interestingly, 

while binding of HuR to Hif-1α and Vegf mRNAs was observed, it was evident that 

compensatory mechanisms sustained their expression when HuR was silenced. Noteworthy, 

despite the presence of multiple HuR-binding sites, Pgk1, Eno1, Pdk1 and Pfkfb3 did not 

bind HuR in NP cells. HuR has also been shown to promote proliferation of cancer cells 

through multiple mechanisms, including regulation of cell cycle genes [51–53]. However, 

HuR did not contribute to regulation of NP cell proliferation, reflecting post-mitotic and 

limited proliferative capacity of this tissue compartment in vivo. These results were 

supported by RNA sequencing that showed no effect of HuR silencing on expression of 

major cell cycle regulatory genes; cyclins D1, E1, A2, and B1, p21, and C-myc in NP cells. 

These results indicated that, unlike in cancer cells, the primary function of HuR in NP cells 

was not to act on traditional genes concerned with hypoxia- or proliferation-response.

Intervertebral disc degeneration is driven by the imbalance between anabolism and 

catabolism of ECM secreted by NP and AF cells and degraded by matrix degrading enzymes 

such as matrix metalloproteinases (MMPs). Our RNA sequencing revealed that HuR acts as 

an important regulator of many key ECM-related genes including several collagens (Col1a1, 

Col3a1, Col6a1, Col6a2, Col6a3 and Col11a1), aggrecan, TGF-β3 and SDC4, which was 

confirmed by qPCR. Of note, in fibroblasts, HuR has been shown to regulate TGF-β-

mediated induction of Col1a and Col3a1 [54]. We also observed that HuR knockdown 

resulted in decreased levels of secreted collagen I, aggrecan, and SDC4 in NP cells. In line 

with previously reported bioinformatics predictions [49], we found that HuR directly binds 

to Tgf-β3 and Sdc4 mRNAs by using messenger ribonucleoprotein immunoprecipitation 

(mRNP-IP) assay. HuR knockdown significantly elevated levels of Mmp13, mRNA and 

secreted pro-protein which is consistent with a previous study in human articular 

chondrocytes [55]. Surprisingly, secreted MMP3 showed no difference in expression levels, 

while, MMP9 showed a trend of decreased activity following HuR knockdown, implying 
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presence of differential mechanisms in regulating mRNA and protein expression and/ or 

activity of these MMPs. Again, expression of Mmp9 has been shown previously to be 

sensitive to HuR in mesangial cells of kidney [56]. Additionally, we observed HuR 

regulation of Itga2, Itga5, Itgb8, Lamb1 and Lamb3 expression; these molecules modulate 

cell-cell and cell-matrix signaling in the NP [57]. All of these findings suggested that HuR 

may play a crucial role in maintaining ECM homeostasis in NP cells, a function of HuR that 

has yet to receive much attention and may have important implications for cancer cell 

metastasis and tissue fibrosis. Recent data suggest that HuR binds to TonEBP, an osmo-

sensitive transcription factor TonEBP (NFAT5) that is one of the important regulators of 

ECM homeostasis in the NP niche [58–62]. Considering that HuR does not stabilize Hif-1α 
in NP cells, it is plausible that HuR’s actions on ECM could occur through regulation of 

TonEBP activity or other key transcription factors.

In addition to its regulatory role on important ECM molecules, we found that HuR positively 

regulated CA12 expression in NP cells. We have recently demonstrated that CA12 is a 

critical regulator of NP cell pH, metabolism, and survival [19]. Metabolic studies showed 

that there was a significant decrease in the ECAR and mitochondrial OCR in HuR-silenced 

NP cells, without any change in total OCR. By using analytical methods proposed by 

Mookerjee, et al. [63], we found that the decreased ECAR in HuR silenced NP cells mainly 

resulted from the significant drop in CO2 hydration component of proton production rate 

(PPR). As expected, extracellular lactate concentration was unaffected by HuR silencing. 

