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Abstract

Hepatic stellate cells (HSC) play critical roles in liver fibrosis and hepatocellular carcinoma 

(HCC). Vitamin D receptor (VDR) activation in HSC inhibits liver inflammation and fibrosis. We 

found that p62/SQSTM1, a protein upregulated in liver parenchymal cells but downregulated in 

HCC-associated HSC, negatively controls HSC activation. Total body or HSC-specific p62 

ablation potentiates HSC and enhances inflammation, fibrosis and HCC progression. p62 directly 
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interacts with VDR and RXR promoting their heterodimerization, which is critical for VDR:RXR 

target gene recruitment. Loss of p62 in HSC impairs the repression of fibrosis and inflammation 

by VDR agonists. This demonstrates that p62 is a negative regulator of liver inflammation and 

fibrosis through its ability to promote VDR signaling in HSC, whose activation supports HCC.

Graphical abstract

INTRODUCTION

Large scale genomic and transcriptomic interrogation of cancer has underscored the 

complexity and of its genetic landscape. The multitude of genetic alterations makes it 

difficult to distinguish “driver” from “passenger” mutations. This variability is well 

exemplified in hepatocellular carcinoma (HCC), in which more than 28,000 different 

somatic mutations have been identified (Shibata and Aburatani, 2014). This makes the 

design of therapeutic strategies based on cancer-linked genetic alterations extremely 

challenging. Microenvironmental inflammation and metabolic stress results in non-genetic 

vulnerabilities that can be exploited for the design of innovative therapeutics. HCC is the 

third leading cause of cancer death in the world (Farazi and DePinho, 2006). It develops 

together with chronic hepatitis, fibrosis, cirrhosis, and stromal activation, which are key 

mediators of a microenvironment conducive to tumorigenesis (El-Serag, 2011). Whereas 

infection with hepatitis B and C viruses (HVB and HVC) has been the major HCC risk 

factor, obesity-induced non-alcoholic fatty liver disease (NAFLD), and its more severe 

consequence, non-alcoholic steatohepatitis (NASH), has increased lately as critical 

promoters of HCC (Anstee and Day, 2013; El-Serag, 2011; Toffanin et al., 2010). 

Epidemiological studies point to obesity and NASH as the leading new risk factors for HCC 

(Calle and Kaaks, 2004).

Chronic liver injury sets in motion a vicious cycle of hepatocyte cell death, inflammation, 

and fibrosis that results in cirrhosis and cancer, in which hepatic stellate cells (HSC) play a 
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decisive role (Bataller and Brenner, 2005; Hernandez-Gea and Friedman, 2011). Quiescent 

HSC store retinoid lipid droplets and express glial fibrillar associated protein (GFAP), 

synaptophysin, and nerve growth factor receptor p75 (Bataller and Brenner, 2005). In 

response to injury, HSC differentiate into α smooth muscle actin (αSMA)-expressing 

myofibroblasts (Bataller and Brenner, 2005). Recent studies suggest the critical role of HSC 

in generation of pro-inflammatory signals important for HCC development (Lujambio et al., 

2013; Yoshimoto et al., 2013). This has since received support from studying pancreatic 

cancer, which shows that therapeutic targeting of pancreatic stellate cells improves 

therapeutic responses in pancreatic cancer (Sherman et al., 2014). Therefore, the tumor 

stroma, and specifically stellate cells and myofibroblasts, emerges as a potential target for 

therapeutic intervention in cancer. However, the precise molecular mechanisms underlying 

the activation of myofibroblasts and HSC during NASH and HCC, and their role in creating 

a microenvironment conducive to cancer remain largely unexplored.

Our interest in this fundamental biomedical question stems from previous results suggesting 

a link between the signaling adapter and autophagy substrate p62 and liver cancer 

(Umemura et al., 2016). p62 is a component of Mallory-Denk Bodies (MDBs) and Hyaline 

granules (Stumptner et al., 2007), which are protein aggregates that accumulate in the 

cytoplasm of damaged liver cells in NASH, cirrhosis, and HCC (Stumptner et al., 2007). 

Importantly, p62 is upregulated not only in liver cancer (Inami et al., 2011), but also in many 

other epithelial cancers including those of prostate (Valencia et al., 2014), lung (Duran et al., 

2008), glioblastoma (Galavotti et al., 2013), and kidney (Li et al., 2013). Such findings 

strongly suggest that p62-driven pathways could be considered as potential therapeutic 

targets in NASH and HCC. However, most studies addressing the role of p62 in cancer have 

focused on its function in transformed epithelial cells (Moscat and Diaz-Meco, 2012), and 

only very recently the concept of p62 as a tumor suppressor in the cancer stroma has 

emerged from our studies of prostate cancer (Valencia et al., 2014). The potential role and 

mechanisms of action of HSC p62 in the context of HCC pathogenesis has not been 

addressed.

p62 is a scaffold protein that interacts with other signaling intermediates such as the atypical 

PKCs, Keap-1 and TRAF6, which serve to activate two main stress responsive 

transcriptional regulators, NRF2 and NF-κB (Moscat and Diaz-Meco, 2011). More recently, 

p62 has been shown to interact with components of the mTORC1 complex, emerging as a 

regulator of mTORC1 activation (Duran et al., 2011; Linares et al., 2015; Linares et al., 

2013). Interestingly, p62 mRNA expression is induced by oncogenes such as Ras (Duran et 

al., 2008; Ling et al., 2012), but the protein is subjected to constant degradation via 

autophagy due to its binding to LC3 (Moscat and Diaz-Meco, 2009). This keeps p62 

expression low in non-stressed cells. Upregulation of p62 readily occurs upon disruption of 

autophagy and is likely to contribute to oncogenic transformation (Moscat and Diaz-Meco, 

2012). In this regard, our recent data demonstrate that p62 promotes hepatocyte 

transformation by impinging into the NRF2 and mTORC1 pathways in several models of 

HCC (Umemura et al., 2016). These studies were based on disrupting Sqstm1, which 

encodes p62, in hepatocytes, but its contribution to liver tumorigenesis in other non-

parenchymal cell types remains to be determined. Given recent data unveiling the 

importance of activated myofibroblasts to NASH and tumor promotion, it was of great 
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interest to establish the potential role and mechanisms of action of p62 in HSC during HCC 

development.

