
1583

Prohibitin 1 Acts As a Negative Regulator 
of Wingless/Integrated-Beta-Catenin 
Signaling in Murine Liver and Human 
Liver Cancer Cells
Nirmala Mavila,1,2* Yuanyuan Tang ,1,3* Joshua Berlind ,1 Komal Ramani,1,2 Jiaohong Wang,1 José M. Mato,4 and  
Shelly C. Lu1

Prohibitin1 (PHB1) is a mitochondrial chaperone with diverse functions that include cell proliferation, apoptosis, and mito-
chondrial homoeostasis. Liver-specific Phb1 knockout (KO) mice develop spontaneous injury and hepatocellular carcinoma 
(HCC). Our previous work demonstrated that PHB1 negatively regulates the H19-insulin-like growth factor 2 (IGF2)-
H19-IGF2 axis signaling pathway and E-box activity in hepatocytes and HCC cells. Phb1 KO livers exhibited increased 
expression of multiple wingless/integrated (WNT) target genes compared to control littermates. Therefore, we hypothe-
sized that PHB1 is a negative regulator of WNT-beta-catenin signaling in the liver. Analysis of livers from Phb1 KO mice 
demonstrated an activation of the WNT-beta-catenin pathway as determined by phosphorylation of glycogen synthase 
 kinase 3 (GSK3)betaserine [Ser]9 and protein kinase B (AKT)Ser473. Phb1 KO livers showed increased messenger RNA (mRNA) 
levels of multiple WNT ligands, with Wnt7a (79-fold), Wnt10a (12-fold), and Wnt16 (48-fold) being most highly overex-
pressed compared to control littermates. Subcellular fractionation of liver cells from Phb1 KO mice indicated that hepato-
cytes are the main source of WNT ligands. Immunostaining and cellular colocalization analysis of Phb1 KO livers 
demonstrated expression of WNT7a, WNT10a, and WNT16 in hepatocytes. Chromatin immunoprecipitation revealed 
increased binding of transcription factor E2F1 (E2F1) to the Wnt10a promoter in Phb1 KO livers and WNT9A in HepG2 
cells. PHB1 silencing in HepG2 cells activated WNT signaling, whereas its overexpression caused inactivation of this path-
way. PHB1 silencing in HepG2 cells induced the expression of multiple WNT ligands of which WNT9A induction was 
partly regulated through E2F1. Conclusion: PHB1 acts as a negative regulator of WNT signaling, and its down-regulation 
causes the induction of multiple WNT ligands and downstream activation of canonical WNT-beta-catenin signaling in 
murine liver and human HCC cells, in part through E2F1. (Hepatology Communications 2018;2:1583-1600).

PHB1 is an evolutionarily conserved mitochon-
drial chaperone protein proposed to play a role in  
cellular proliferation,(1) transcriptional regula-

tion,(2,3) mitochondrial homeostasis,(4) and cellular 

signaling.(5) It was first identified in the regenerating 
rat liver where its expression was down-regulated and 
consequently thought to act as a negative regulator  
of cell proliferation.(1) The diverse functions of PHB1 
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are controversial and determined by cell type and cel-
lular localization, such as at the plasma membrane, 
nucleus, and mitochondria, in addition to its post-
translational modifications.(5-7) Our previous study 
demonstrated that liver-specific deletion of Phb1 in 
mice causes chronic liver injury, bile duct metapla-
sia, cell proliferation, and spontaneous development 
of HCC.(8) PHB1 negatively regulates the prolif-
eration of hepatocytes and human HCC cells, in  
part through suppression of the H19-IGF2 signaling 
axis.(9) Importantly, PHB1 expression has been shown 
to be down-regulated in human HCC and cholangio-
carcinoma (CCA) and also negatively regulates E-box 
activity in human HCC cells.(10)

WNT-beta-catenin signaling is a highly conserved 
and essential pathway for normal development and tissue 
regeneration of various organs, including liver.(11,12) 
Deregulated WNT-beta-catenin signaling has been 
shown to correlate with tumorigenesis.(12,13) The  
WNT family consists of 19 secreted ligands, and 
each one is differentially regulated at the transcrip-
tional and posttranscriptional levels.(14) WNT sig-
naling activation initiates when a ligand binds to its 
transmembrane receptors Frizzled and low-density 
lipoprotein receptor-related protein (LRP)5/6 and is 

followed by cascades of protein phosphorylation that 
lead to increased expression of WNT target genes. 
WNT signaling consists of beta-catenin- dependent 
(canonical) and beta-catenin-independent (nonca-
nonical) pathways. Canonical WNT signaling is pri-
marily regulated by the transcriptional co-activator 
beta-catenin through T-cell-specific transcription 
factor (TCF)/lymphoid enhancer-binding factor 1 
(LEF) transcription factors. In the absence of WNT, 
cytoplasmic beta-catenin is degraded by the action 
of the destruction complex composed of the scaf-
folding protein axin, the tumor suppressor adeno-
matous polyposis coli gene product, casein kinase 1 
(CK1), and glycogen synthase kinase 3 (GSK3) beta. 
CK1 and GSK3beta sequentially phosphorylate the 
amino terminal region of beta-catenin, resulting in its 
ubiquitination. Following WNT ligand interaction 
with coreceptors Frizzled/LRP5/6, the beta-catenin 
destruction complex gets inactivated. GSK3beta is a 
negative regulator of canonical WNT-beta-catenin 
signaling. Phosphorylation of GSK3beta on Ser9 by 
kinases, such as AKT, leads to its inactivation and 
results in stabilization and increased nuclear translo-
cation of beta-catenin and transcriptional activation 
of WNT target genes.(13)
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The WNT-beta-catenin pathway plays an import-
ant role in liver development and regeneration.(12,15) 
On the other hand, overactive WNT-beta-catenin 
signaling positively correlates with human HCC and 
mouse models of HCC.(15) Because Phb1 KO mice 
livers exhibit an extensive regenerative response at an 
early age and develop HCC later in life, we hypoth-
esized that WNT signaling is hyperactivated in these 
mice livers and that this could drive regeneration and 
later tumorigenesis. Our data for Phb1 KO mice livers 
and in vitro gene silencing/overexpression in HepG2 
cells demonstrate that PHB1 negatively regulates 
WNT signaling in these systems. PHB1 suppresses 
the expression of multiple WNT ligands partly in 
an E2F1-dependent manner. In summary, our data 
demonstrate for the first time a novel role for PHB1 in 
regulating one of the major oncogenic pathways in liver 
and identify yet another mechanism of how PHB1 acts 
as a tumor suppressor in murine liver and human liver 
cancer cells.