Thus, decreased CA12 expression may serve as one of the possible mechanisms for the 

observed changes in metabolic parameters in HuR silenced cells.

Taken together, our study demonstrates for the first time that HuR regulates extracellular 

matrix (ECM) production and pH homeostasis of NP cells and could have important 

implications in maintenance of intervertebral disc health. Our striking observation that HuR 

does not regulate Hif-1α or its canonical target genes in NP cells is further evidence for the 

unique adaptation of these cells to their hypoxic microenvironment. It is plausible that the 

cell-type specific posttranslational modification of HuR such as phosphorylation, 

methylation, ubiquitination, NEDDylation and/or cleavage products may impact HuR 

activity or ability to bind certain mRNA species in NP cells [64]. Noteworthy, we have 

identified HuR as a critical mediator of several ECM genes tightly linked to disc 

degeneration as well as other fibrotic disorders. This observation has further implications in 

the context of cancer metastasis where ECM degradation is required for cell movement and 

could have implications for HuR-directed therapeutics.

Materials and Methods

Isolation of NP cells and hypoxic culture:

Rat NP cells were isolated using a method previously reported by Risbud et al [15]. After 

isolation, cells were maintained in normoxia in Dulbecco’s Modified Eagles Medium 

(DMEM) (Corning, 10–013-CV) with 10% FBS (Sigma-Aldrich, F6178) supplemented with 

antibiotics. Cells from passage 2–4 were used for experiments. To mimic the in vivo hypoxic 

environment, cells were cultured in a Hypoxia Work Station (Invivo2 400, Baker Ruskinn, 
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Bridgend, UK) with a mixture of 1% O2, 5% CO2, and 94% N2 in medium pre-equilibrated 

at 1% O2 for up to 72 hours.

Plasmids and reagents:

Lentiviral ShHuR (TRCN0000276126) and control ShRNA pLKO.1 plasmids were 

purchased from Sigma, and psPAX2 (plasmid 12260) and pMD2.G (plasmid 12259) 

developed by Dr. Didier Trono were obtained from Addgene.

Lentiviral particle production and transduction:

HEK-293T cells (ATCC, CRL-3216) were plated in 10-cm plates at a seeding density of 5 × 

106 cells/plate in DMEM with 10% heat-inactivated FBS one day before transfection. Cells 

were transfected with 9 μg of either ShCtr or ShHuR plasmids, plus 6 μg psPAX2 and 3 μg 

pMD2.G using Calcium Phosphate Transfection Kit (Clontech, 631312). After 16 h, 

transfection medium was replaced with DMEM with 10% heat-inactivated FBS and 

antibiotics. Lentiviral particles were harvested at 48 and 60 h after transfection, and mixed 

with 7% PEG 6000 (Sigma Aldrich, 81253) solution and incubated overnight at 4 oC to 

precipitate virus particles. PEG solution was removed from virus medium before 

transduction by centrifugation at 1,500 × g for 30 min to pellet virus particles. NP cells were 

transduced with DMEM with 10% heat-inactivated FBS containing viral particles along with 

8 μg/ml polybrene (Sigma Aldrich, H9268). After 24 h transduction, the medium was 

replaced with fresh DMEM with 10% FBS. Cells were collected 5 days after transduction to 

ensure maximum knockdown efficiency without affecting cell viability.

RNA Sequencing:

Illumina TruSeq Stranded Total RNA Sample Prep with Ribo-Zero was used to prepare the 

library. Libraries were chemically denatured and applied to an Illumina HiSeq v4 single read 

flow cell using an Illumina cBot. Hybridized molecules were clonally amplified and 

annealed to sequencing primers with reagents from an Illumina HiSeq SR Cluster Kit v4-

cBot. After transfer of the flow cell to an Illumina HiSeq 2500, a 50-cycle single-read 

sequence run was performed (HiSeq SBS Kit v4). For data analysis, Rn5 Ensembl 

annotations (Build 75) were downloaded and converted to genePred format. Reads were 

aligned to the transcriptome reference index using NovoAlign (v2.08.01), allowing up to 50 

alignments for each read. Read counts were generated using the USeq Defined Region 

Differential Seq application and used in DESeq2 to measure the differential expression 

between each condition, controlling for sample preparation batch. Data has been submitted 

to the GEO Database (Accession # GSE110804). For Ingenuity Pathway Analysis (IPA), 

differentially expressed gene lists were used as input to identify related pathways, diseases, 

and networks.