RESULTS

Global p62 loss promotes NASH and HCC

To test whether total body p62 ablation inhibits HCC development in mice, wild type (WT) 

and total p62 knock out (p62KO) mice were injected at 2 weeks of age with 25 mg/kg of the 

hepatic carcinogen diethylnitrosamine (DEN) and were next fed with HFD, as a tumor 

promoter, following a described protocol that recapitulates liver cancer promotion under 

conditions of obesity (Figure 1A) (Park et al., 2010). Surprisingly, the global loss of p62 did 

not inhibit HCC and actually enhanced its development (Figure 1B). Although tumor 

multiplicity was not affected, tumor size was, and the number of large tumors (> 3 mm) was 

much higher in p62KO than in WT mice (Figure 1C). These results cannot be accounted for 

by a more severe obesity caused by the loss of p62, since there were no differences in body 

weight (Figure S1A), fat content (Figure S1B), or levels of steatosis between genotypes 

(Figures S1C and S1D). Although both genotypes developed adenomas with steatosis and 

inflammation, only p62KO mice developed HCC (Figure S1E). p62KO tumors displayed 

higher expression of α fetoprotein (Afp), a common HCC marker (Figure S1F). 

Histologically, 36% of tumors larger than 3 mm were HCCs, similar in histology to human 

steatohepatitic HCC (Figure S1G). This was characterized by ballooning cancer cells and 

inflammatory infiltration as typical in NASH-related HCC (Salomao et al., 2012). In 

addition, other tumors (6%) displayed a classical thick trabecular pattern, whereas the 

remaining 64% were either typical or steatohepatitic adenomas (Figure S1G). Consistently, 

we also found higher numbers of Ki-67 and CK19-positive cells and higher levels of Krt19 
transcripts in p62KO livers (Figure S1H).

We next carried out a genome wide transcriptomic analysis by RNAseq of livers of mice of 

both genotypes. Gene Set Enrichment Analysis (GSEA) using the curated gene set 

compilation C2 (MSigDb C2) showed several “Liver Cancer” and “Cancer Proliferation” 

related gene sets among the TOP10 most positively enriched in p62KO condition (NES>2.5) 

(Figure S1I), in agreement with the increased tumorigenic phenotype of p62KO livers. 

“Core Pathway Analysis” (IPA) of differentially up-regulated genes (p.adj<0.05) in p62KO 

showed enrichment for “Hepatic Fibrosis/Hepatic Stellate Cell Activation” canonical 

pathway (Figure 1D) with significant up-regulation of collagen and genes encoding soluble 

factors such as TGFβ and PDGF (Figure S1J). TGFβ1 appeared as the most significantly up-

regulated upstream regulator (p=6.56E-31). Moreover, Gene Ontology gene set compilation 

C5 (MSigDb C5) showed enrichment for “COLLAGEN” and “EXTRACELLULAR 

MATRIX” gene sets (Figures 1E and S1I). Using NextBio software to compute GO 

canonical pathways we identified an enrichment of differentially expressed genes in the 

“extracellular matrix” category (Figure 1F). GSEA using recently developed human stellate 

cells (HSC) signatures (Ding et al., 2013) showed a positive enrichment of upregulated 

genes in p62KO for genes upregulated in activated HSC vs. quiescent, and in HSC 

stimulated by TGFβ treatment vs. control (Figure 1G). These results establish that at a gene 
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transcriptional level there is a more aggressive phenotype in p62KO that correlates with 

increased HSC activation.

More detailed analysis of p62KO livers confirmed liver bridging fibrosis and collagen 

deposition, as determined by Sirius Red staining and concomitant increase in cells positive 

for αSMA, a marker of stellate activation to myofibroblasts (Bataller and Brenner, 2005) 

(Figure 1H). Quantification of fibrosis was performed by Sirius Red area analysis and 

histological fibrotic scoring in a blind fashion by a pathologist (Figure 1I). These results 

correlated with increased αSMA protein (Figure 1J) and mRNA levels of Acta2, Col1a1, 

and Tgfb1 as well as the HSC markers Des and Gfap (Figure 1K). p62KO livers exhibited 

higher serum alanine aminotransferase (ALT), reflecting hepatocytic damage (Figure 1L), 

and liver inflammation as determined by increased expression of Il6 and Tnf mRNAs 

(Figure 1M), as well as of markers of macrophage (Adgre1) and lymphocyte infiltration 

(Cd3g and Ptprc; Figure 1N). These are characteristic features of NASH (Toffanin et al., 

2010). Collectively these results show that global loss of p62 in DEN-HFD-fed mice results 

in a NASH-like microenvironment. These results, unveiled an unexpected possible non-cell 

autonomous tumor suppressor function of p62 probably exerted through inhibition of HSC 

activation.

Role of p62 in fibrosis and myofibroblast/HSC cell activation

The molecular mechanisms controlling a NASH-like phenotype were also observed in p62 

total KO mice kept on HFD without DEN injection (Figures 2A-2E). p62KO mice on 

regular diet did not show fibrosis (Figures S2A and S2B), although they have increased 

Acta2 and Col1a1 (Figure S2C). Therefore, p62 deletion predisposes mice for fibrosis that is 

further promoted by HFD. These results are of significance since activated HSC were 

proposed to play a critical role in not only fibrosis but also in promotion of HCC in the 

context of steatohepatitis and chronic liver injury (Lujambio et al., 2013). Therefore, the 

negative role of p62 in HSC activation may account for its ability to attenuate HFD-

promoted HCC development. To further explore the role of p62 in HSC, we subjected mice 

to chronic carbon tetrachloride (CCl4) challenge (Ding et al., 2013). p62KO and WT mice 

were repeatedly injected with CCl4 for 4 weeks and livers were analyzed 3 days after the 

final CCl4 injection (Figure 2F). p62KO mice displayed higher collagen deposition (Figures 

2G and 2H), and increased αSMA levels (Figure 2I), as well as of Col1a1 and Acta2, and 

inflammatory cytokine expression (Figure 2J). To exclude that our data may be specific to 

the CCl4 model, we confirmed our results in a second well-established model of toxic liver 

fibrosis driven by HSC activation, induced by thioacetamide (TAA) treatment. Livers from 

TAA-treated p62KO mice displayed an enhanced robust fibrogenic response as compared to 

