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Abstract
Prohibitin 1 is an evolutionary conserved and ubiquitously expressed protein that exerts

different biological functions depending on its subcellular localization. The role of prohibitin

1 in liver cancer is controversial as it can be pro- or anti-tumorigenic. However, most of the

studies to date have described prohibitin 1 primarily as a tumor suppressor in the liver. Its

deficiency sensitizes the liver to cholestatic liver injury, non-alcoholic fatty liver disease,

inflammatory insults, and cancer. Liver-specific Phb1-knockout mice spontaneously

develop hepatocellular carcinoma, Phb1 heterozygotes are more susceptible to develop

cholangiocarcinoma, and the majority of human hepatocellular carcinomas and cholangio-

carcinomas have reduced prohibitin 1 expression. Consistent with a tumor suppressive role in the liver, prohibitin 1 negatively

regulates proliferation in hepatocytes and human hepatocellular carcinoma and cholangiocarcinoma cell lines, and multiple

oncogenic signaling pathways are activated when prohibitin 1 is deficient. Although best known as a mitochondrial chaperone,

prohibitin 1 can protect the liver by mitochondrial-independent mechanisms. This review summarizes what’s known about

prohibitin 1’s role in liver pathology, with the focus on hepatoprotection and carcinogenesis.
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Introduction

Prohibitin 1 (PHB1) is an evolutionary conserved and
ubiquitously expressed protein with multiple biological
functions related to its subcellular localizations, post-
translational modifications (PTMs), and interactome.1

PHB1 is found in the mitochondria, nucleus, and plasma
membrane and regulates mitochondrial function, gene
expression, and cell signaling, respectively.2 PHB1 was
originally isolated from regenerating rat liver and charac-
terized as an anti-proliferative gene (hence its name).3

However, its role in cancer is controversial since both
anti-tumorigenic and pro-tumorigenic effects have been
reported even in the same organ.1 In the liver, PHB1 acts
mainly as a tumor suppressor and its deficiency results in
liver injury and cancer.4–9 This review examines the role of
PHB1 in liver pathology focusing on the how its subcellular
localizations, PTMs, and interactome may regulate its dif-
ferent functions.

Different functions and subcellular
localizations of PHB1

Several studies have attributed the multifunctionality of
PHB1 to its diverse subcellular localizations.1,2,10 PHB1’s
specific structure allows it to shuttle between subcellular
compartments. It has an N-terminal hydrophobic alpha
helix domain that acts as a membrane-anchor,11 a
“prohibitin domain” in the mid-region that is critical
for lipid raft associations,11 a C-terminus containing a
coiled-coil domain that is important for protein-protein
interactions,11 and a small nuclear localization sequence
that functions as a nuclear export signal.12 PHB1 translocates
to the plasma membrane after undergoing certain PTMs.13

Also, different stimuli induce PHB1 nuclear-mitochondrial
shuttling, like ethanol treatment in b-cells,14 estrogen in
prostate cancer cells,15 and camptothecin in breast cancer
cells.12 Nonetheless, the mechanisms regulating PHB1’s
intracellular trafficking are not fully understood.
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Mitochondrial PHB1 regulates mitochondrial turnover
and apoptosis, nuclear PHB1 regulates transcription and
cell cycle, and membrane-bound PHB1 regulates cell sig-
naling, suggesting that PHB1 localization to a specific cel-
lular compartment determines its function. PHB1 is also
present in the circulation16 and can be internalized when
added to cultured cells,17 which suggest that circulating
PHB1 may also have some regulatory role. In this section,
different biological functions of PHB1 in the mitochondria,
nucleus, and plasma membrane are further discussed.

Mitochondrial PHB1

The best-described and least controversial function of
PHB1 is as a mitochondrial chaperone. PHB1 heterodimer-
izes with its homolog PHB2 in the inner mitochondrial
membrane to form a large multimeric complex, known as
the PHB complex, to maintain the structure of mitochon-
dria and regulate their function. The PHB complex protects
newly imported proteins from being degraded by mito-
chondrial proteases, promotes mitochondrial protein syn-
thesis, maintains the organization and copy number of
mitochondrial DNA, and acts a chaperone for newly syn-
thesized mitochondrial proteins, including subunits of the
electron transport chain and the GTPase optic atrophy 1,
which regulates cristae morphogenesis and mitochondrial
dynamics.18 PHB1 is essential for normal mitochondrial
development and function and its deficiency is associated
with deficient mitochondrial biogenesis, abnormal cristae
morphology, and reduced replicative lifespan in yeast and
mammals.19 In view of the central role of PHB1 in main-
taining normal structure and function of mitochondria, it is
not surprising that its dysregulation has been associated
with aging and a variety of proliferative, degenerative, met-
abolic, and inflammatory diseases.20,21