Real-time Quantitative RT-PCR:

Total RNA was extracted from rat NP cells using RNAeasy mini columns (Qiagen) and 

treated with RNase-free DNase I (Qiagen) before elution from the column. The purified, 

DNA-free RNA was reverse transcribed to cDNA using EcoDryTM premix (Clontech). 

Template cDNA and gene-specific primers were added to the SYBR Green master mixture 
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(Applied Biosystems), and mRNA expression was quantified using the StepOnePlus real 

time PCR System (Applied Biosystems). Hypoxanthine-guanine phosphoribosyltransferase 

1 (Hprt1) was used to normalize gene expression. Melting curves were analyzed to verify the 

specificity of the RT-qPCR and the absence of primer dimer formation. Each sample was 

analyzed in duplicate and included a template-free control. All primers used were 

synthesized by Integrated DNA Technologies, Inc. (Coralville, IA).

Protein extraction and Western blotting:

Conditioned medium was collected and cells were placed on ice immediately after treatment 

and washed with ice-cold PBS. Wash buffer and lysis buffer contained 1X-protease inhibitor 

cocktail (Roche), NaF (4mM) and Na3VO4 (20mM), NaCl (150mM), β-glycerophosphate 

(50mM), and DTT (0.2mM). Nuclear and cytoplasmic proteins were isolated using the NE-

PER™ Nuclear and Cytoplasmic Extraction kit (Thermo Fisher Scientific, 78833). Equal 

amounts of total or fractionated cell proteins were resolved on 8–10 % SDS-polyacrylamide 

gels and transferred to PVDF membranes (EMD Millipore, Billerica, MA, USA). 

Membranes were blocked with 5% non-fat dry milk in TBST and incubated overnight at 4 
oC in blocking buffer with anti-HuR (1:400, Santa Cruz, sc-5261); anti-HIF-1α (1:500, 

R&D Systems, MAB1536); anti-PHD2 (1:1000, Cell Signaling Technology, 4835); anti-

PHD3 (1:1000, Novus Biologicals, NB100–139); anti-PDK1 (1:1000, Novus Biologicals, 

NBP1–85955); anti-PGK1 (1:1000, Abcam, ab137575); anti-PFKFB3 (1:1000, Abcam, 

ab181861); anti-ENO1 (1:1000, Novus Biologicals, NB100–65252); anti-SDC4 (1:1000, 

EMD Millipore, ABT157); anti-MMP3 (1:2000, Abcam, ab52915);anti-MMP13 (1:3000, 

Abcam, ab39012); anti-CA12 (1:1000, Cell Signaling Technology, 5865); anti-lamin A/C 

(1:1000, Cell Signaling Technology, 2032); or anti-β-tubulin (1:3000, DSHB, E-7). 

Immunolabeling was detected with ECL reagent (Amersham Biosciences). 

Chemiluminescence was detected using Digital Imaging System ImageQuant LAS-4000 

(GE Healthcare). Densitometric analysis included blots from at least 3 independent 

experiments and was performed using ImageQuant software. Protein levels were first 

normalized to the levels of housekeeping protein (β-tubulin) and then represented as relative 

change to the control group.

Gelatin zymography: Conditioned medium from NP cells transduced with ShCtr and 

ShHuR and cultured in serum free DMEM in hypoxia for 24 h was collected. After 

concentration of conditioned medium using 10 kDa vivaspin 6 columns (Sartorius, 

Gloucestershire, UK), protein was quantified using BCA method. Equal amount of protein 

was loaded on to the polyacrylamide gel containing 0.1% gelatin into resolving gel. 