WT controls similar to the CCl4 model (Figures S2D-2G). To test whether p62 in 

hepatocytes plays any role in CCl4-induced fibrosis, we crossed Sqstm1fl/fl mice with Alb-

Cre mice (from now on termed L-p62KO) and subjected WT and L-p62KO mice to the same 

CCl4 regime. L-p62KO mice exhibited a fibrotic phenotype identical to that of WT mice 

(Figures S2H-S2K). This demonstrates that cells other than hepatocytes are responsible for 

enhancement of liver fibrosis upon total body p62 deficiency.
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To test whether p62 functions in HSC in vivo, we generated GFAP-p62KO mice by crossing 

Sqstm1fl/fl mice with GFAP-Cre mice, a previously described model for selective deletion of 

HSC (Kisseleva and Brenner, 2008; Lujambio et al., 2013). Livers from untreated GFAP-

p62KO mice did not display fibrosis, although basal levels of Col1a1 were increased 

(Figures S2L-2N). Exposure of GFAP-p62KO mice to chronic CCl4 treatment resulted in a 

fibrotic phenotype identical to that of p62KO mice, including increased Sirius red staining 

(Figures 2L and 2M), increased αSMA (Figure 2N), and elevated Col1a1, Acta2, Tgfb1, Il6 
and Tnf mRNA (Figures 2O). p62 was expressed not only in hepatocytes but also in HSC, as 

demonstrated by the co-localization of p62 with Desmin in WT but not in GFAP-p62KO 

mice (Figure S2O). It should be noted that Cre-LoxP-induced recombination in GFAP-Cre 

mice was reported to result in three outcomes: (1) recombination only in HSC (Kisseleva 

and Brenner, 2008; Krizhanovsky et al., 2008; Lujambio et al., 2013); (2) recombination 

only in cholangiocytes (Mederacke et al., 2013); (3) recombination in both HSC and 

cholangiocytes (Yang et al., 2008). We measured the p62 mRNA level in HSC purified from 

GFAP-p62KO mice and found that they expressed no more p62 mRNA than HSC from p62 

total KO mice (Figure S2P). However, immunofluorescence staining showed that GFAP-

p62KO mice exhibited p62 deficiency in both HSC (Figure S2O) and cholangiocytes (Figure 

S2Q), which could confound our interpretation of the role of p62 in HSC during fibrosis. 

Analysis of p62 expression in L-p62KO mice revealed that p62 was similarly deleted in not 

only hepatocytes (as expected) but also cholangiocytes (Figure S2R). This is in agreement 

with the specifications of the Jackson laboratory that the Alb-Cre line also results in gene 

inactivation in cholangiocytes (Jax Stock# 003574). Since the L-p62KO mice did not 

phenocopy GFAP-p62KO or total p62KO mice in terms of fibrosis and inflammation upon 

CCl4 (Figures S2H-S2K), we concluded that p62 mainly acts to prevent liver fibrosis in HSC 

and not in cholangiocytes. To further confirm the role of p62 in HSCs, we used a recently 

reported Cre-driven HSC-specific mouse model (Lrat-Cre) (Mederacke et al., 2013). We 

crossed this mouse line with Sqstm1fl/fl mice to generate Lrat-p62KO mice. After 

confirming the selective deletion of Sqstm1 in the HSC population (Figure S2S), we 

subjected these mice to the CCl4 protocol but using a more aggressive regime, consisting of 

a higher CCl4 dose and longer treatment period (Figure 2P), and analyzing the livers one day 

after the final CCl4 injection in this case. Following this strategy we seek to analyze the 

effects of selective loss of p62 in HSCs under conditions where fibrosis is more extensive/

mature and is not subjected to resolution. p62 inactivation in HSCs in this model also led to 

increased fibrotic response, pathology score, hepatic hydroxyproline content, and increased 

expression of αSMA and other fibrogenic and inflammatory genes (Figures 2Q to 2T).

p62 negatively regulates the pro-tumorigenic functions of HSC

GFAP-p62KO mice were subjected to HCC induction through a protocol combining DEN 

with CCl4 injections to create a fibrogenic microenvironment (Lujambio et al., 2013) (Figure 

3A). HCC induction was more efficient in GFAP-p62KO mice relatively to identically 

treated WT controls (Figures 3B and 3C). GFAP-p62KO livers also expressed higher HCC 

markers, including Afp, Gpc3, Serpina1 and Fga (Figure 3D), indicating a more aggressive 

phenotype, and exhibited more fibrosis and inflammation (Figures 3E-3H). Collectively 

these results establish that p62 acts as a repressor of HSC function, and a non-cell-

autonomous tumor suppressor in HCC.
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p62 expression is reduced in HSC of human HCC patients

To examine the relevance of the above finding to human biology, we knocked down p62 in 

immortalized human HSC and found increased αSMA protein and COL1A1 mRNA 

expression (Figures 4A and 4B). Recent studies suggest that reversion of activated HSC into 

a quiescent-like phenotype could be a major mechanism underlying reversal of liver fibrosis 

(Kisseleva et al., 2012). Exposure to the low-calcemic vitamin D analogue calcipotriol (Cal) 

induced lipid droplet formation, a critical hallmark of quiescent stellate cells, in human 

pancreatic stellate cells (PSCs) (Sherman et al., 2014). To test if p62 is involved in this 

process, we treated human HSC, either shNT or shp62, with Cal and stained them with 

BODIPY. Whereas Cal induced a robust accumulation of lipid droplets in shNT cells, this 

effect was completely blocked in shp62 cells (Figure 4C). Analysis of human HCC 

specimens showed that expression of p62 was significantly lower in tumoral HSC than in 

normal tissue HSC, as measured by double staining for p62 and αSMA (Figures 4D and 

4E). Consistently, exposure of human HSC to conditioned media from a human liver cancer 

cell line (HepG2) promoted p62 downregulation at protein and mRNA levels, concomitant 

with increased expression of ACTA2 (Figures S3A to S3C). p62 loss in HSC observed in 

human HCC samples was also confirmed in mouse liver tumors from DEN-HFD treated 

mice (Figure S3D). Analysis of public dataset showed that Sqstm1 mRNA levels were 

downregulated in primary mouse HSCs upon activation in cell culture and in HSCs isolated 

from mice with bile duct–ligation or after CCl4 injections (Figures S3E). Although p62 was 

downregulated in the liver tumor stroma, its levels in the tumor hepatocyte were highly 

upregulated (Figures 4D and S3D).