Multiple studies have shown that PHB1 also has a major
role in cytoprotection by preventing oxidative stress and
mitochondria-mediated apoptosis.1 Whereas the absence
of PHB1 has been associated with increased generation of
reactive oxygen species (ROS) and higher sensitivity to apo-
ptotic stimuli, its overexpression prevented cell death in
cardiomyocytes.22 Two mitochondrial-related mechanisms
by which PHB1 exerts its protective role are: (1) through the
inhibition of the intrinsic apoptotic pathway by maintain-
ing the mitochondrial membrane potential and by inhibit-
ing cytochrome c release and caspase-3 activation,2 and
(2) through its interaction with the 66 kDa proto-oncogene
Src homologous-collagen homologue (Shc) adaptor protein
p66Shc, which is a major mediator of mitochondrial stress-
induced apoptosis, as observed in a variety of cell types
such as colonic and brain endothelial cells, granulosa
cells, and cardiomyocytes.1 When p66Shc is activated by
UVC or ROS, it induces the generation of mitochondrial
ROS, triggering apoptosis.23 Interaction between PHB1
and p66Shc may block this response, although the precise
mechanism remains to be defined.

Although there are few studies on the role of mitochon-
drial PHB1 in liver pathology, it is known to be essential for
normal liver function. Methionine adenosyltransferase 1A
(Mat1a)-knockout (KO) mice have reduced PHB1

expression and impaired mitochondrial function, and
spontaneously develop hepatocellular carcinoma (HCC).24

The liver specific Phb1-KO mouse model confirmed that
reduced PHB1 expression contributes to theMat1a-KO phe-
notype and similar to Mat1a-KO mice, these mice sponta-
neously develop liver injury and HCC.4 At only
threeweeks of age hepatic mitochondria of liver specific
Phb1-KO mice appear swollen and many have no discern-
ible cristae, and consistent with impaired mitochondrial
function, liver specific Phb1-KO mice have increased lipid
peroxidation and liver injury.4

Mitochondrial PHB1 exists as a heterodimer with PHB2.
These two proteins are known to stabilize each other.25 Phb2-
KO mice are, like Phb1-KO, lethal embryonically (http://
www.informatics.jax.org/external/ko/lexicon/2210.
html,19). Loss of PHB2 in mouse embryonic fibroblasts
resulted in aberrant mitochondrial cristae morphogenesis
and increased apoptosis,25 and it has been shown recently
that liver specific Phb2-KO have mitochondrial fragmenta-
tion, increased apoptosis, and increased lipid accumula-
tion.26 Whether these mice also spontaneously develop
HCC will be of interest. Outside of the mitochondria,
whether PHB1 also exists as a heterodimer with PHB2 is
not clear.

Altogether, these findings demonstrate that mitochon-
drial PHB1, along with PHB2, is hepatoprotectant.
Interestingly, although the role of mitochondrial PHB1 in
liver malignant transformation has not been studied, it has
been hypothesized in bladder cancer that it acts as an
oncoprotein.27

Nuclear PHB1

PHB1 is also localized in the nucleus where it interacts,
either directly or indirectly, with different transcription fac-
tors such as p53, retinoblastoma (Rb), E2F, apoptosis-
inducing factor (AIF), c-MYC, c-FOS, and MYC-associated
factor X (MAX), to regulate transcriptional activity.2 These
tumor suppressors and oncogenes are major regulators of
cell cycle and survival and may link the function of nuclear
PHB1 to proliferation and apoptosis. In fact, it was reported
that PHB1 nuclear accumulation can induce cell cycle arrest
and inhibit proliferation.28 PHB1 overexpression inhibited
growth of breast-cancer cells29 and androgen-dependent
prostate cancer cells,30 among others.31 In 1999, Wang
et al.32 demonstrated that PHB1 can act as a tumor suppres-
sor by interacting physically with Rb family proteins and
repressing E2F-mediated transcription. Later, they
observed that PHB1-mediated transcriptional repression
required histone-deacetylase (HDAC) activity and
co-repressors like the nuclear receptor co-repressor
(N-CoR).33 Fusaro et al.34 demonstrated that PHB1 can
also interact physically with p53 to enhance its transcrip-
tional activity. In this study, the authors showed that PHB1
induces p53-mediated transcription by enhancing its
recruitment to promoter regions. However, Jupe et al.,35