Materials and Methods
mateRials anD Reagents

All general reagents used were analytical grade pur-
chased from Sigma-Aldrich (St. Louis, MO) unless 
specified.

Human liVeR tissues
Human HCC and CCA tissues and adjacent non-

tumor tissues collected during liver resection were 
used in this study, which was approved by institu-
tional review boards of Cedars-Sinai Medical Center 
and Keck School of Medicine, University of Southern 
California. All human materials were obtained with 
patients’ informed consent. Both tumor and nontumor 
adjacent tissues were histologically verified by pathol-
ogists at the respective institutes. All tissues samples 
were de-identified and then frozen in liquid nitrogen 
for long-term storage.

animal eXpeRiments
Animals were bred, maintained, and cared for as per 

National Institutes of Health (NIH) guidelines, and 
protocols were approved by the Institutional Animal 
Care and Use Committee of Cedars-Sinai Medical 
Center, Los Angeles, CA. Liver-specific Phb1 KO 

mice were generated as described.(8) Liver tissues from 
3-week-old male and female Phb1flox/flox;AlbuminCre 

(hereafter, Phb1 KO) mice and Flox wild-type con-
trol (WT) littermates were used for various analyses 
described in this study.

Cell CultuRe
Human hepatoblastoma cell line HepG2 was pur-

chased from the American Type Culture Collection. 
HepG2, Huh7, and Hep3B cell lines were cultured as 
described.(9,16)

QuantitatiVe Real-time 
polymeRase CHain ReaCtion

Total RNA was isolated using the column-based 
purification method according to the manufacturer’s 
protocol (Quick-RNA MiniPrep; Zymo Research, 
Irvine, CA). Quantitative real-time polymerase chain 
reaction (qPCR) was performed as described.(9) 
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh; 
mouse) or hypoxanthine phospho ribosyl transferase 
1 (HPRT1; human) were used for normalizing gene 
expression. Gene-specific primers were designed by 
the Roche assay design method and purchased from 
Eurofins MWG Operon USA (Louisville, KY). The 
probes and primers used in this study are listed in 
Supporting Tables S1 and S2.

gene silenCing anD 
oVeReXpRession IN VITRO

We seeded 1.5 × 105 cells in six-well plates for 
PHB1 or E2F1 overexpression or silencing as 
described.(9) E2F1 plasmid was purchased from 
Addgene (Cambridge, MA). For gene knockdown, 
prevalidated Silencer Select small interfering (si)
RNAs against human PHB1, E2F1, or universal 
negative siRNA control (NC) (Thermo Scientific, 
Waltham, MA) were reverse transfected into cells 
at a dose of 20 nM in six-well plates by using 
Lipofectamine RNAiMAX transfection reagent 
(Invitrogen, Carlsbad, CA). Primary mouse hepato-
cytes were isolated from C57B6J mice ( Jackson 
Laboratory, Bar Harbor, ME) as described below 
and were plated on collagen precoated tissue culture 
plates. Cells were forward transfected with siRNA 
against mouse Phb1 or NC for 24 hours.
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Cell isolation FRom mouse 
liVeR

Hepatocytes and nonparenchymal cells were iso-
lated by following published protocols(17) with minor 
modifications. Mouse liver was perfused with collage-
nase for 15 minutes, and hepatocytes were isolated by 
centrifugation at 50g for 1 minute at 4°C. Total non-
parenchymal cells were isolated after three serial cen-
trifugations at 50g for 1 minute to remove hepatocytes, 
and finally nonparenchymal cell fractions were pelleted 
at 200g for 7 minutes at 4oC. Freshly isolated mouse 
hepatocytes were used for in vitro Phb1 silencing as 
described previously.

immunoFluoResCenCe 
staining

WT and Phb1 KO mice livers were fixed in 4% 
paraformaldehyde (Poly Sciences, Warrington, PA) 
and processed for histology analysis. A 5-μm-thick 
paraffin-embedded liver tissue section was used 
for immunofluorescence staining as described.(18) 
Primary antibodies used in this study are listed in 
Supporting Table S3. Fluorescence signals were 
detected by using Cy3 ( Jackson Immuno Research 
Laboratories, West Grove, PA) or Alexa Fluor488 
(Abcam, Cambridge, United Kingdom) conju-
gated secondary antibodies. Images were acquired 
with a KEYENCE BZ-X710 inverted fluorescent 
microscope (KEYENCE Corporation of America,  
Itasca, IL).

CHRomatin 
immunopReCipitation assay

Putative E2F1 binding sites were identified by 
ALGGEN PROMO version 3.0.2 prediction soft-
ware. E2F1 binding to mouse Wnt10a and human 
WNT9A promoters was examined by chromatin immu-
noprecipitation (ChIP) assay using the EpiTect ChIP 
OneDay kit (Qiagen, Valencia, CA) according to the 
manufacturer’s instructions. Briefly, cross-linked and 
precleared chromatin was immunoprecipitated with 2 
µg E2F1 antibody for 16 hours. Immunoprecipitated 
chromatin was washed and reverse cross-linked fol-
lowed by genomic DNA isolation. qPCR was per-
formed using ChIP primers (provided in Supporting 
Table S2). Relative target occupancy was determined 
as described.(9)

WesteRn Blot analysis
Total tissue or cell lysates were prepared by using 

modified radioimmunoprecipitation assay buffer 
with a protease and phosphatase inhibitor cocktail 
(Sigma-Aldrich) and performed western blotting as 
described.(9,18) Densitometry analyses and quantifica-
tion of western blots were determined using ImageJ 
software version 1.50i (NIH).

tCF pRomoteR aCtiVity assay
TCF promoter activity was measured by the 

TOPFlash and FOPFlash assay methods.(19) After 
24 hours of PHB1 knockdown or overexpression in 
HepG2 cells, cells were transfected with Renilla plas-
mid (0.1 µg) and TOPFlash or FOPFlash plasmids (1 
µg) (Addgene), which specifically measures β-catenin/
TCF transcriptional activity. Cells were grown for an 
additional 24 hours. Twenty-four hours after luciferase 
plasmid transfection in control HepG2 cells in exper-
iments with conditioned media, media was changed 
to conditioned media collected from siPHB1 or NC 
siRNA-transfected HepG2 cells for an additional 24 
hours. Luminescence produced by Firefly and Renilla 
luciferase was measured with a Tecan GENios spec-
trophotometer (Tecan, Männedorf, Switzerland) 
using the DualGlo Luciferase assay system (Promega, 
Madison, WI). Relative luciferase activity was reported 
as fold induction after normalization to Renilla lucif-
erase values.

statistiCal analysis
Data are expressed as mean ± SEM values. Statistical 

analysis was performed using analysis of variance and 
Fisher’s exact test. Expression levels of genes and pro-
teins were normalized to respective housekeeping 
genes and proteins, and fold change was represented. 
Significance was defined by P < 0.05.