p62 is critical for vitamin D receptor-induced inactivation of HSC

To characterize the potential role of p62 as a cell autonomous repressor of HSC activity, we 

isolated HSC from WT and p62KO mice. p62 deficiency enhanced the basal levels of 

Col1a1, Acta2, and Tgfb1 in primary quiescent HSC (Figure 5A). To facilitate further 

mechanistic studies, HSC of both genotypes were immortalized. Activated immortalized 

p62KO HSC also displayed a similar increased activation phenotype (Figure 5B). These 

results demonstrate that p62 inactivation in HSC largely recapitulates the pro-fibrogenic 

HSC activation effect observed in mouse livers. IPA analysis of the significantly 

downregulated genes in the transcriptomic RNAseq experiment described in Figure 1D, 

identified a striking presence of nuclear receptors (NRs)-related pathways, including RXR, 

FXR and LXR (Figure 5C), suggesting that p62 deficiency might interfere with the HSC 

suppressive activity of vitamin D. To test this, we treated WT and p62KO HSC with Cal and 

performed RNAseq transcriptomics. IPA analysis of differentially expressed genes showed 

that p62-deficient HSC displayed an upregulated profile of “Hepatic Stellate Cell 

Activation” under basal conditions and, even more markedly, after Cal stimulation (Figure 

5D). Un-supervised clustering of these genes not only validated the observation of VDR 

inability to revert HSC activation but also showed a boost of the majority of pro-fibrotic 

genes in p62KO HSC (Figure S4A).

Consistent with the notion that VDR effects are impaired in p62KO HSC, transcripts that 

were robustly induced in Cal-treated WT HSC were blunted in p62KO HSC (Figure S4B). 

This was confirmed by qPCR analysis of three of these VDR targets (Figure 5E). Similar 

Duran et al. Page 7

Cancer Cell. Author manuscript; available in PMC 2017 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



results were obtained when HSC were stimulated with Vit1,25(OH)2D3 (Figure S4C). In 

contrast, p62 deletion did not modulate ligand-induced target genes or the profibrotic genes 

in response to an agonist of LXR, another nuclear receptor partner of RXR (Figure S4D). No 

defects in VDR or RXRα expression were found in p62KO HSC (Figure S4E). We next 

determined whether the loss of p62 impaired the ability of VDR to interact with the 

Cyp24a1 promoter by chromatin immunoprecipitation (ChIP). Basal and Cal-induced recruit 

of the VDR, and the associated RXRα, to the Cyp24a1 promoter region was dramatically 

reduced in p62KO HSC relative to VDR and RXRα promoter recruitment in WT cells 

(Figure 5F and Figure S4F). These results indicate that p62 plays a role in interaction of 

VDR with its target promoter. Interestingly, whereas Cal promoted the recruitment of VDR 

to the Col1a1 and Acta2 promoters in WT HSC, this was not observed in p62KO HSC 

(Figures 5G, 5H and S4F). These results lend support to our hypothesis that the inability of 

VDR to interact with its targets genes underlies the hyperactivated phenotype of p62-

deficient HSC. In this regard, it was suggested that VDR prevents activation of pro-fibrotic 

genes by blocking the occupancy of their promoters by SMAD3 (Ding et al., 2013; Ito et al., 

2013; Sherman et al., 2014). Notably, the loss of p62 in HSC promoted constitutive 

recruitment of SMAD3 to the promoters of Col1a1 and Acta2 in parallel with the defective 

interaction of VDR with the same promoters (Figures 5G and 5H). Taken together these data 

establish that the inability of the VDR to bind its promoters in the absence of p62 results in 

the recruitment of SMAD3 and the hyperactivation of HSC.

p62 interacts with VDR and controls its heterodimerization with RXRα

We next examined whether p62 and VDR interact. Since VDR functions as an obligate 

heterodimer in complex with RXRα (Umesono et al., 1991), we investigated the potential 

interaction of p62 with both NRs. We transfected HEK293T cells with HA-p62 and V5-

tagged VDR, FLAG-tagged RXRα, or the corresponding controls. We found a reproducible 

interaction between p62 and both VDR and RXRα (Figure S5A). Furthermore, when these 

experiments were performed with purified recombinant proteins, similar results were 

obtained, demonstrating that the interaction of p62 with both NRs is direct (Figures S5B and 

S5C). However, p62 did not interact with LXR, another partner of RXR (Figure S5D), 

suggesting that p62’s interaction is selective for the VDR:RXR module and are consistent 

with the lack of effect on the p62 phenotype of the LXR ligand (Figure S4D). Importantly, 

p62 binding to RXRα and VDR was also detected when endogenous proteins were analyzed 

in extracts from HSC (Figures 6A and 6B). Furthermore, in situ complex formation of 

endogenous p62 with RXRα and VDR was also demonstrated by proximity ligation assay 

(PLA) (Figure 6C and S5E), which gives a positive signal when antibodies recognizing two 

proteins of interest are within 40 nm of one another. Treatment with Cal did not affect 

significantly the interaction of p62 with RXRα but weakened the binding of VDR to p62, 

both in the endogenous and recombinant protein assays (Figures 6A-6C, S5B-S5C and S5E). 

As observed by PLA, p62 interaction with both nuclear receptors occurred in both cytosol 

and nucleus (Figure 6C and S5E). The p62-RXRα and p62-VDR nuclear interactions were 

also confirmed in immunoprecipitates of HSC nuclear extracts (Figures S5F and S5G). As 

Cal promotes the formation of VDR:RXRα heterodimer that is critical for DNA binding and 

gene expression, it is possible that p62 binding might impact heterodimer formation. 