showed that the anti-proliferative activity of PHB1 resides,
at least in part, in its 30UTR region. In their study, mutations
in the 30UTR were identified in multiple human cancer cell
lines including cervical carcinoma, glioblastoma, bladder
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carcinoma, and transformed skin fibroblasts, in which the
delivery of PHB1 30UTR arrested the cell cycle.35 Years later,
the same group demonstrated that PHB1 30UTR produces a
functional RNA that functions as a tumor suppressor in
human breast cancer.36 In the last few years, our group
has identified additional mechanisms by which nuclear
PHB1 regulates gene expression that result in cytoprotec-
tion and tumor suppression in the liver. We reported that
PHB1 can directly interact with nuclear erythroid 2 p45-
related factor 2 (NRF2). Through this interaction, PHB1
serves as a co-activator of the antioxidant response element
(ARE) to positively regulate ARE-dependent genes and
provide cellular protection.37 In terms of tumor suppressive
mechanisms, PHB1 acts as a co-repressor with the CCCT-
binding factor (CTCF) on the imprinting control region
(ICR) to suppress the expression of insulin-like growth
factor 2 (IGF2) and H19 and inhibit hepatocyte prolifera-
tion.38 Furthermore, PHB1 heterodimerizes with MAX to
bind and repress E-box promoter activity, suppressing
c-MYC, MAFG, and c-MAF expression in HCC and chol-
angiocarcinoma (CCA) cells.7 PHB1 also acts as a negative
regulator of the Wingless-related integration site (WNT)/
b-catenin signaling in the liver, in part through E2F1.8

Finally, we recently showed that reduced PHB1 expression
induced interleukin-8 (IL-8) transcription by activating
nuclear factor-kappa B (NF-jB) and activator protein 1
(AP-1), which resulted in enhanced IL-8 expression and
release to promote tumorigenesis.9 PHB1 was unable to
bind to the IL-8 promoter by itself but it was able to bind
in the presence of c-JUN, a finding that suggests the possi-
bility of PHB1 acting as a co-repressor of the AP-1 site.9

Plasma membrane-associated PHB1

PHB1 also targets lipid rafts and has been detected in the
plasma membrane where it acts as a transmembrane adap-
tor to activate downstream signaling pathways.1 In multi-
ple cancer cells like cervical and pancreatic cancer cells,
membrane-bound PHB1 is required for the association of
c-RAF to the plasma membrane and the activation of RAS-
mediated RAF-mitogen-activated protein kinase kinase
(MEK)-extracellular receptor kinase (ERK) signaling.39,40

This mechanism modulates cancer cell survival and

migration, supporting the role of PHB1 as an oncoprotein.
Conversely, a study by Pan et al.41 identified membrane-
associated PHB1 as a pro-apoptosis mediator in liver fibro-
sis. Pan et al.41 demonstrated that Tan IIA – a diterpene
quinine derivative – treatment led to a predominant mem-
brane localization of PHB1 and the translocation of c-RAF
from the cytoplasm to themembrane in hepatic stellate cells
(HSCs). PHB1 silencing and loss of membrane-bound
PHB1 disrupted the PHB1/c-RAF complex, attenuating
Tan IIA-induced apoptosis of activated HSCs. It should
be noted that depletion of HSCs by apoptosis is a potential
strategy for the treatment of liver fibrosis. Regulatory
mechanisms for PHB1 plasma membrane targeting and
the reasons for the opposing effects of plasma membrane-
associated PHB1 in different cell types are largely
unknown.

Membrane-bound PHB1 can act as a receptor for certain
bacteria and viruses. For instance, PHB1 was shown to bind
to the Vi capsular polysaccharide of Salmonella typhi in
human intestinal epithelial cells.42 PHB1 has also been
shown to function as a receptor for Chikungunya virus in
microglial cells43 and dengue serotype 2 virus.44 In the liver,
hepatocyte membrane-bound PHB1 facilitates the entry of
hepatitis C virus (HCV).45

Lastly, cell membrane-associated PHB1 also acts as spe-
cific receptor in white fat blood vessels.46 PHB1 is highly
expressed in the endothelial cells of white adipose tissue in
both mice and humans and plasma membrane-bound
PHB1 mediates the internalization of an adipose-specific
peptide.46 More importantly, a specific PHB1 receptor com-
plex in the white adipose vasculature has been shown to
contribute to the induction of apoptosis in the endothelial
cells of white fat blood vessels, preventing diet-induced
obesity.47

Besides the studies on HCVand HSC, the functional role
of membrane bound PHB1 in the liver is largely unknown.

Figure 1 summarizes the PHB1’s roles in different cellu-
lar compartments.

Regulation of PHB1 expression

Although numerous publications have documented roles
of PHB1 in different diseases, little is known about how

Figure 1. PHB1’s roles in different cellular compartments. PHB1 can exert different functions depending on its subcellular localization. Plasma membrane-bound

PHB1 activates multiple signaling pathways and has been shown to function as a receptor for some viruses and bacteria in other cell types. In hepatocytes it has been

shown to facilitate HCV entry. Whether hepatocyte membrane-bound PHB1 also binds to other viruses or bacteria is unknown. Nuclear PHB1 regulates transcription

and cell proliferation by interacting with different transcription factors involved in the cell cycle. In the mitochondria, PHB1 interacts with PHB2 to form the PHB

complex and regulate processes essential for normal mitochondrial function. (A color version of this figure is available in the online journal.)
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its expression is regulated. Knowing how a gene or protein
is regulated is crucial not only to understand its functions
in both health and disease, but also to facilitate the design
of new drugs and therapies that allow its targeting. In this
section, we will summarize the known mechanisms that
regulate PHB1 at the transcriptional, post-transcriptional,
and post-translational levels.