Results
Wnt-Beta-Catenin signaling 
is aCtiVateD in Phb1 Ko miCe 
liVeRs

Previously we demonstrated that Phb1 KO mice 
exhibit severe liver injury and develop HCC by 7-8 
months of age.(8) Analysis of 3-week-old Phb1 KO 
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livers showed increased proliferation of hepatocytes 
as determined by a large increase in the number of 
Ki67positive [pos] hepatocyte nuclear factor 4 (HNF4)alp-
hapos cells in KO livers compared to WT livers (Fig. 1A).  
Moreover, there was a 3-fold to 5-fold increase in 
the expression of the WNT target genes cyclin E1 
(Ccne1) and Myc proto-oncogene (c-Myc) in Phb1 
KO livers compared to WT controls (Fig. 1B). We 
also previously showed a significant increase in cyclin 
D1 (Ccnd1) expression in Phb1 KO livers compared 
to WT littermates.(8) Based on these observations, we 
tested the hypothesis that WNT-beta-catenin signal-
ing is activated in Phb1 KO livers and that this activa-
tion might drive the extensive regenerative response 
and tumorigenesis in Phb1 KO livers. GSK3beta is 
a critical regulator of canonical WNT-beta-catenin 
signaling, and its activity is negatively regulated by its 
phosphorylation on Ser9 by protein kinases, such as 
AKT.(20,21) We found that GSK3betaSer9 phosphoryla-
tion but not its total content increased 2.5-fold in Phb1 
KO livers compared to WT controls (Fig. 1C). Next, 
we investigated whether the upstream kinase AKT is 
activated in Phb1 KO livers. AKT activity is regulated 
by multiple amino acid residue phosphorylation events 
for which Ser473 phosphorylation is required for full 
AKT activity.(22) AKTSer473 phosphorylation increased 
by approximately 50% in Phb1 KO livers compared to 
WT controls (Fig. 1D).

multiple Wnt liganDs aRe 
inDuCeD in Phb1 Ko liVeRs

WNT signaling initiates when WNT ligands bind 
to Frizzled/LRP5/6, the transmembrane receptors 
complex. To test whether activation of WNT sig-
naling in Phb1 KO livers is associated with increased 
expression of WNT ligands, qPCR was performed 
on RNA extracted from total livers of KO and WT 
mice. We found Wnt7a (79-fold), Wnt10a (12-fold), 
and Wnt16 (48-fold) were significantly increased in 
Phb1 KO livers compared to WT controls (Fig. 2A ).  
Wnt10b (4.6-fold) and Wnt4 (2.5-fold) were also 
increased to a lesser extent in KO livers (Fig. 2A). 
WNT ligands and Frizzled receptors that were 
not detected/changed in KO livers are shown in 
Supporting Fig. S1A,B. Analysis of Phb1 KO liv-
ers also revealed increased expression of epitheli-
al-mesenchymal transition (EMT) markers, such 
as Vimentin and Snail family zinc finger 1 (Snai1) 
(Supporting Fig. S2A).

Wnt liganDs aRe inDuCeD 
in HepatoCytes anD 
nonpaRenCHymal Cells in 
Phb1 Ko liVeRs

To determine the cellular origin of WNT ligands 
in Phb1 KO livers, hepatocytes and nonparenchy-
mal cells were fractionated from WT and KO liv-
ers. qPCR data demonstrated that WNT ligands are 
mainly derived from the hepatocyte fraction. There 
was a 50-fold to 60-fold increase in the mRNA levels 
of Wnt7a and Wnt10a and about a 30-fold increase 
in Wnt16 in KO hepatocytes compared to hepato-
cytes from WT controls (Fig. 2B). All three Wnt 
ligands were also significantly increased in the non-
parenchymal cell fraction but to a much lower extent 
(Fig. 2C). To confirm that hepatocytes express WNT 
ligands, co-immunofluorescence was performed on 
paraffin-embedded liver sections prepared from Phb1 
KO and WT mice. Hepatocyte marker HNF4alpha 
colocalization with WNT7a, WNT10a, and WNT16 
further confirmed hepatocyte expression of WNT 
ligands in Phb1 KO liver (Fig. 2D,E,F). In KO livers 
we found several small nonhepatocyte cells that also 
stained positive for WNT10a. Immunostaining with 
mesenchymal marker colocalization was not con-
clusive due to nonspecific staining; hence, we could 
not determine the nonparenchymal cell types that 
expressed WNT ligands. To further validate whether 
Phb1 deletion directly influenced the expression of 
WNT ligands in hepatocytes, Phb1 silencing was per-
formed using in vitro cultured mouse primary hepato-
cytes for 24 hours. Both Wnt7a and Wnt10a mRNA 
levels increased by 30%-70% after ~75% silencing of 
Phb1 (Fig. 3A,B). Wnt16 expression was undetectable 
in primary hepatocytes after 24 hours of silencing 
Phb1 in vitro compared to NC.