Interestingly, p62 increased the formation of the heterodimer between VDR and RXRα in 
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co-transfection experiments (Figure 6D). Consistent with this, we found that formation of 

the VDR:RXRα complex was also promoted by p62 under basal conditions and in the 

presence of Cal when analyzed in vitro with purified recombinant proteins (Figure 6E). We 

next tested whether p62 was required for endogenous dimer formation in HSC. As 

previously reported, Cal promoted the formation of the heterodimer, which, importantly, was 

abrogated by the loss of p62 (Figure 6F). This requirement of p62 for VDR:RXR 

heterodimerization was also detected in situ by PLA (Figure 6G and S5H). Similar results 

were obtained by cotransfecting Flag-RXRα and V5-VDR in WT or p62-deficient, 

generated using the CRISPR/Cas9 system (Linares et al., 2015), HEK293T cells (Figure 

S5I). These results demonstrate that p62 regulates the binding between VDR and RXRα and 

provide a potential mechanism for the defective activation of Cal-driven pathways in p62-

deficient cells.

p62 interacts with VDR through the same region that is required for binding of the co-

activator SRC-1. Thus, the mutation of K246 and E420 to alanine in VDR, which had been 

shown to abolish VDR binding to SRC-1 (Zhang et al., 2011), also disrupted the interaction 

of p62 with VDR (Figure 6H). These results suggest that p62 is released from VDR upon 

Cal treatment to allow SRC-1 to be recruited to the VDR:RXR heterodimer. Consistent with 

this model, since the VDR:RXR heterodimer is not formed in p62KO HSC, SRC-1 cannot 

be recruited (Figure 6I and S5J). We next sought to identify the region(s) of p62 responsible 

for the interaction with these NRs and established that p62 interacts with RXRα through the 

p62’s N-terminal region encompassing amino acids 1-266 (Figures 6J and S5K). Further 

mapping of that region identified the sequence between the ZZ and TB domains (167-230) 

as responsible for the interaction with RXRα. Careful analysis of the amino acid sequence 

of this region detected a putative NRbox motif reminiscence of the LXXLL consensus that 

mediates the interaction of NRs with co-regulatory proteins (Heery et al., 1997) (amino 

acids 181-190; Figure 6J). Importantly, site directed mutagenesis of V188 and K189 to 

alanine completely abolished p62-RXRα interaction (Figures 6J and S5L). In addition, we 

mapped the domain of RXRα mediating interaction with p62. NRs share a common 

structural organization with a variable N-terminal domain, a conserved DNA binding 

domain (DBD), and a C-terminal ligand-binding domain (LBD) linked by a flexible hinge 

peptide (Rastinejad et al., 1995). Results shown in Figures 6K and S5M demonstrated that 

RXR’s LBD was required for p62 interaction. We next mapped the VDR-p62 interaction and 

identified the PB1 domain as the one sufficient for this binding (Figure S5N). In agreement 

with the notion that p62 binding promotes the formation of the VDR:RXR dimer, mutation 

in the NRbox sequence that abolished p62 binding to RXRα also inhibited the stimulatory 

effect on VDR:RXR heterodimerization (Figure 6L). Likewise, a PB1 mutant also inhibited 

the formation of the heterodimer, consistent with p62 binding to VDR through this domain 

(Figure S5N). To further test the functional relevance of the p62-VDR:RXRα module, we 

reconstituted p62KO HSC with p62 FL or with the NRB mutant. Whereas p62 FL was able 

to rescue the VDR defect as well as the profibrotic phenotype of the p62KO HSC, as 

determined by the expression of αSMA and VDR target genes, the NRB mutant failed to do 

so (Figures 6M and 6N). We next tested the potential contribution of other signaling 

pathways known to be regulated by p62, such as NF-κB, NRF2 and autophagy, to this 

phenotype using well-established p62 mutants that dissect the different p62 functions 
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(Moscat and Diaz-Meco, 2009). We analyzed the following mutants: ΔKIR (it disrupts p62 

interaction with Keap1 that controls NRF2); ΔTB (it disrupts p62 interaction with TRAF6 

that activates NF-κB) and ΔLIR (it abolishes binding to LC3 that is essential for autophagy). 

Importantly, those three mutants behaved functionally identically to p62 FL when 

reconstituted into p62KO HSC at comparable expression levels (Figures 6M and 6N). These 

results indicate that the ability of p62 to regulate these pathways is not relevant for the 

fibrotic phenotype, which is fully dependent on the ability of p62 to impact VDR function. 

Collectively, these results support a model according to which p62 interacts in the cytosol 

with VDR and RXR and upon ligand, p62 is released from the VDR and favors the 

formation of the VDR:RXR heterodimer in the cytosol, which is rapidly translocated to the 

nucleus where the coactivator SRC-1 is recruited and the complex binds to DNA for the 

regulation of gene expression (Figure 6O).

p62 deficiency in HSC impairs the anti-fibrotic response to calcipotriol in vivo

From the above results we concluded that p62 deficiency enhanced the activation phenotype 

of HSC by making them resistant to VDR actions in vitro. To determine whether this is also 

critical in vivo, we treated WT and GFAP-p62KO mice with CCl4, in combination or not 

with Cal, as described (Sherman et al., 2014, Figure 7A). Treatment with CCl4 led to a more 

potent fibrotic and inflammatory response in GFAP-p62KO mice than in identically treated 

WT mice as described above (Figures 7B-7E). More importantly, whereas the response to 

CCl4 was strongly attenuated by Cal treatment in WT mice, GFAP-p62KO mice did not 

show a significant response to Cal (Figures 7B-7E). To determine whether the loss of p62 in 

HSC affects the response to vitamin D, we examined expression of bona fide direct VDR 

targets. Notably, the ability of Cal to stimulate expression of Cyp24a1, Mmp13 and Mmp10 
was completely blunted in CCl4-treated GFAP-p62KO as compared to identically treated 

WT mice (Figure 7F).

DISCUSSION

The complexity of liver cancer makes the design of more targeted therapeutic strategies for 

its treatment extremely difficult. Earlier studies on p62 and liver pathophysiology showed 

that whole body p62 ablation attenuated the formation of benign adenomas in autophagy 

deficient livers (Komatsu et al., 2007). In contrast, our results show that whole body p62 

deficiency enhanced the formation of malignant liver tumors. These findings were also 

different from those we obtained recently by examining the effect of hepatocyte-selective 

p62 ablation on HCC development (Umemura et al., 2016), which demonstrated very clearly 

that elevated expression of p62 in hepatocytes enhances HCC induction. Our analysis of 

these apparent contradictions revealed that p62 acts as a suppressor of HCC development in 