Transcriptional regulation

The transcriptional regulation of PHB1 is not completely
understood. Increased expression of PHB1 in certain
cancers has been attributed to c-MYC binding sites in its
promoter, suggesting that c-MYC activates PHB1 transcrip-
tionally.48 However, proof of the ability of c-MYC to trans-
activate PHB1 is lacking. On the contrary, we found
that c-MYC suppresses PHB1 expression in liver cancer
cells through a mechanism involving a repressive E-box
at �256 of the PHB1 gene.7 Interestingly, while the repres-
sive E-box element in PHB1 is occupied by MAX, methio-
nine adenosyltransferase a1 (MATa1), PHB1, and Max’s
Next Tango (MNT) in normal hepatocytes and cholangio-
cytes, it switched to MAX, c-MYC, c-MAF, and MAFG in
liver cancer cells.7 These proteins exert their influence on
PHB1 transcription via this E-box so that the wild-type (but
not E-box mutant) PHB1 promoter is positively regulated
by MATa1 but negatively regulated by c-MYC, MAFG, and
c-MAF.7 A study performed by Puppin et al.49 demonstrat-
ed that PHB1 is also regulated by histone acetylation.49

Treatment of thyroid tumor cells with the HDAC inhibitors
trichostatin A and sodium butyrate significantly increased
PHB1 expression and confirmed that HDAC1 and HDAC2
regulate PHB1 transcription and alternative splicing.49

Finally, Theiss et al.50 showed that interleukin-6 (IL-6) tran-
scriptionally regulates PHB1 in intestinal epithelial cells.
IL-6 induces STAT3 binding to the IL-6 response element
in the PHB1 promoter, thereby inducing PHB1 promoter
activity and increasing PHB1 protein and mRNA levels.
This regulation could also explain PHB1 upregulation in
certain HCCs, as IL-6 signaling is important in the initiation
and development of HCC.51

Post-transcriptional regulation

Multiple miRNAs bind to the 30-UTR of PHB1 destabilizing
the mRNA and leading to reduced PHB1 expression.
miRNA-26a in glioma cells52 and miRNA-27a in prostate
cancer,53 gastric adenocarcinoma,54 and glioma cells55 have
been shown to promote tumorigenesis by targeting PHB1
mRNA 30-UTR. On the other hand, miRNA-195 has recent-
ly been described as anti-proliferative in human melanoma
cells by also targeting PHB1,56 and miRNA-128 has been
found to suppress PHB1 expression and promote apoptosis
in cardiomyocytes.57 In the liver, our group found that
c-MYC induces the expression of miRNA-27a/b, which
also target PHB1mRNA 30-UTR and lower its expression.37

Lastly, a recent study confirmed that the long non-coding
RNA PHBP1 (prohibitin gene pseudogene 1) promotes the
stabilization of PHB1 mRNA.58

Post-translational regulation

PHB1 PTMs influence its subcellular localization and activ-
ity and are hence critical for downstream effects on prolif-
eration and survival. PHB1 undergoes several
PTMs including phosphorylation,59–61 O-linked beta-N-
acetylglucosamine (O-GlcNAc) modification,61 palmitoyla-
tion,13 ubiquitination,62 and cysteine oxidation.63

Phosphorylation is a key modification that regulates
PHB1 function, intracellular trafficking, and protein bind-
ing specificity. PHB1 can be phosphorylated at several
serine/threonine and tyrosine residues and phosphoryla-
tion at different sites has opposite effects on tumorigenesis.
For instance, while AKT phosphorylation of PHB1 at
Thr258 inhibits its interaction with the Src homology
region 2 domain-containing phosphatase-1 (SHP1), thereby
activating the phosphatidylinositol 3-kinase (PI3K)/AKT
signaling pathway,64 PHB1 phosphorylation at Tyr114 facil-
itates its interaction SHP1, blocking PI3K/AKT signaling.60

The phosphorylation of PHB1 at Thr258 in the plasma
membrane of cancer cells is an important event in PHB1
biology since it leads to the activation of both the c-RAF/
MEK/ERK and PI3K/AKT signaling pathways, favoring
proliferation and metastasis.65

Considering that PHB1’s different biological functions
are mainly attributed to its subcellular localization, uncov-
ering the mechanisms regulating its subcellular trafficking
has been of major interest. While PHB1 mitochondrial tar-
geting is driven by AKT phosphorylation at Thr258,27

PHB1 palmitoylation at Cys69 facilitates its translocation
to the membrane where it can undergo tyrosine phosphor-
ylation.13 It should be noted that these modifications can
occur in response to stimuli like insulin and growth factors
or under stress and pathological conditions, suggesting that
PHB1 functions are important in both health and disease.66

PHB1 PTMs have not been studied in the liver so how
they regulate PHB1 function is unknown.