inCReaseD e2F1 BinDing to 
Wnt10a pRomoteR in Phb1 Ko 
liVeRs

Studies have demonstrated that PHB1 directly 
interacts with the retinoblastoma protein (Rb) and 
negatively regulates E2F1 function.(3,23,24) Because 
Wnt10a and Wnt7a were induced both in vivo and 
in vitro in normal mouse hepatocytes when Phb1 was 
silenced, we examined whether their induction in Phb1 
KO hepatocytes is mediated by E2F1. Putative E2F1 
binding sites were identified in the Wnt7a and Wnt10a 
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Fig. 1. Increased cell proliferation and activation of WNT signaling in 3-week-old Phb1 KO livers. (A) Paraffin-embedded liver 
sections from 3-week-old Phb1 KO mice and WT controls were subjected to co-immunofluorescence staining for proliferation marker 
Ki67 (green) with hepatocyte marker HNF4alpha (red) and control IgG (staining control). Nuclei are stained with DAPI (blue). 
Images represent three independent staining on four different KO and WT livers. Scale bar, 25 m. (B) Increased expression of WNT 
target genes in Phb1 KO liver. Total RNA was prepared from 3-week-old WT and Phb1KO livers and subjected to qPCR as described 
in Materials and Methods. Relative expressions of c-Myc and Ccne1 were compared with WT controls. Results represent mean ± 
SEM from n = 7 mice in each group; *P < 0.01 versus WT. Total protein was extracted from 3-week-old Phb1 KO and WT livers and 
immunoblotted for (C) p-GSK3betaSer9, total GSK3beta, and beta-ACTIN and (D) p-AKTSer473, total AKT, and beta-ACTIN. 
Representative blots are shown. Protein band intensity was quantified by densitometry analysis by ImageJ software (NIH). The ratio 
between normalized phospho/total protein band intensities was calculated, then mean activation fold was represented over WT. Results 
represent mean ± SEM from n = 7 mice in each group; * P < 0.05 versus WT. Abbreviations: c-Myc, Myc Proto-oncogene; DAPI, 
4 ,́6-diamidino-2-phenylindole.
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Fig. 2. Induction of multiple WNT ligands in 3-week-old Phb1 KO livers. (A) Total RNA was isolated from 3-week-old Phb1 KO and 
WT control livers, and qPCR was performed as described in Materials and Methods. Relative expression levels of Wnt4, Wnt7a, Wnt10a, 
Wnt10b, and Wnt16 were compared to WT control livers. Results represent mean ± SEM from n = 7 mice per group; #P < 0.001, *P < 0.05 
versus WT. (B) Total RNA was prepared from hepatocytes isolated from 3-week-old Phb1 KO and WT livers and subjected to qPCR. 
Relative expression of Wnt7a, Wnt10, and Wnt16 was compared to hepatocytes from WT control livers; n = 4 mice in each group; #P < 
0.001 versus WT. (C) Total RNA was prepared from nonparenchymal cells isolated from Phb1 KO and WT control livers, and qPCR was 
performed as described in Materials and Methods. Relative expression of Wnt7a, Wnt10a, and Wnt16 was compared to the nonparenchymal 
fraction from WT controls; n = 4 per group; #P < 0.001 versus WT. (D-F) Paraffin-embedded liver sections from 3-week-old Phb1 KO and 
WT mice were subjected to co-immunofluorescence staining for hepatocyte marker HNF4alpha (red) with (D) WNT7a, (E) WNT10a, 
and (F) WNT16. IgG staining was performed in parallel to determine nonspecific staining for each antibody. Nuclei are stained with 
DAPI (blue). Images represent three to four independent stainings on four different KO and WT livers. Scale bar, 25 m. Stained areas 
seen in the IgG control of Phb1 KO livers are nonspecific staining of the necrotic areas in the liver. Inset is a representation of marked area 
just to show localization (~6x of the marked area with dashed white lines). Abbreviation: DAPI, 4 ,́6-diamidino-2-phenylindole.
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promoter sequence using ALGGEN PROMO pre-
diction software. The putative E2F1 binding sites 
in the Wnt10a promoter sequence are shown in Fig. 
3C. ChIP assay followed by qPCR showed a 4-fold 
increase in E2F1 binding to the Wnt10a promoter in 
Phb1 KO livers tissues compared to WT controls (Fig. 
3D); however, we were not able to detect clear E2F1 
binding to the Wnt7a promoter between the KO and 
WT livers by ChIP assay (data not shown).

pHB1 negatiVely Regulates 
CanoniCal Wnt signaling in 
Hepg2 Cells

Next, we examined whether PHB1 regulates WNT 
signaling in HepG2 cells, a human liver cancer cell 
line. PHB1 silencing by 70% resulted in a 3-fold 
increase in TCF promoter activity when compared to 
the NC as determined by TOPFlash assay (Fig. 4A,B). 

Fig. 3. Increased binding of E2F1 to the Wnt10a promoter in Phb1 KO livers. (A,B) Phb1 silencing in mouse primary hepatocytes 
induced Wnt7a and Wnt10a. Total RNA and protein were prepared and subjected to qPCR and western blot, respectively. Relative 
expression was represented as fold induction compared to NC; n = 3; *P < 0.05 versus NC. (C) Predicted E2F1 binding sites in the mouse 
Wnt10a (Accession ID, U61969.1) sequence as determined by ALGGEN PROMO Transcription Factor bindings prediction software. 
Transcription start site is shown as bold with GGC underlined. Underlined sequences represent primer sequences used for ChIP PCR 
assay. (D,E) E2F1 binding to the promoter was determined by ChIP assay of chromatin prepared from 3-week-old Phb1 KO and WT 
mice livers. ChIP assay was performed as described in the Materials and Methods. Relative target site occupancy is represented as fold 
over WT control. Results represent mean ± SEM from six WT and KO livers in duplicate experiments; *P < 0.05 versus WT.
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PHB1 silencing in HepG2 cells increased the phos-
phorylation of GSK3betaSer9 (inactive) by 3-fold and 
AKT phosphorylation at Ser473 (active) by 50% (Fig. 
4C,D). On the other hand, overexpression of PHB1 by 
50% in HepG2 cells resulted in a 60% decrease in TCF 

promoter activity compared to empty vector transfected 
cells (Fig. 5A,B). Western blot analysis further showed 
that phosphorylation of AKTSer473 and GSK3betaSer9 
was reduced by 40%-60% in PHB1 overexpressing 
HepG2 cells compared to controls (Fig. 5C,D).