HSC. Since p62 ablation in hepatocytes reduced HCC induction by DEN plus HFD, the 

same protocol whose ability to induce HCC was enhanced by whole body p62 ablation, we 

conclude that the tumor suppressive effect of p62 in HSC is dominant to its tumor promoting 

effect in hepatocytes. Importantly, our results provide strong evidence that HSC play an 

important role in liver carcinogenesis and that their activation provide a strong tumor 

promoting microenvironment.
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Of note, myofibroblasts and cancer-associated fibroblasts (CAFs) have been proposed to be 

key mediators of the crosstalk between malignant cancer cells and their microenvironment 

(Erez et al., 2010). However, the exact mechanisms by which fibroblasts are activated to 

impact tumorigenesis of the epithelial cell compartment remain largely unknown. Here we 

show that HCC samples from human patients show that, in addition to the well established 

increased parenchymal expression of p62 as previously reported (Denk et al., 2006), there is 

also a dramatic reduction in p62 expression in HSC. The importance of this observation is 

supported by the fact that genetic inactivation of p62 in mouse HSC leads to increased 

tumorigenesis accompanied by fibrosis whose characteristics resemble NASH. Therefore, 

liver cancer progression is impacted by p62 in opposite manners depending on where it is 

genetically inactivated. The tumor suppressive activity of p62 in HSC is most likely due to 

its ability to prevent HSC activation, resulting in reduced production of tumor promoting 

chemokines and cytokines, including IL-6, that are known to be produced by this cell 

population. However, it remains to be formally established whether collagen production by 

activated HSC and the deposition of collagen fibers, which can result in eventual damage to 

hepatocytes, also plays a role is promotion of liver tumorigenesis. Despite these 

uncertainties, our results show that enhanced HSC activation brought about by p62 ablation 

is an important promoter of liver tumorigenesis. Our results are consistent with the previous 

suggestion that activation of pancreatic stellate cells promotes the malignancy of pancreatic 

cancer, and interferes with its therapy (Sherman et al., 2014). They differ, however, from the 

results of two other studies in which acute ablation of pancreatic stellate cells promotes the 

growth of pancreatic cancer (Ozdemir et al., 2014; Rhim et al., 2014). However, the methods 

used for stellate cell ablation in these studies may have been too drastic and have therefore 

led to stellate cell death rather than reversion. Indeed, targeting of stellate cells with Vitamin 

D analogues, which induces their reversion to a quiescent state, not only prevents liver 

fibrosis but also enhances the anti-tumor effects of classical chemotherapy in pancreatic 

cancer (Sherman et al., 2014). Curiously, we found that the loss of p62 in HSC severely 

abolished the anti-fibrogenic function of the VDR. This is due to a direct interaction 

between p62 and VDR, demonstrating that in addition to its ability to interact with 

cytoplasmic signaling intermediates, p62 can also interact with and modulate the activity of 

transcriptional factors. Previous results from our and other laboratories have shown how p62 

regulates NF-κB and NRF2, but the mechanism in these cases was by impacting the 

signaling machineries that regulate their activation (Duran et al., 2008; Inami et al., 2011; 

Ling et al., 2012). In the case of the VDR we report a direct interaction with p62 that is 

critical for the VDR-RXR dimer to bind promoters in its target genes. This is consistent with 

the notion that p62 not only functions in the cytosol but also is located in the nucleus 

(Pankiv et al., 2010), where it directly impacts transcription. These results are reminiscent 

from the well-established role of p62 in promoting the dimerization of the Rag proteins for 

the activation of mTORC1 or of TRAF6 for the activation of NF-κB (Duran et al., 2011; 

Sanz et al., 2000). Here we report that p62 promotes the anti-fibrotic and anti-inflammatory 

role of the VDR-RXR dimer, which is impaired during NASH and HCC in our HSC-specific 

KO mice. An important corollary of our findings is that p62 levels should be monitored 

when designing clinical approaches involving targeting the VDR in fibrosis and cancer. In 

this regard, several clinical trials have been designed and are underway using VDR 

activators. Our data predicts that those patients with low levels of p62 in HSC will be worse 
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responders, which means that p62 levels in this cell population should be utilized as a 

criterion for patient stratification.

EXPERIMENTAL PROCEDURES

A detailed description of the Experimental Procedures utilized in this work can be found in 

the Supplemental Experimental Procedures.

Mice

WT and p62KO mice were previously described (Duran et al., 2004). Lrat-Cre mice were 

previously described (Mederacke et al., 2013) and generously provided by Dr. Schwabe. All 

animal handling and experimental procedures performed in this study were approved by the 

Institute Institutional Animal Care and Use Committee (IACUC) at the SBP Medical 

Discovery Institute.

Cell culture

HEK293T cells are from ATCC. HEK293T p62KO (sgp62) cells were previously described 

(Linares et al. 2015). WT and p62KO HSCs were isolated from 10-week-old mice by in situ 

pronase, collagenase perfusion and single-step nycodenz gradient as previously described 

(Kisseleva et al. 2012). Human stellate cells (hTERT HSCs) were a kind gift from Dr. David 

Brenner (University of California San Diego).

Histological Analysis

Livers were isolated, rinsed in ice-cold PBS, fixed in 10% neutral buffered formalin for 24 h, 

dehydrated, and embedded in paraffin. Sections (5 μm) were stained with hematoxylin and 

eosin (H&E), Sirius red and oil red. Fibrosis was scored using the Ishak modified 

histological activity index (HAI) scoring system in a blinded fashion by a pathologist.

Human liver samples

The human samples used in this study were obtained under an approved Institutional Review 

Board protocol of the Mayo Clinic with written patient consent. De-identified samples were 

sent to the SBP Medical Discovery Institute and used for histological analysis. The study 

was approved by the Ethics Committee of the SBP Medical Discovery Institute.

RNA Analysis

Total RNA from mouse tissues and cultured cells was isolated using the TRIzol reagent 

(Life Technologies) and the RNeasy Mini Kit (QIAGEN), followed by DNase treatment.

Statistical Analysis

All the statistical tests are justified for every figure. Data are presented as the mean ± SEM. 

Significant differences between groups were determined using a Student’s t test (two-tailed 

unpaired) when the data met the normal distribution tested by D’Agostino test. If the data 

did not meet this test, a Mann-Whitney test was used. Two-way ANOVA test was used for in 
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vitro experiments, as indicated. The significance level for statistical testing was set at 

p<0.05.