PHB1 in liver injury

In the majority of the studies, PHB1 has been found to be
tumor suppressive and hepatoprotective in the liver. By
multiple mechanisms that will be discussed in this section,
low PHB1 expression predisposes the liver to injury and the
development of HCC and CCA, the two most common pri-
mary liver cancers.

As previously mentioned, a proteomics study by
Santamaria et al.67 observed that mice lacking MAT1A,
which spontaneously develop steatohepatitis (NASH) and
HCC and are characterized by mitochondrial dysfunction,
have reduced PHB1 expression. Interestingly, lower PHB1
protein levels were also found in livers from ob/ob mice
and obese patients at high risk for NASH.67 These findings
suggested a protective role for PHB1 in the liver and led to
the generation of a liver-specific Phb1-KO mouse model4

that has allowed us to study the function of PHB1 in liver
physiology and disease in vivo and to identify new mecha-
nisms of PHB1 regulation. A tissue-specific deletion was
necessary because total body deletion of Phb1 is
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embryonically lethal [Lexicon Knockout Mice Phenotype
Data Summary NIH-1165].

The liver-specific Phb1-KO mouse model

PHB1 has a protective role in the liver as liver-specific Phb1-
KOmice exhibit severe liver injury at only threeweeks old.4

Liver-specific Phb1-KO mice have increased oxidative
stress, apoptosis, and fibrosis and as already discussed,
abnormal mitochondria.4 Liver-specific Phb1-KO liver’s
mitochondria are swollen and themajority have no discern-
ible cristae. In addition, hepatocyte dysplasia, bile duct epi-
thelial metaplasia, increased proliferation and staining for
stem cell and preneoplastic markers were observed in the
absence of Phb1.4 From 20weeks on, liver-specific Phb1-KO
mice have multiple liver nodules and by eightmonths,
around 40% developed multifocal HCC.4

To gain more insight into PHB1’s protective role in the
liver, a microarray analysis of 25,000 genes examined
differential mRNA expression profiles in liver-specific
Phb1-KO and Phb1-Flox livers. The analysis revealed
up-regulation of 402 genes, many of them associated with
liver fibrosis, growth, and tumorigenesis, suggesting that
PHB1 is involved in liver malignant transformation. Other
differentially expressed genes were associated with pro-
cesses such as inflammation and angiogenesis, supporting
a major role of PHB1 in liver pathology. Since liver-specific
Phb1-KOmice have liver injury, development of HCC could
have been due to chronic inflammation. However, PHB1
exerted an anti-proliferative effect in AML-12 (alpha
mouse liver 12) cells, a murine hepatocyte cell line, and
its knockdown raised cyclin D1 and H19 expression and
cell growth.4 Our subsequent investigations further
strengthened the notion that PHB1 acts mainly as a tumor
suppressor in HCC and CCA (see below).

PHB1 in cholestatic liver injury

We have shown that PHB1 expression is downregulated at
the mRNA and protein levels in human cholestatic liver
diseases and mouse models of chronic cholestatic liver
injury.6,37 Treatment with the toxic bile acid lithocholic
acid (LCA) lowered PHB1 expression in vivo. Similarly,
bile duct ligation (BDL), a commonly used murine model
for cholestatic liver disease, also lowered PHB1 mRNA and
protein levels.6,37 As mentioned above, liver-specific Phb1-
KOmice have bile duct epithelial metaplasia at a very early
age, suggesting that PHB1 deficiency predisposes to bile
duct abnormality. Liver-specific Phb1-KO mice developed
more injury after BDL,6 and Phb1 heterozygotes developed
aberrant bile duct proliferation (one developed CCA) after
left and median BDL,7 demonstrating that the loss of Phb1
sensitizes to cholestatic liver injury and subsequent malig-
nant transformation. Finally, confirming the finding in
humans, PHB1 mRNA levels were lower in patients with
primary biliary cholangitis (PBC), biliary atresia (BA), and
Alagille syndrome (ALS), three common cholestatic condi-
tions in adults (PBC) and children (BA and ALS).6

Although most of the work regarding PHB1 in liver
injury has been done on cholestatic liver disease, PHB1

might be also involved in non-alcoholic fatty liver disease
and acute liver inflammation. Phb1 heterozygotes had more
liver steatosis after being fed with a methionine and choline
deficient diet and higher mortality and liver injury after
being challenged with bacterial lipopolysaccharide and
concanavalin A, two-classical pro-inflammatory insults.5

Mechanisms of PHB1’s cytoprotection

In recent years, both PHB1 mitochondrial-dependent and
-independent functions for cell protection have been eluci-
dated. Mitochondrial-dependent functions of PHB1 have
been summarized in the ‘Mitochondrial PHB1’ section. In
this section, we summarize mitochondrial-independent
mechanisms known to date by which PHB1 protects the
liver from injury.