Fig. 4. Effect of PHB1 silencing on WNT signaling in HepG2 cells. HepG2 cells were forward transfected with PHB1 siRNA or NC. 
(A) Total protein was prepared from transfected cells, and western blot was performed for PHB1 and beta-ACTIN. The graph below 
represents the densitometry quantification of PHB1 expression level normalized to beta-ACTIN. Results represent mean ± SEM; n = 3;  
*P < 0.05 versus NC. (B) PHB1 was silenced in HepG2 cells for 24 hours and cotransfected with a TCF TOPFlash reporter or 
its mutant FOPFlash plasmid for an additional 24 hours. Luciferase activity was measured using the Promega luciferase assay kit 
and normalized to Renilla luciferase activity; fold increase in promoter activity is shown. Results represent mean ± SEM from three 
independent experiments performed in duplicates. #P < 0.005 versus NC TOPFlash. (C) Western blot analysis of pGSK3betaSer9, 
total GSK3beta, and beta-ACTIN and (D) pAKTSer473, total AKT, and beta-ACTIN in PHB1-silenced HepG2 cells. Densitometry 
quantification of the protein band intensity was performed using ImageJ software (NIH). Ratios were calculated to determine fold 
induction and activation. Results represent mean ± SEM from three independent experiments; *P < 0.05 versus NC.
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pHB1 silenCing Causes 
inDuCtion oF multiple Wnt 
liganDs in HCC Cells

An examination of WNT ligands that are increased 
in PHB1-silenced HepG2 cells by real-time (RT)2-
WNT-PCR array (data not shown) (Qiagen Inc., 
Germantown, MD) followed by qPCR revealed a 

multiple WNT ligand induction profile, which was 
slightly different from Phb1 KO livers. Like Phb1 KO 
livers, HepG2 cells exhibited an induction of WNT10A 
following PHB1 silencing (Fig. 6A). However, unlike 
Phb1 KO livers, PHB1 silencing for 48 hours induced 
WNT11 and WNT9A at much higher levels compared 
to the NCs (Fig. 6A), whereas WNT7A and WNT16 
were undetectable in HepG2 cells. A similar trend of 

Fig. 5. PHB1 overexpression down-regulates WNT signaling in HepG2 cells. (A) HepG2 cells were transfected with EV or PHB1 
OE vector in DDK tag, and western blot was performed. The graph represents densitometry quantification of PHB1 expression 
normalized to beta-ACTIN. Results represent mean ± SEM; n = 3; *P < 0.05 versus EV. (B) HepG2 cells were transfected with EV or 
PHB1 OE vector. After 24 hours, cells were cotransfected with TCF-TOPFlash reporter or its mutant plasmid FOPFlash. Luciferase 
activity was measured and normalized to Renilla luciferase activity; fold change in promoter activity is shown. Results represent mean 
± SEM from three independent experiments performed in duplicates. #P < 0.005 versus TOPFlash EV. (C) Western blot analysis of 
pGSK3betaSer9, total GSK3beta, and beta-ACTIN and (D) pAKTSer473, total AKT, and beta-ACTIN in PHB1 OE HepG2 cells. 
Densitometry quantification of protein band intensity was performed using ImageJ (NIH), and ratios were calculated to determine fold 
change and activation. Results represent mean ± SEM from three independent experiments; *P < 0.05 versus EV.
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Fig. 6. WNT9A induction by PHB1 silencing is E2F1 dependent. (A) Effect of PHB1 silencing on WNT ligand induction in HepG2 
cells. HepG2 cells were forward transfected with NC or PHB1 siRNA for 24 hours and 48 hours. Relative expression of WNT9A, 
WNT10A, WNT16, and PHB1 was compared to the NC. Results represent mean ± SEM from three independent experiments;  
#P < 0.001, *P < 0.05 versus NC. (B) Effect of PHB1 and E2F1 cosilencing for 48 hours on WNT9A expression in HepG2 cells. Results 
represent mean ± SEM from three independent experiments performed in duplicates; #P < 0.001 for siPHB1 versus NC, siPHB1 
versus siPHB1+siE2F1. (C) Effect of PHB1 cosilencing with E2F1 overexpression on WNT9A levels in HepG2 cells. Results represent 
mean ± SEM from three independent experiments performed in duplicates. #P < 0.001 for siPHB1 versus NC, EV versus E2F1 OE, 
siPHB1 versus siPHB1+E2F1 OE, E2F1 OE versus siPHB1+E2F1 OE. (D) Effect of E2F1 OE for 48 hours in conjunction with 72 
hours of PHB1 silencing on phosphorylation of GSK3betaSer9. Data represent two independent experiments. (E) Effect of E2F1 OE 
for 48 hours in conjunction with 72 hours of PHB1 silencing on CCND1 mRNA levels. Data represent three independent experiments;  
*P < 0.05 versus NC/EV, #P < 0.05 versus siPHB1 and E2F1 OE. (F) Effect of PHB1 silencing and E2F1 overexpression as in (E) on 
the expression of anti-apoptotic protein SURVIVIN in HepG2 cells. Data represent two independent experiments.
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multiple WNT ligand induction with PHB1 silencing 
was also observed in two other HCC cell lines, Huh7 
and Hep3B (Supporting Fig. S3). Similar to Phb1 KO 
livers, PHB1 silencing in HepG2 cells also resulted in 
the induction of the EMT markers VIMENTIN and 
zinc finger E-box binding homeobox 2 (ZEB2), but 
no change in SNAI1 level was observed (Supporting 
Fig. S2B). To determine whether WNT ligands 
induced in the absence of PHB1 silencing are secreted 
as functional proteins to induce downstream signaling 
activation in a paracrine fashion, conditioned media 
from PHB1-silenced cells were tested for WNT sig-
naling activation in HepG2 cells by TOPFlash assay. 
siPHB1-conditioned media caused a 50% increase 
in TCF promoter activity compared to control siR-
NA-conditioned media (Supporting Fig. S4).

Because we found increased binding of E2F1 to 
Wnt10a promoter in Phb1 KO livers, we examined 
whether E2F1 has any regulatory role in WNT9A (a 
ligand that is induced at the highest level) induction 
in response to PHB1 silencing in HepG2 cells. E2F1 
was cosilenced with PHB1 for 48 hours in HepG2 
cells, and the level of WNT9A mRNA was measured. 
E2F1 silencing alone did not change the expression 
of WNT9A compared to the control. However, cosi-
lencing with PHB1 caused about a 40% decrease in 
WNT9A induction compared to PHB1 silencing alone 
(Fig. 6B). Conversely, E2F1 overexpression for 48 
hours in conjunction with 72 hours PHB1 silencing 
caused an ~8-fold increase in WNT9A mRNA expres-
sion compared to PHB1 silencing alone and ~5-fold 
increase compared to E2F1 overexpression alone (Fig. 
6C). PHB1 silencing also caused down-regulation 
of protein and mRNA levels of E2F1 by 40%-60%, 
respectively (Supporting Fig. S5). Increased WNT 
ligand induction by E2F1 in conjunction with PHB1 
silencing caused an activation of WNT signaling in 
HepG2 cells as determined by increased GSK3betaSer9 
phosphorylation and expression of WNT target gene 
CCND1 (Fig. 6D,E). Because E2F1 can induce both 
cell proliferation and apoptosis, we checked the levels 
of SURVIVIN, an anti-apoptotic protein. E2F1 over-
expression for 48 hours along with PHB1 silencing for 
72 hours did not change SURVIVIN protein levels in 
HepG2 cells (Fig. 6F).