Electrophoresis was carried out under SDS non-reducing condition at constant voltage. The 

gel was incubated with 2.5% Triton X-100, 50mM Tris-HCl (pH 7.4), 5mM CaCl2 and 1 μM 

ZnCl2 at room temperature for 1–2 h to remove SDS. The gel was washed 3–4 times with 

1% Triton X-100, 50mM Tris-HCl (pH 7.4), 5mM CaCl2, 1 μM ZnCl2 and incubated in the 

same buffer for overnight at 37 oC. Gel was stained with Coomassie Brilliant Blue R250 for 

1h, destained and the metalloproteinases activity was visualized using EPSON Expression 

1640XL gel scanner.
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Immunohistochemistry:

Tail motion segments of 17 week-old mice were sectioned in the coronal plane (7 μm 

thickness). For antigen retrieval, deparaffinized sections were incubated in boiled citrate-

based unmasking solution (Vector Laboratories, H-3301). Next, the sections were incubated 

for 1 hour in blocking solution and subsequently incubated overnight at 4°C with anti-HuR 

primary antibody (1:25, Santa Cruz Biotechnology, sc-5261). After washing with PBS, the 

tissues were incubated for 10 minutes with biotinylated probe. Excess probe was washed off 

with PBS, and the sections were incubated 1 hour with Alexa Fluor®−594 Streptavidin 

secondary antibody (1:700, Jackson ImmunoResearch Lab, Inc.). The sections were washed 

with PBS before mounting with ProLong® Gold Antifade Mountant containing DAPI 

(Thermo Fisher Scientific, P36934), and imaged by fluorescence microscopy (Axio Imager 

2, Carl Zeiss). The mouse-on-mouse M.O.M.™ Immunodetection Kit (Vector Laboratories, 

BMK-2202) was used for blocking and incubation solutions.

Collagen precipitation and Coomassie blue staining:

HuR-silenced and control NP cells were plated in 6-well plate at 300,000 cells/well seeding 

density. The next day, cell media was changed with serum-free DMEM containing 40 μg/ml 

L-ascorbic acid 2-phosphate (Sigma Aldrich, A8960) and cultured in hypoxia for 24 h. After 

treatment, cell media was collected and mixed with 25% PEG 8000 stock solution to obtain 

the final concentration of 5% PEG (Sigma Aldrich, P5413). The mixture was incubated 

overnight at 4 oC to precipitate collagen. Subsequently, collagen pellet was collected by 

centrifugation at 16,000 × g for 30 min. To remove procollagen propeptides, precipitated 

samples were digested with the mixture of Trypsin and Chymotrypsin. Next, collagen chains 

were resolved in 6 % SDS-polyacrylamide gels and visualized with Bio-Safe Coomassie 

Stain solution (Bio-rad, 161–0786).

Immunofluorescence staining:

HuR-silenced and control NP cells were plated on glass coverslips and cultured in hypoxia 

for 72 h. After treatment, cells were fixed with 4% paraformaldehyde at room temperature 

for 15 minutes, washed with PBS and then blocked with 5% normal goat serum in PBS with 

0.3% Triton X-100 (Sigma Aldrich, T8787) for 1 h at room temperature. Cells were then 

incubated with anti-Collagen I antibody (1:500, Abcam, ab34710), anti-Collagen II antibody 

(1:100, Fitzgerald, 70R-CR008), or anti-Aggrecan antibody (1:100, EMD Millipore, 

AB1031) in blocking buffer at 4°C overnight. Cells were washed with PBS and incubated 

with Alexa-fluor-594-conjugated anti-rabbit secondary antibody (1:800, Jackson 

ImmunoResearch Lab, 711–586-152) for 1 h at room temperature. After washing with PBS, 

cells were mounted with ProLong Gold Antifade Mountant with DAPI (Thermo Fisher 

Scientific, P36934) and visualized using a Zeiss AxioImager A2 (Carl Zeiss, Germany).