Supplementary Material

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

• p62 levels are reduced in hepatic stellate cell (HSC) in human HCC 

samples

• Loss of p62 in HSC results in increased fibrosis, inflammation and 

HCC

• p62 is critical for VDR:RXR heterodimerization and inhibition of HSC 

activation

• Enhanced HSC activation by p62 loss impairs VDR signaling and 

promotes HCC
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SIGNIFICANCE

HSC are central players in Nonalcoholic Steatohepatitis (NASH), which is conducive to 

HCC. There are not effective treatments for NASH or HCC, and it is difficult to identify 

patients at high risk to develop HCC. The identification of factors accounting for NASH 

development and HCC is a major gap in the field. Here we identify p62 as an HSC 

repressor and a non-cell autonomous tumor suppressor. p62 interaction with VDR:RXR 

is required for their HSC inhibitory functions. Studies in vitro, in HSC-specific p62-

deficient mice, and in human HCC samples establish that p62 loss in the stroma is a 

common feature of HCC, and predict that therapies aimed at activating VDR effects on 

HSC will be impaired by p62 deficiency.
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In hepatocellular carcinomas (HCC), p62 is increased in hepatocytes but decreased in 

hepatic stellate cells (HSC). Duran et al. show that loss of p62 in HSC promotes HCC 

development via reducing the vitamin D receptor (VDR)-RXR interaction, leading to 

impaired repression of fibrosis and inflammation by VDR.
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Figure 1. p62 total ablation promotes DEN-induced hepatocarcinogenesis and fibrosis
(A) Schematic diagram of DEN-HFD induced HCC model. Two week-old mice were i.p. 

injected with DEN (25 mg/kg) and two weeks later were fed 60% fat diet for 32 weeks. (B) 

Representative images of livers from WT (n=6) and p62KO (n=7) treated as in (A). Scale 

bar, 1 cm. (C) Total number of tumors and number of tumors bigger than 3 mm in WT and 

p62KO livers. (D) Top canonical pathways from Ingenuity analysis (IPA) of upregulated 

genes in p62KO as compared to WT livers (n=3). (E) GSEA plot of enrichment in 

“Collagen” and “Extracellular Matrix” signatures in p62KO liver tumors (n=3) using C5 

MSigDB database. (F) NextBio analysis of gene overlap between genes up-regulated in 

p62KO versus WT (n=3) livers (Bs1, Bioset1) with Extracellular Matrix Geneset (Bg1, 

Biogroup1). (G) GSEA plot of enrichment of “UP IN ACTIVATED VS QUIESCENT HSC” 

and “UP IN TGFB VS Control” genesets associated with gene expression in p62KO liver 

tumors (n=3) using C2 MSigDB database. (H) Sirius red and αSMA staining of WT and 

p62KO livers. Scale bars, 100 μm. (I) Sirius red positive area and Ishak score of WT and 

p62KO livers. (J) Immunoblot analysis of αSMA and Actin in WT and p62KO livers. (K) 

qPCR analysis of mRNA of fibrosis markers in WT and p62KO livers. (L) ALT levels in 

serum of WT and p62KO mice. (M) qPCR analysis of mRNA of inflammation markers. (N) 

qPCR analysis of mRNA of immune cell infiltration. Results are presented as mean ± SEM. 

*p<0.05, **p<0.01, ***p<0.001. See also Figure S1.
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Figure 2. Selective p62 deficiency in hepatic stellate cells increases fibrosis upon liver injury
(A) Schematic diagram of HFD protocol. Four week-old WT (n=5) and p62KO (n=5) mice 

were fed 60% fat diet during 20 weeks. (B) Sirius red staining of livers of WT and p62KO 

mice. (C) Sirius red positive area and Ishak score of WT and p62KO livers. (D) Immunoblot 

analysis of αSMA and Actin in WT and p62KO livers. (E) qPCR analysis of indicated 

mRNA. (F) Schematic diagram of CCl4-induced fibrosis protocol. Eight week-old mice 

were i.p. injected with 0.5 ml/kg body weight CCl4 (1:50 v/v in corn oil) three times per 

week during 4 weeks. Mice were sacrificed 3 days after the last injection (n=6, per 

genotype). (G) Sirius red staining of livers of WT and p62KO mice (n=6). (H) Sirius red 

positive area and Ishak score. (I) Immunoblot analysis of αSMA and Actin in WT and 

p62KO livers. (J) qPCR analysis of indicated mRNA in livers of mice described in (F). (K) 

Scheme of CCl4-induced fibrosis model as in (F) in WT (n=5) and GFAP-p62KO (n=9) 

mice. (L) Sirius red staining of livers of WT and GFAP-p62KO mice. (M) Sirius red positive 

area and Ishak score of WT and GFAP-p62KO livers. (N) Immunoblot analysis of αSMA 

and Actin in WT and GFAP-p62KO livers. (O) qPCR analysis of indicated mRNA in livers 

from the mice described in (K). (P) Scheme of CCl4-induced fibrosis protocol. Eight week-

old WT (n=6) and Lrat-p62KO (n=5) mice were i.p. injected with 0.5 ml/kg body weight 

CCl4 (1:10 v/v in corn oil) three times per week during 6 weeks. Mice were sacrificed 1 day 

after the last injection. (Q) Sirius red staining of livers of WT and Lrat-p62KO mice. (R) 

Sirius red positive area, Ishak score, and hydroxyproline content of livers of WT and Lrat-
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p62KO mice. (S) Immunoblot analysis of αSMA and Actin in WT and Lrat-p62KO livers. 

(T) qPCR analysis of indicated mRNA of livers from the mice described in (P). Scale bars, 

100 μm. Results are presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. See also 

Figure S2.
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Figure 3. Selective p62 deficiency in hepatic stellate cells promotes hepatocarcinogenesis
(A) Schematic diagram of DEN-CCl4-induced HCC model. Two week-old mice were i.p. 

injected with DEN (25 mg/kg) and 6 weeks later injected with CCl4 (2 ml/kg) twice per 

week for 12 weeks. (B) Gross morphology (top) and H&E staining (bottom) of livers of WT 

(n=6) and GFAP-p62KO (n=7) mice described in (A). N, normal liver tissue. T, liver tumor 

area. Scale bar, 1 cm (top) and 100 μm (bottom). (C) Total number of tumors, number of 

tumors bigger than 3 mm and maximal tumor diameters. (D) qPCR analysis of mRNA of 