To determine whether E2F1 regulates WNT9A 
transcription in HepG2 cells, we examined the pro-
moter sequence of WNT9A for putative E2F1 bind-
ing sites. Following analysis of the human WNT9A 
promoter sequence by PROMO prediction software, 
we found that WNT9A promoter has several putative 

E2F1 binding sites (Fig. 7A). We then performed ChIP 
assays to investigate the functional role of E2F1 bind-
ing to the WNT9A promoter on its induction in the 
absence of PHB1. We found nearly a 3.3-fold increase 
in E2F1 binding to the WNT9A promoter in PHB1-
silenced HepG2 cells compared to the NC (Fig. 7B). 
Next, we performed ChIP assays to determine whether 
E2F1 overexpression in a setting of PHB1 silencing 
resulted in increased WNT9A promoter binding that 
potentially correlated with increased levels of WNT9A 
induction. Our results showed that E2F1 binding to 
the WNT9A promoter was significantly increased 
under a PHB1-silenced condition when compared to 
E2F1 overexpression in the presence of endogenous 
PHB1 (Fig. 7C).

eXpRession patteRn oF Wnt 
liganDs WitH DeCReaseD PHB1 
eXpRession in Human liVeR 
CanCeRs

Our previous study demonstrated that the expres-
sion of PHB1 is significantly down-regulated in 
human HCC and CCA tissues compared to nontu-
mor adjacent tissues.(10) To determine whether PHB1 
down-regulation is associated with induction of WNT 
ligands in HCC, we analyzed CCA tissues and the 
publicly available Gene Expression Omnibus (GEO) 
database. These analyses showed that in many patients 
where PHB1 expression was down-regulated, there was 
increased expression of at least one of the WNT ligands 
(WNT9A, WNT10A, or WNT7A) that we identified 
either in Phb1  KO liver or PHB1 silenced HepG2 cells 
in up to 45%-49% of the cases (Table 1). The values 
that are underlined in Table 1 depict the number/per-
centages of cases with decreased PHB1 expression that 
exhibited increased WNT ligand expression compared 
to controls. Additional GEO data sets with up-regu-
lated WNT ligands in human HCC tissues were also 
identified; however, expression data for PHB1 were not 
available for the same data sets and therefore were not 
included (data not shown). This analysis showed a high-
level heterogeneous and dynamic expression pattern of 
WNT ligands and PHB1 in human HCC liver tissues.

Discussion
PHB1 is a ubiquitously expressed chaperone pro-

tein localized to various cellular compartments, 
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including the nucleus, plasma membrane, cytoplasm, 
and mitochondria, with distinct functions.(7) PHB1 
was originally discovered to be down-regulated in 
regenerating rat liver and as a consequence was thought 
to be a tumor suppressor.(1) However, conflicting stud-
ies showing the role of PHB1 as an oncogene have also 
been reported.(25) Previous studies from our laboratory 
have reported that liver-specific Phb1 gene deletion in 
mice causes spontaneous injury, inflammation, bile 
duct metaplasia, and HCC.(8) Deregulated regen-
erative response and inflammation often predispose 
tissues to tumorigenesis, and therefore timely regula-
tion of these signaling pathways is critical for tissue 
homeostasis to prevent malignant transformation.(15) 

Although chronic inflammation in the liver-specific 
Phb1 KO mouse could have contributed to HCC for-
mation, our recent studies show PHB1 acts directly as 
a tumor suppressor in the liver by negatively regulating 
the H19-IGF2 axis(9) and the E-box element as a het-
erodimer with MYC-associated factor X (MAX).(10) 
In this study, we investigated the link between PHB1 
and one of the major tissue regenerative and oncogenic 
pathways, WNT-beta-catenin signaling. Our data 
show that PHB1 acts as a negative regulator of WNT 
signaling by suppressing the mRNA levels of multiple 
WNT ligands, in part through an E2F1-dependent 
mechanism. PHB1 deletion resulted in the activation of 
AKT and inactivation of GSK3beta (phosphorylated 

taBle 1. eXpRession patteRn oF Wnt liganDs anD pHB1 in Human HCC/CCa

GSE Serial 
# Description

Total 
Cases

Expression Ratio: HCC/Adjacent Nontumor Control

PHB1 WNT9A WNT10A WNT7A

Down Up Up Up

GSE76427 Microarray expression data for tumor and 
adjacent nontumor tissues from patients 
with HCC

114 57 (50%) 67 (58%) 28 (49%) 39 (34%) 27 (47%) 29 (25%) 18 (32%)

GSE6764 Early HCC versus normal liver tissue 18 14 (78%) 7 (39%) 5 (36%) 2 (11%) 1 (7%) 2 (11%) 1 (7%)

GSE14323 RNA expression data for liver samples from 
subjects with HCC or normal liver

38 18 (47%) n/a n/a 13 (34%) 5 (28%)

GSE60502 Gene expression profiling of HCC and 
adjacent nontumorous liver tissue

18 11 (61%) n/a n/a 9 (50%) 5 (45%)

GSE22058 mRNAs from paired tumor and adjacent 
nontumor tissues from patients with HCC

100 55 (55%) 42 (42%) 22 (40%) 13 (13%) 10 (40%) 16 (16%) 5 (9%)

HCC tissues mRNA levels in paired tumor/adjacent 
nontumor tissue and by qPCR assay

18 pairs 9 (50%) 8 (44%) 4 (44%) 8 (44%) 5 (56%) 2 (11%) 1 (11%)

CCA tissues mRNA levels in paired tumor/adjacent 
nontumor tissue and by qPCR assay 

7 pairs 5 (71%) 5 (71%) 3 (60%) 5 (71%) 5 (100%) 6 (86%) 4 (86%)

Publicly available National Center for Biotechnology Information–GEO data sets as well as HCC/CCA tissues were analyzed to de-
termine the pattern of PHB1 and WNT ligand expression. Upper row in each WNT category is the number (percentage) of patients 
with respective up-regulated WNT ligand expression compared to the total number of cases. Values that are underlined are the num-
ber/percentage of patients with both WNT up-regulation and PHB1 down-regulation.
Abbreviation: GSE, gene series.