Messenger ribonucleoprotein immunoprecipitation (mRNP-IP or RIP) assay:

HuR-silenced and control NP cells were cultured in hypoxia for 24 h. After treatment, cells 

were collected and cytoplasmic extracts were isolated using the NE-PER™ Nuclear and 

Cytoplasmic Extraction kit (Thermo Fisher Scientific, 78833). The endogenous RNA-

protein complexes were immunoprecipitated (IP) from cytoplasmic extracts using Protein A-
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Sepharose beads (Sigma, P9424) that were precoated with 30 μg of either rabbit IgG (Santa 

Cruz, sc-2027), or anti-HuR antibodies (Medical and Biological Laboratories, RN004P). 

After IP, the RNA was isolated from the IP materials via acid: phenol method, was purified, 

and reverse transcribed to cDNA. qRT-PCR detection of HuR-bound mRNAs was carried 

out as previously described [65–68].

Seahorse XF Analyzer Respiratory Assay:

HuR-silenced and control NP cells were plated in a 24-well XF Analyzer plate (Seahorse 

Bioscience, 100777–004) at a density of 20,000 cells/well in 1 g/L glucose DMEM with 

10% FBS and cultured in hypoxia for 24 h. After treatment, the extracellular acidification 

rate (ECAR) and oxygen consumption rate (OCR) were measured using a Seahorse XF24 

Analyzer (Seahorse Bioscience, North Billerica, MA), as described by Silagi et al. [19]. 

Basal levels of ECAR and OCR were created by first eight readings before the injection of 

Antimycin A (Sigma Aldrich). Mitochondrial OCR was calculated by subtracting the final 

OCR value after Antimycin A treatment from the average of the three OCR values before 

Antimycin A treatment. All measurements were normalized to total protein in our 

experiments.

Extracellular Lactate Measurement:

HuR-silenced and control NP cells were plated in a 6-well plate at a seeding density of 

200,000 cells/well. After culturing the cells in hypoxia for 24 h, lactate concentrations were 

measured in each sample using a clinical lactate measurement kit from Trinity Biotech 

(#735–10) per the manufacturer’s instruction.

DNA measurement:

The Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, P7589) was used to quantify cell 

proliferation. HuR-silenced and control NP cells were seeded in 6-well plate at a density of 

250,000 cells/well and incubated in hypoxia for 24 h, 48 h and 72h. After treatment, the 

media was removed and the cell layers processed for DNA measurement according to the 

manufacturer’s protocol. The fluorescence intensity was measured using an Infinite M1000 

Pro microplate reader (Tecan, Switzerland). Quantification of DNA content was assessed 

using a dsDNA standard curve.

Statistical analysis:

All experiments are performed at least three independent times. Data is presented as the 

Mean ± SD. Differences between groups were analyzed by ANOVA and Student’s T-test 

using GraphPad Prism Software. P < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HuR human antigen R

HIF hypoxia inducible factor

IVD intervertebral disc

NP nucleus pulposus

AF annulus fibrosus

ECM extracellular matrix

LBP low back pain

SDC4 syndecan 4

TGF-β3 transforming growth factor beta 3

PHD2 prolyl hydroxylase 2

PHD3 prolyl hydroxylase 3

PGK1 phosphoglycerate kinase 1

ENO1 enolase 1

PDK1 pyruvate dehydrogenase kinase 1

PFKFB3 6 phosphofructo-2-kinase/fructose-2,6-biphosphatase 3

VEGF vascular endothelial growth factor

LDHB lactate dehydrogenase B

CDKN1B cyclin dependent kinase inhibitor 1B

IDH1 isocitrate dehydrogenase 1

BCL2 B Cell CLL/Lymphoma 2

ACAN aggrecan

COL collagen

LAM laminin

ITG integrin

MMP matrix metallopeptidase

PTGES prostaglandin E synthase
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AQP3 aquaporin 3

SERPINB3A serpin family B member 3a

ECAR extracellular acidification rate

PPR proton production rate

OCR oxygen consumption rate

shRNA short-hairpin RNA

CA12 carbonic anhydrase 12
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Highlights

• HuR regulates expression levels of major extracellular matrix molecules and 

MMPs in NP cells.