NRF2 activation

PHB1 interacts with NRF2 directly to protect the liver from
injury.37 NRF2 represents a major mechanism for cellular
defense against oxidative stress as the activation of the
NRF2-ARE signaling pathway induces the expression of
genes involved in detoxication and elimination of reactive
oxidants. Yang et al.37 reported that the activation of c-MYC
via miRNA27a/b in both in vitro (LCA treatment) and in
vivo (BDL and LCA treatment) models of cholestasis
decreased the expression of PHB1 and NRF2, suppressing
the expression of NRF2-ARE target genes such as
glutamate-cysteine ligase (GCL) subunits, thereby lowering
glutathione (GSH) level and the cellular antioxidant capac-
ity. Interestingly, both c-MYC and PHB1 interact with NRF2
and influence its trans-activating activity at the ARE.
However, they do so in an opposite manner; c-MYC is a
co-repressor, whereas PHB1 is a co-activator of NRF2 at the
ARE. While silencing of either c-MYC or miR27a/b atten-
uated LCA-induced downregulation of NRF2, PHB1, and
GCL, PHB1 overexpression protected against the suppres-
sion of NRF2 and GCL expression.37 These findings provid-
ed a novel and key mechanism of how PHB1 deficiency
may predispose to chronic cholestatic injury.

Influence on MAT1A

We recently showed a positive regulation between PHB1
and MAT1A.7 MAT1A encodes for MATa1, the enzyme
that catalyzes the synthesis of S-adenosylmethionine
(SAMe) in the liver.68 SAMe is the main methyl donor of
the cell and is used for the methylation of biomolecules
such as DNA, RNA, proteins, and phospholipids.68

Besides methylation, SAMe is a precursor of GSH and poly-
amine synthesis and hence, any variation on its metabolism
may have a major impact on cell growth, differentiation,
and survival.69 MAT1A is highly expressed in normal
liver and specifically in hepatocytes and bile duct epithelial
cells; like PHB1, it is repressed during liver injury and liver
cancer.6,7,70 We found that PHB1 and MATa1 interact
directly in normal liver and that together, they act as
tumor suppressors. While their overexpression inhibited
growth in HCC and CCA cells, their knockdown increased
it. Overexpression of PHB1 enhanced MAT1A mRNA and
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protein levels and reduced the expression of the oncogenes
c-MYC/MAFG/c-MAF in both HCC and CCA cells, and
PHB1 silencing had the opposite effect.7 Thus, PHB1 can
protect the liver from injury and malignant transformation
via enhancing MAT1A expression.

HDAC4 subcellular localization

PHB1 also influences HDAC4 expression and activity.6

HDAC4 is a type II histone deacetylase that shuttles
between cytosol and nucleus to regulate gene expression.
HDAC4 is upregulated in liver fibrosis and liver cancer,
and a greater nuclear localization of HDAC4 has been
attributed to lower PHB1 levels in cholestatic liver disease.6

As seen in liver-specific Phb1-KO and wild-type mice after
Phb1 silencing, low PHB1 expression increased HDAC4
expression and nuclear content in the liver, which was
believed to enhance the apoptotic response to bile acids
in hepatocytes.6 Hdac4 silencing or its inhibition using the
HDAC inhibitor parthenolide protected liver-specific
Phb1-KO mice from BDL-induced cholestatic injury.6

HDAC4 inhibition restored the expression of genes associ-
ated with bile acid metabolism and inflammation that were
deregulated in liver-specific Phb1-KO mice, supporting an
epigenetic deregulation caused by nuclear accumulation of
HDAC4 in the context of Phb1 deficiency.

Activation of inflammatory cells

Reduced PHB1 level has been associated with inflammato-
ry pathologies.20,21 At only three weeks old, liver-specific
Phb1-KO mice have inflammation of the liver, as observed
histologically and by the upregulation of multiple inflam-
matory genes.4 Sánchez-Quiles et al.5 showed that Phb1
deficiency also leads to the activation of lymphocytic
cells, enhancing the inflammatory response and the

sensitivity to inflammatory insults in the liver.5 They
found that the proliferation of splenocytes in response to
anti-CD3 (cluster of differentiation 3) and the expression of
mediators of lymphoid cell activation such as PP2A (pro-
tein phosphatase 2A), ERK, AKT, and glycogen synthase
kinase 3 beta (GSK3b) were significantly higher in Phb1
heterozygotes.5 Furthermore, transcriptomics performed
in livers from wild-type and Phb1 heterozygotes showed
deregulation of genes involved in inflammation and
cancer. Lastly, circulating inflammatory cytokines were
increased in serum from Phb1 heterozygotes, strongly sug-
gesting that Phb1 deficiency is associated with an inflam-
matory condition that may contribute to the progression of
liver injury.5

Figure 2 summarizes how PHB1 protects the liver
against injury.