Fig. 7. PHB1 silencing leads to increased E2F1 binding to the WNT9A promoter in HepG2 cells. (A) Predicted E2F1 binding sites 
(in bold) in the human WNT9A (Accession ID, HM015601.1) sequence was determined by ALGGEN PROMO transcription factor 
bindings prediction software. Transcription start site is gcg underlined in bold. Sequences that are underlined are primer sequences 
used for the ChIP assay. (B) E2F1 binding to the WNT9A promoter was determined by ChIP assay. Chromatin was prepared from 
NC and PHB1-silenced HepG2 cells, and ChIP assay was performed as described in Materials and Methods. Relative target site 
occupancy is represented as fold over NC. Results represent mean ± SEM from three independent experiments in duplicates; *P < 0.05 
versus NC. (C) Effect of E2F1 OE for 48 hours in conjunction with 72 hours of PHB1 silencing on E2F1 binding to the WNT9A 
promoter in HepG2 cells. Results represent mean ± SEM from three to six independent experiments in duplicates; *P < 0.05 versus 
NC/EV, #P < 0.05 E2F1 OE versus E2F1 OE+siPHB1. (D) Summary demonstrating the potential role of PHB1 in modulating WNT 
signaling in Phb1 KO livers and HepG2 cells. PHB1 deletion leads to induction of WNT ligands in an E2F1-dependent manner. WNT 
ligands induce downstream activation of WNT-beta-catenin signaling through the AKT-GSK3beta signaling pathway. This results in 
increased TCF transcriptional activity and cell proliferation. Abbreviations: APC, adenomatous polyposis coli; c-MYC, Myc Proto-
Oncogene; FzD, Frizzled.
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form), a critical negative regulator of canonical WNT 
signaling both in vivo in Phb1 KO livers and in PHB1-
silenced HepG2 cells, with increased TCF promoter 
activity. Conversely PHB1 overexpression in HepG2 
cells resulted in the reverse effect. Therefore, both in 
vivo and in vitro findings from our study unequivocally 
show that PHB1 negatively regulates canonical WNT 
signaling in murine liver and HepG2 cells. Activation 
of AKT and inactivation of GSK3beta leads to stabi-
lization of beta-catenin followed by its nuclear trans-
location and transcriptional activation of WNT target 
genes. GSK3beta is a negative regulator of WNT sig-
naling and acts as a tumor suppressor by promoting 
beta-catenin ubiquitination.(26)

Although PHB1 was originally described as a 
mitochondrial chaperone protein, it has diverse func-
tions.(7,27,28) In addition to serving as a negative 
 regulator of H19-IGF2 signaling and E-box-driven 
promoter activity in hepatocytes,(9,10) PHB1 has  
also been shown to increase the transcriptional activity 
of p53 in breast and prostate cancer cells.(29) Despite 
these reports, the role of PHB1 as a tumor suppressor 
is controversial, and its expression is increased in many 
types of cancer where it has been shown to promote 
cell proliferation. PHB1 was found to be required for 
Ras-mediated Raf activation and potentially acts as 
a scaffold protein in the plasma membrane of HeLa 
cells,(25) whereas PHB1 expression was associated 
with increased drug resistance in uterine and lung 
cancer cells.(30) Cumulatively, these findings suggest 
that PHB1 function is greatly influenced by the cell 
type, cellular localization, and potentially interacting 
proteins.

Phb1 deletion in mice as well as in vitro PHB1 
silencing in HepG2 cells induced expression of mul-
tiple WNT ligands at variable levels. Of the 19 WNT 
ligands, Wnt7a exhibited the highest expression com-
pared to the other ligands in Phb1 KO livers. Although 
the expression of Wnt10a is much lower compared to 
Wnt7a in total liver, KO hepatocytes expressed simi-
larly high levels of Wnt7a and Wnt10a compared to 
the nonparenchymal cell fraction isolated from KO 
livers. Because liver-specific Phb1 knockdown is medi-
ated through the Albumin;Cre promoter, in vivo Phb1 
deletion occurs only in hepatocytes and cholangiocytes 
compared to other liver cell types. Therefore, the high 
level of Wnt7a and Wnt10a induction in Phb1 KO 
hepatocytes is a direct effect of PHB1 knockdown. 
This was further confirmed by in vitro Phb1 silencing 
in mouse primary hepatocytes and WNT7a/WNT10a 
co-immunofluorescence staining with hepatocyte 

marker HNF4alpha. Overall induction of Wnt10a and 
Wnt7a after 24 hours of in vitro Phb1 silencing was 
lower in mouse primary hepatocytes compared to Phb1 
KO livers. The expression pattern may be time depen-
dent and could explain why Wnt16 was below detection 
level in primary hepatocytes. In addition to hepato-
cytes, the nonparenchymal cell fraction also expressed 
higher levels of Wnt7a, Wnt10a, and Wnt16 mRNA in 
Phb1 KO livers compared to WT controls. Phb1 KO 
livers are characterized by extensive injury, inflamma-
tion, and regenerative response.(8) Nonparenchymal 
cells are known sources of cytokines and growth fac-
tors during liver regeneration. Therefore, it is likely 
that nonparenchymal cells are also an indirect source 
of WNT ligands in Phb1 KO livers. Studies have 
shown that macrophages are the main source of WNT 
in experimental models of liver and intestinal injury 
and regeneration.(31,32) Increased WNT signaling in 
inflammatory macrophages has been associated with 
CCA growth in experimental models.(33) WNT sig-
naling has been shown to play a critical role in hepato-
biliary repair during cholestatic liver injury models.(34) 
Therefore, increased WNT ligand expression from 
hepatocytes and nonparenchymal cells and down-
stream activation of this pathway could be one of the 
mechanisms that is responsible for increased cellular 
proliferation, regenerative response, and development 
of HCC and CCA in Phb1 KO mice livers.