• HuR does not control expression levels of HIF-1α and HIF-1 targets in NP 

cells

• HuR does not bind to several known HuR mRNA targets in NP cells.

• HuR may control pH homeostasis of NP cells through maintenance of Ca12 
expression.
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Figure 1. 
A) Safranin O/Fast Green staining of mouse intervertebral disc. Scale bar: 100 μm. A’, A’’) 

Immunofluorescence staining of HuR in NP. Scale bar: 100 μm (A’); 50 μm (A’’). B) HuR 

mRNA level in NP cells cultured under hypoxia up to 72 h. C) Cytoplasmic and nuclear 

levels of HuR protein in NP cells culture under hypoxia upto 72 h. D, E) Corresponding 

densitometric quantification of HuR cytoplasmic and nuclear protein fractions. F) 

Immunofluorescence staining of HuR in NP cells cultured in hypoxia. Western blot images 

shown in C are from one representative experiment that was performed independently at 
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least thrice. Quantitative data are presented as mean ± SD of at least three independent 

experiments. NS, not significant; Nx, Normoxia; Hx, Hypoxia.
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Figure 2. 
A, B) Measurement of HuR protein by Western blot (A) and corresponding densitometric 

analysis (B) confirmed successful knockdown of HuR after transduction with HuR-directed 

shRNA under normoxia and hypoxia. C) Both cytoplasmic levels of HuR significantly 

decreased following NP cell transduction with shHuR. D) Proliferation potential of HuR-

silenced and control NP cells under hypoxia up to 72 h. E, F) HuR silencing exhibited no 

effects on select HuR/HIF-1α transcriptional targets - Hif-1α, Phd2, Phd3, Pdk1, Pgk1, 

Pfkfb3, Vegf, Eno1, Ldhb under both normoxia and hypoxia. Western blot images shown in 

A and C are from one representative experiment performed in ≥ 3 biological replicates. 

Quantitative data are represented as mean ± SD of at least three independent experiments. 

***, p ≤ 0.001; NS, not significant; Cy, Cytoplasmic; Nu, Nuclear; Nx, Normoxia; Hx, 

Hypoxia.
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Figure 3. 
A, B) Heat map and volcano plot depicting differentially expressed genes between control 

and HuR knockdown NP cells. C) RNA sequencing of HuR-silenced NP cells confirmed 

decreased expression of HuR (Elavl1), along with significant changes in positively regulated 

(Bcl2, Idh1) and negatively regulated (Cdkn1b) known HuR target genes. Log2(fold change) 

values are shown. D) RNA sequencing of HuR-silenced NP cells showed no significant 

changes of select HuR/HIF-1α transcriptional targets - Hif-1α, Phd3, Pdk1, Pgk1, Pfkfb3, 
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Vegf, Eno1, Ldhb. E, F) Log2(fold change) values for matrix-related transcripts that were 

differentially expressed between control and HuR knockdown NP cells. NS, not significant.
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Figure 4. 
A-C) qRT-PCR analysis of mRNA levels of Acan, Sdc4, Tgfb3 (A) and C Col1a1, Col3a1, 

Col6a1, Col6a2, Col6a3, Col11a1 (C) were significantly decreased under both normoxia and 

hypoxia following HuR silencing. Col2a1 (B) mRNA level did not change with HuR 

silenced NP cells. D-G) Levels of Lamb1, Lamb3 (D), Itga2 (E), Mmp13 (F) and Ptges (G) 

mRNA levels increased only under hypoxia in HuR silenced cells. Whereas, Itga5, Itgb8, 

Mmp3 (F), Aqp3 and Serpinb3a (G) mRNA levels increased under both normoxia and 

hypoxia following HuR knockdown. PCR data is represented as Mean ± SD of at least three 
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independent experiments performed in duplicate. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; 