PHB1 in liver cancers

As mentioned earlier, the most controversial aspect of
PHB1 is in cancer as it can exert both pro- and anti-
tumorigenic effects even in the same organ, as seen in
breast and prostate cancers.71,72 Although a similar conflict
exists for PHB1 in HCC as well,7,73 most of the publications
point to its role as a tumor suppressor. For this reason, the
underlying mechanisms for PHB1 tumor suppressive func-
tion have been better characterized and in this review we
focus on its tumor suppressive role in the liver.

H19/IGF2 axis

One way that PHB1 controls cell growth in hepatocytes is
by regulating the H19- IGF2 axis. H19 and IGF2, which are
associated with tumor growth, were first found
upregulated in the livers of three-week-old liver-specific
Phb1-KO mice.4 Phb1 silencing in the murine hepatocyte

Figure 2. How PHB1 protects the liver against injury. There are multiple mechanisms by which PHB1 protects the liver against injury. (a) Mitochondrial PHB1maintains

mitochondrial respiration and limits the generation of ROS, preventing apoptosis. In the nucleus, (b) PHB1 interacts with NRF2 to transactivate the antioxidant

response element (ARE), which is present in the promoter region of many genes involved in antioxidant cellular defense, and (c) heterodimerizes with MAX and MATa1
to repress E-box-driven transcription, which suppresses several oncogenes but positively regulates PHB1 and MATa1 expression since they both have repressor E-

boxes. (d) In the cytosol, PHB1 interacts with HDAC4 to prevent its nuclear translocation and associated epigenetic changes. (A color version of this figure is available

in the online journal.)
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cell line AML-12 and the mouse HCC cell line SAMe-D, as
well as in the human liver cancer cell lines HepG2 and
Huh7 confirmed that PHB1 negatively regulates H19 and
IGF2.38 Both H19 and IGF2 are regulated by CTCF and co-
immunoprecipitation analysis revealed that CTCF and
PHB1 bind to the ICR element of H19 and IGF2 to repress
their expression. Notably, human HCC samples with high
H19 and IGF2 had reduced PHB1 and CTCF expression and
ICR binding activity.38 Interestingly, Phb1 silencing lowered
CTCF protein levels and CTCF ICR binding activity, and
CTCF overexpression reduced H19 and IGF2 expression
levels and also prevented their induction after Phb1 knock-
down.38 Furthermore, silencing Phb1 or overexpressing
H19 enhanced cell growth in SAMe-D cells. While overex-
pressing H19 enhanced Phb1 knockdown-mediated cell
growth, its inhibition had the opposite effect, suggesting
that the effect of Phb1 on cell growth and tumorigenesis
occurs at least partially via H19. Interestingly there is a
reciprocal negative regulation between H19 and PHB1, as
silencing H19 raised PHB1 expression.38 How H19 regu-
lates PHB1 expression and whether PHB1 is an important
target of H19 remains to be examined. Taken together, these
results demonstrated that PHB1 and CTCF cooperate to
negatively regulate the H19-IGF2 axis and cell growth in
hepatocytes.38

b-catenin/WNT pathway

Another mechanism by which PHB1 acts as a tumor sup-
pressor in the liver is by suppressing the WNT/b-catenin
signaling pathway.8 This pathway is implicated in liver
development and regeneration74,75 and its overactivation
has been correlated with HCC in both human and mice.75

Liver-specific Phb1-KOmice have increased hepatic expres-
sion of WNT target genes and hyperactivation of GSK3b
and AKT, as determined by the phosphorylation of
GSK3b-Ser9 and AKT-Ser473, respectively.8 Multiple
WNT ligands includingWnt7a andWnt10a are upregulated
at mRNA level in liver-specific Phb1-KO livers and while
PHB1 knockdown activated WNTsignaling in HepG2 cells,
its overexpression inhibited it.8 Interestingly, PHB1 sup-
pressed multiple WNT ligands in an E2F1-dependent
manner. Chromatin immunoprecipitation analyses
showed increased binding of E2F1 to the Wnt10a promoter
in liver-specific Phb1-KO livers andWNT9A in HepG2 cells
after PHB1 silencing.8 Taken together, PHB1 deletion acti-
vates the WNT/b-catenin signaling pathway by releasing
the inhibition that it exerts on the expression of multiple
WNT ligands.

c-MYC/MAFG/c-MAF suppression

During cholestatic liver injury, PHB1 expression falls but
the expression of c-MYC, MAFG, and c-MAF is induced.7,70