The pattern of WNT ligand induction in PHB1-
silenced HCC cells is different from Phb1 KO livers 
in that these cells did not exhibit WNT7A expression; 
instead, other ligands were induced, such as WNT9A, 
as well as WNT11 and WNT10A to a lesser extent. The 
difference could be attributed to the overall genetic/
epigenetic differences between HCC cells and nor-
mal mouse hepatocytes. Moreover, the Phb1 KO liver 
represents an in vivo system where the normal regen-
erative response is highly deregulated in addition to 
extensive liver necrosis and inflammation, and this 
could affect gene expression patterns in hepatocytes 
as well. Signaling crosstalk between hepatocytes and 
nonhepatocytes in the liver during injury and regener-
ation could also influence the overall gene expression 
profile in the mouse liver. Regardless of the specific 
WNT ligands, these secreted proteins can cause similar 
cellular and physiological effects by activating down-
stream WNT-beta-catenin signaling, as we observed in 
Phb1 KO livers and in HepG2 cells. Our recent study 
showed that PHB1 is significantly down-regulated  
in human HCC and CCA.(10) The GEO database  
search found a trend toward decreased PHB1 
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expression and up-regulation of multiple WNT ligands 
in HCC and CCA tissues. However, we did not a find 
a significant inverse correlation between WNT ligands 
and PHB1 expression in these data sets, possibly due 
to high-level heterogeneity in WNT ligand expres-
sion levels among patients. Nevertheless, this suggests 
a potential association between activated WNT sig-
naling and reduced PHB1 expression in many HCC 
cases. These findings are clinically relevant and could 
be partly correlated with the underlying downstream 
molecular mechanism of liver tumorigenesis in patients 
with low levels of hepatic PHB1 expression.

An extensive expression pattern of Wnt ligands in 
mouse liver as well as in individual liver cell types has 
been reported.(35) According to this study, majority  
of Wnt ligands are expressed in embryonic liver com-
pared to adult mouse liver except Wnt4, Wnt5a, and 
Wnt5b. Many Wnt ligands were either not detected or 
expressed at low levels in 3-week-old WT control mice 
livers, which is comparable to the previous study.(35) 
Importantly, Wnt7a, Wnt10a, and Wnt16 are highly 
induced in 3-week-old Phb1 KO livers. Therefore, the 
downstream WNT signaling activation observed in 
KO livers could be the cumulative effect of induction 
of multiple WNT ligands in hepatocytes and non-
parenchymal cells. Wnt2, Wnt2b, Wnt5b, Wnt7b, and 
Wnt9a were detected in both WT and Phb1 KO liv-
ers. Expression of these WNT ligands in WT control 
livers is likely due to the difference in mouse age and 
the more sensitive assay method we used in this study 
compared to the previous report.(35)

Multiple pathways, including nuclear factor kappa 
B, transforming growth factor beta, notch, signal trans-
ducer and activator of transcription 3, and interleukin 
6, have been proposed to regulate human WNT5A 
and WNT2B at the transcriptional level. However, 
detailed molecular studies are lacking, possibly because 
of the dynamic expression pattern and multiplicity of 
these proteins.(36,37) PHB1 interacts with E2F1 and 
represses its transcriptional activity.(3,38) We found that 
E2F1 binding to the Wnt10a and WNT9A promoters 
was significantly increased in Phb1 KO livers and in 
PHB1-silenced HepG2 cells, respectively. E2F1 gene 
silencing in HepG2 cells significantly reduced PHB1 
knockdown-mediated WNT9A induction compared to 
PHB1 silencing alone, whereas its overexpression had 
the opposite effect. ChIP data further indicated that in 
the setting of PHB1 deficiency, E2F1 exhibits enhanced 
WNT9A promoter binding activity, potentially lead-
ing to WNT9A induction. This suggests that PHB1 
might act as a docking factor to negatively regulate 

E2F1-mediated WNT9A induction in HepG2 cells. 
Increased GSK3Ser9 phosphorylation and expression of 
CCND1 as well as unchanged levels of SURVIVIN, an 
anti-apoptotic protein in E2F1 overexpressing cells in 
a setting of PHB1 silencing, suggests that the E2F1-
induced WNT signaling axis in PHB1-deficient cells 
promotes cell proliferation and may surpass any apop-
totic signal induced by E2F1 under these experimen-
tal conditions in HepG2 cells. E2F1 transcriptional 
activity is highly dependent on the cell cycle.(39) Both 
oncogenic and tumor suppressive functions have been 
reported for E2F1 in murine liver,(40) whereas its expres-
sion is increased in human HCC.(41-43) Taken together, 
our results demonstrate for the first time that PHB1 
acts as a tumor suppressor, in part through suppress-
ing the canonical WNT signaling in murine liver and 
HCC cells. The molecular mechanism involves serving 
as a negative regulator of multiple WNT ligands, some 
of which may be transcriptional targets of E2F1. These 
WNT ligands can activate canonical WNT signaling 
in both paracrine and autocrine manners. Studies in 
breast and prostate cancer cells have demonstrated that 
PHB1 negatively regulates the transcriptional activity 
of E2F1 through its direct interaction with the Rb pro-
tein,(3,24,27) whereas its interaction with p53 increases 
its transcriptional activity.(29) PHB1 interacts with the 
Rb protein and inhibits E2F activity through a mecha-
nism that involves recruitment of histone deacetylase 1 
and nuclear receptor corepressor 1.(2) A previous study 
from our laboratory demonstrated that reduced PHB1 
expression in an immortalized normal mouse hepato-
cyte cell line resulted in increased E2F1 binding to the 
Ccnd1 promoter and increased expression of Ccnd1.(8) 
These findings strengthen the tumor-suppressive roles 
of PHB1 in liver, breast, and prostate cancer cells. 
Conversely, increased expression of PHB1 has been  
reported in lung, cervical, and hematologic can-
cers.(25,44,45) PHB1 function is thought to be determined 
by various factors, such as its cellular localization, cell 
types, and posttranslational modifications, that could 
result in differential protein–protein interactions and 
functional outcomes. Therefore, in-depth studies are 
required to uncover what determines PHB1 function at 
a molecular level in various cell types and cancers.

In summary, we have demonstrated a novel repres-
sive role for PHB1 in the regulation of WNT-beta-
catenin signaling, one of the major regenerative and 
oncogenic pathways in mammalian cells (Fig. 7D). 
PHB1 silencing resulted in the up-regulation of mul-
tiple WNT ligands both in vivo and in HCC cells, in 
part through increased E2F1 transactivating activity.
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