NS, not significant; Nx, Normoxia; Hx, Hypoxia.
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Figure 5. 
A) Immunofluorescence staining of NP cells demonstrated a dramatic decrease in Collagen I 

and a slight reduction in Aggrecan expression after HuR knockdown, while no change was 

observed in Collagen II levels. B) Electrophoresis of precipitated collagens from NP cell 

conditioned medium and Coomassie blue staining of precipitated fraction showed both α1 

and α2 chains of Collagen I were diminished in HuR-silenced cells. C, D) Western blot and 

corresponding densitometric quantification showed decreased SDC4 protein levels after 

stable HuR knockdown under both normoxia and hypoxia. E) Western blot showed 
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increased in levels of pro-MMP13 (60 kDa) but a slight decrease in active form (48 kDa) 

after stable HuR knockdown under hypoxia. F) Levels of MMP3 were not appreciably 

different between shcontrol and shHuR groups. G) Densitometry of Western blots from 3 

independent experiments in E and F. H) Gelatin zymography showed decreased enzyme 

activity of MMP9 after HuR knockdown under hypoxia but no changes in MMP2 activity 

were seen. Images shown are from a representative experiment, which was performed at 

least at three independent times. *, p ≤ 0.05; **, p ≤ 0.01; NS, not significant; Nx, 

Normoxia; Hx, Hypoxia.
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Figure 6. 
A-C) qRT-PCR and Western blot analysis showed carbonic anhydrase 12 (Ca12) mRNA and 

protein levels were attenuated after silencing HuR in hypoxia. D, E) Extracellular 

acidification rate (ECAR) of control and HuR-silenced NP cells subjected to hypoxia for 24 

h, measured by Seahorse XF Analyzer, exhibited a significant decrease in the ECAR of 

HuR-silenced NP cells. F, G and H) HuR silencing did not affect total Oxygen consumption 

rate (OCR) but resulted in a slight reduction in Mitochondrial OCR of NP cells. I) CO2 

hydration component of proton production rate (PPR) was reduced after HuR silencing. J) 
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Extracellular lactate concentrations were unaffected in HuR silenced NP cells. Western blot 

images shown in (B) are from one representative experiment, which was performed at three 

independent times. Quantitative data are represented as mean ± SD of at least three 

independent experiments. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; NS, not significant; Ant. 

A, Antimycin A; Hx, Hypoxia.

Pan et al. Page 29

Matrix Biol. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
A) Schematic showing the workflow of the Messenger ribonucleoprotein 

immunoprecipitation (mRNP-IP or RIP) assay. B) Validation of cell lysates and post-IP 

samples from HuR RIP assay. HuR was immunoprecipitated (IP) using a rabbit polyclonal 

antibody, and IP was validated by a mouse monoclonal antibody by Western blot analysis. β-

Tubulin was used as a loading control for the input and a negative control for the post-IP 

samples. Lamin A/C was used as a control to detect nuclear contamination in the input. C-E) 

The relative abundance of Tgfb3, Sdc4, Hif-1α, Vegf, Col1a1, Pgk1, Pdk1, Eno1, Pfkfb3, 
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Acan and Ca12 mRNA bound to HuR, normalized to IgG isotype controls, was determined 

by qRT-PCR using 18S rRNA as a loading control. Gapdh was used as a negative control 

and HuR as a positive control. Western blot images shown in B are from one representative 

experiment out of 4 independent experiments. Quantitative data are represented as Mean ± 

SD. *, p ≤ 0.05; **, p ≤ 0.01; NS, not significant.
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Figure 8. 
Schematic of proposed HuR regulation of extracellular matrix (ECM) and pH homeostasis in 

NP cells. HuR positively regulates Tgfb3, Sdc4, Col1a1, Acan and Ca12 expression through 

direct binding of Tgfb3, Sdc4 and Col1a1 mRNAs, and negatively regulates levels of Mmp3, 

Mmp13, Lamb3, Itgb8, Ptges, and Serpinb3a.
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