This finding prompted us to examine the interplay between
PHB1 and c-MYC/MAFG/c-MAF and we uncovered a
reciprocal negative regulation between PHB1 and
c-MYC/MAFG/c-MAF. PHB1 heterodimerizes with MAX
and binds to the E-box element to repress E-box-dependent
promoter activity.7 Interestingly, c-MYC,MAFG, and c-MAF

all have enhancer E-box elements in their promoter regions,
whereas PHB1 promoter contains a repressive E-box ele-
ment.7 Consistently, PHB1 overexpression suppressed the
expression of c-MYC/MAFG/c-MAFwhile PHB1 silencing
had the opposite effect.7 Since PHB1 positively regulates
MAT1A, which also suppresses the expression of c-MYC/
MAFG/c-MAF, we evaluated whether PHB1’s effect
requires MAT1A using SAMe-D cells. We found that
PHB1 still suppressed the expression of c-MYC/MAFG/
c-MAF, demonstrating that it is able to regulate their
expression independent of MAT1A.7

NF-jB pathway

PHB1 was shown to modulate NF-jB signaling.76 PHB1
expression is lower in patients with inflammatory bowel
disease (IBD) and Theiss et al.76 demonstrated that PHB1
inhibits tumor necrosis factor alpha (TNFa)-induced nucle-
ar translocation of NF-jB in the intestine. TNFa and NF-jB
play major roles in the pathogenesis of IBD and also in the
development of HCC.77 Theiss et al. found a crosstalk
between PHB1 and TNFa, while TNFa reduces PHB1
expression at protein and mRNA levels, sustained expres-
sion of PHB1 decreases TNFa-induced NF-jB activity.
Specifically, PHB1 inhibited p65 (subunit of NF-jB) nuclear
translocation, the binding of NF-jB to DNA and as a con-
sequence, NF-jB-mediated transcription. Importin a3 is
involved in the nuclear translocation of NF-jB and its
expression was reduced when PHB1 was overexpressed.76

Interestingly, maintaining high levels of importin a3 after
PHB1 overexpression sustained the activation of NF-jB by
TNF-a suggesting that PHB1 inhibits NF-jB nuclear trans-
location by regulating importin a3 expression level.76 Thus,
PHB1 protects intestinal epithelial cells from the deleteri-
ous effects of TNFa-and NF-jB. We also found that
increased p65 nuclear translocation occurred in liver
cancer cells after PHB1 silencing,9 supporting the notion
that this could be another tumor suppressive mechanism
of PHB1 in the liver.

IL-8 levels

Increased expression of the pro-inflammatory CXC chemo-
kine IL-8 has been reported in liver cancer cells78 and serum
of patients with HCC.79 IL-8 activates multiple signaling
pathways and has a major role in the tumor microenviron-
ment. Indeed, IL-8 produced by liver cancer cells has angio-
genic activity80 and acts as an autocrine growth factor.81

Using RNA-sequencing analysis, we found that IL-8 is neg-
atively regulated by PHB1 in HCC and CCA cells.9 PHB1
silencing increased IL-8 at both protein and mRNA levels,
while PHB1 overexpression significantly repressed it.
Supporting this regulation, there is an inverse correlation
between PHB1 and IL-8 mRNA levels in HCCs with
reduced PHB1 expression and higher IL-8 levels, correlat-
ing with a poorer prognosis in HCC patients.9 c-JUN
N-terminal kinase (JNK) and NF-jB signaling pathways
were found to be required for PHB1-silencing induced
IL-8 expression, as the specific inhibition of both NF-jB
and JNK blocked IL-8 upregulation. Furthermore, PHB1

Barbier-Torres and Lu Prohibitin 1 in liver injury and cancer 391
...............................................................................................................................................................



knockdown increased IL-8 promoter activity through AP-1
and NF-jB by increasing the nuclear content of p65 and
c-JUN and their binding to the IL-8 promoter. It should be
noted that PHB1 is not able to bind to the DNA by itself but
it is able in the presence of c-JUN.9 Finally, PHB1 knock-
down induced IL-8 secretion, migration, and invasion in
liver cancer cells.9 Addition of conditioned media from
PHB1 silenced HepG2 cells to parental HepG2 or SK-Hep
cells increased migration and invasion, which was blocked
by neutralizaing antibody to IL-8.9 This mechanism
describes how low PHB1 expression in liver cancer can
promote a more aggressive phenotype.

Figure 3 summarizes how PHB1 exerts tumor suppres-
sion in the liver.

Conclusions and future directions

Over the past few years, PHB1 has emerged as a key player
that maintains liver health. In addition to its well-known
role as a mitochondrial chaperone, it is increasingly clear
that PHB1 has cytoprotective function and anti-tumor
activity in the liver that are independent of the mitochon-
dria. The most perplexing aspect of PHB1 biology is in
cancer, as it can be either tumor suppressive or oncogenic
even in the liver. It is likely that the subcellular localization,
PTMs, and interacting proteins are major determinants in
how PHB1 behaves. Future research should better identify
these mechanisms, which may lead to novel therapeutic
strategies targeting PHB1.
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