HCC markers in WT and GFAP-p62KO livers described in (A). (E) Sirius red staining of 

livers of WT and GFAP-p62KO mice. Scale bar, 100 μm. (F) Sirius red positive area and 

Ishak score of WT and GFAP-p62KO livers. (G) Immunoblot analysis of αSMA and Actin 

in WT and GFAP-p62KO livers. (H) qPCR analysis of indicated mRNA. Results are 

presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4. p62 is lost in HSC in human HCC
(A) Levels of p62, αSMA and Actin in immortalized human HSC expressing non-targeting 

shRNA (shNT) or one of two different shRNAs for p62 (shp62-1 and shp62-2) via lentiviral 

infection were analyzed by immunoblot. (B) qPCR analysis of mRNA of COL1A1 in human 

HSC either shNT or shp62. Results are presented as mean ± SEM. (C) BODIPY 493/503 

staining for neutral lipids in shNT or shp62 human HSC treated with vehicle (DMSO) or 

100 nM Cal for 48 hr. Scale bars, 20 μm. (D) Representative images of double 

immunofluorescence of p62 (green) and αSMA (red) in normal liver (NORMAL) and HCC 

samples (TUMOR). Scale bars, 25 μm (NORMAL) and 10 μm (TUMOR). (E) Box-and-

whisker plots showing median (horizontal line), interquartile range (box) and 10th-90th 

percentiles (whiskers) of the % colocalization area between p62 and αSMA (n=14 per 

group). **p<0.01, ***p<0.001. See also Figure S3.

Duran et al. Page 23

Cancer Cell. Author manuscript; available in PMC 2017 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. p62 is required for hepatic stellate activation and VDR function
(A and B) qPCR analysis of mRNA of HSC activation markers in primary quiescent (A) or 

immortalized activated (B) WT and p62KO HSC. (C) Nuclear-receptor-related pathways 

from Ingenuity analysis (IPA) of downregulated genes in liver tumors of total p62KO and 

WT mice described in Figure 1A. (D) Top canonical pathways from Ingenuity analysis (IPA) 

of differentially expressed genes between p62KO and WT HSC in basal conditions and upon 

calcipotriol (Cal) treatment. (E) qPCR analysis of mRNA of Cyp24a1, Mmp10, and Mmp13 
in WT and p62KO HSC. (F) Primer design and ChIP-qPCR analysis of Cyp24a1 promoter 

occupancy of VDR and RXRα. (G) Primer design and ChIP-qPCR analysis of Col1a1 
promoter occupancy of VDR and SMAD3. (H) Primer design and ChIP-qPCR analysis of 

Acta2 promoter occupancy of VDR and SMAD3. Results are presented as mean ± SEM. p 

values were calculated using a two-way ANOVA; **p<0.01, ***p<0.001 for all comparisons 

of p62KO versus WT; #p<0.05, ##p<0.01, ###p<0.001, n.s. non-significant, for all 

comparisons of Cal versus vehicle. See also Figure S4.
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Figure 6. p62 regulates the formation of the VDR:RXRα dimer in response to calcipotriol
(A and B) Endogenous interaction of RXRα (A) or VDR (B) with p62 in response to 

calcipotriol (Cal). Cell lysates and immunoprecipitates were analyzed for the levels of 

specified proteins; se: short exposure; le: long exposure. (C) Proximity ligation assay (PLA) 

of RXRα–p62 and VDR– p62 interactions (red) in WT HSC treated with vehicle (DMSO) 

or 100 nM Cal for 24 hr. (D) Cell lysates and V5-tagged immunoprecipitates of HEK293T 

cells transfected with the indicated cDNAs in expression vectors were analyzed by 

immunoblotting. (E) Recombinant His-VDR was incubated with FLAG-RXRα in the 

presence of recombinant MBP-p62 in response to Cal and interactions were analyzed by 

immunoblot in His-beads pulldown. (F) Cell lysates and endogenous VDR-

immunoprecipitates of WT and p62KO HSC treated with or without Cal were analyzed by 

immunoblotting. (G) PLA of VDR:RXRα heterodimer (red) in WT and p62KO HSC treated 

with vehicle (DMSO) or 100 nM Cal for 24 hr. (H) Cell lysates and V5-tagged 

immunoprecipitates of HEK293T cells transfected with the indicated cDNAs in expression 

vectors were analyzed by immunoblotting. (I) PLA of SRC-1:VDR (red) in WT and p62KO 

HSC treated with vehicle (DMSO) or 100 nM Cal for 24 hr. (J) Schematic representation of 

domain structure of p62 and a summary of the interactions of RXRα with the different 

domains of p62. (K) Schematic representation of domain structure of RXRα and a summary 

of the interactions of p62 with the different domains of RXRα. (L) Cell lysates and V5-

tagged immunoprecipitates of HEK293T cells transfected with the indicated cDNAs in 

expression vectors were analyzed by immunoblotting. (M) Immunoblot analysis of αSMA, 

p62 and Actin in WT, p62KO and p62KO HSC reconstituted with the indicated constructs 

and treated with vehicle (DMSO) or Cal for 24 hr. (N) qPCR analysis of mRNA of Mmp13, 

Cyp24a1, and Acta2 in the reconstitution experiment as in (M). (O) Model for the role of 
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p62 in the regulation of VDR:RXR heterodimerization. Scale bars, 20 μm. Results are 

presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. See also Figure S5.

Duran et al. Page 26

Cancer Cell. Author manuscript; available in PMC 2017 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. p62 deficiency in HSC impairs Vitamin D-mediated repression of fibrosis
(A) Schematic diagram of CCl4-induced fibrosis model and reversion with calcipotriol (Cal). 

Eight week-old mice were i.p. injected with CCl4 (0.5 ml/kg) three times per week during 4 

weeks. Cal (20 μg/kg) was administered via oral gavage five times during the last week of 

CCl4 treatment. Mice are sacrificed 3 days after the last injection. (B) Sirius red staining of 

livers of WT (n=6) and GFAP-p62KO (n=7) mice treated as in (A). Scale bars, 100 μm. (C) 

Sirius red positive area and Ishak score of WT and GFAP-p62KO livers. (D) Immunoblot 

analysis of αSMA and Actin in WT and GFAP-p62KO livers. (E and F) qPCR analysis of 

mRNA of HSC activation markers (E) and VDR targets (F) in livers described in (A). 

Results are presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001.
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