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Abstract

Missense mutations in the TP53 gene lead to accumulation of dysfunctional TP53 proteins in tumors, showing oncogenic
gain-of-function (GOF) activities. Stabilization of mutant TP53 (mutp53) is required for the GOF; however, the
mechanisms by which mutp53 promotes cancer progression and how mutp53 stability is regulated are not completely
understood. Recent work from our laboratory has identified statins, inhibitors of the mevalonate pathway, as degraders of
conformational mutp53. Specific reduction of mevalonate-5-phosphate (MVP), a metabolic intermediate in the
mevalonate pathway, by statins or mevalonate kinase (MVK) knockdown triggers CHIP ubiquitin ligase-mediated
degradation of conformational mutp53 by inhibiting interaction between mutp53 and DNAJA1, a Hsp40 family member.
Thus, the mevalonate pathway contributes to mutp53 stabilization. Given that mutp53 is shown to promote cancer
progression by upregulating mRNA expression of mevalonate pathway enzymes by binding to the sterol regulatory
element-binding protein 2 (SREBP2) and subsequently increasing activities of mevalonate pathway-associated oncogenic
proteins (e.g., Ras, Rho, YAP/TAZ), there is a positive-feedback loop between mutp53 and the mevalonate pathway.
Here, we summarize recent evidence linking the mevalonate pathway-mutp53 axis with cancer progression and further
discuss the clinical relevance of this axis.

Facts properties of cancer cells via multiple mechanisms,
including mutp53 degradation, inhibition of mutp53
GOF, reduction in protein prenylation of Ras and Rho,
and decreased activity of YAP/TAZ.

* Stabilization of mutp53 greatly contributes to its GOF
activities.

* Mutp53 enhances expression of mevalonate pathway
enzymes by directly interacting with SREBP2.

* Enhanced mevalonate pathway activity potentiates
the malignant properties of cancer cells through Open questions
activation of oncogenic proteins Ras, Rho, and YAP/
TAZ.

* Inhibition of the mevalonate pathway by statins or MVK
knockdown induces degradation of misfolded mutp53.

* Reduced cellular mevalonate-5-phosphate (MVP), an
intermediate metabolite in the mevalonate pathway,
triggers degradation of misfolded mutp53 by disrupting
the mutp53-DNAJAL interaction.

* Inhibition of the mevalonate pathway reduces malignant

*  Which cancer types are regulated by or addicted to the
mevalonate pathway-mutp53 axis.

*  Whether all conformational or misfolded mutp53 can be
degraded by statins and how the cellular contexts could
impact statins’ effects on misfolded mutp53 degradation
and/or cancer cell progression.

* Detailed mechanisms by which reduction in MVP
inhibits the mutp53-DNAJA1 interaction to induce
mutp53 degradation.

* Whether statins or other inhibitors of the mevalonate
pathway could reduce spontaneous tumor growth in
mutp53 knock-in mouse models.

*  Whether combination of mevalonate pathway inhibitors
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of mutp53-expressing cancer cells.
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Fig. 1 Association between the mevalonate pathway activity and

cancer progression. The mevalonate pathway is associated with
increased tumor malignancy through several in vitro and in vivo

Introduction

TP53 functions as a tumor suppressor mainly by inducing
transcription of numerous downstream target genes which
regulate DNA repair, cell cycle arrest, senescence, apopto-
sis, and metabolism [1, 2]. TP53 also induces apoptosis by
directly interacting with the multi-domain members of the
Bcl-2 family at the mitochondrial membrane [3]. Hence,
loss of TP53 activity in normal cells causes uncontrolled
cell proliferation and death, as well as metabolic repro-
gramming, leading to immortalization and ultimately cancer
[4-6]. This is well supported by the fact that TP53 is the
most frequently mutated gene in human cancers [7]. The
majority of TP53 mutations are missense mutations in the
DNA-binding domain, resulting in loss of the transcrip-
tional and tumor suppressive activities of TP53 [7]. When
cells express both the wild-type TP53 (wtp53) and mutant
TP53 (mutp53), mutp53 can inactivate wtp53 by its
dominant-negative activity through oligomerization or
aggregation with wtp53 [4, 8-10]. Additionally,
mutp53 shows the gain-of-function (GOF) activities and

Anti-tumor
effects

observations. The use of statins to reduce the mevalonate pathway
activity is correlated with decreased tumor malignancy.

promotes tumor progression, metastasis, and drug resistance
by binding to or co-aggregating with tumor suppressive
(e.g., p63, p73, MRN complex) or oncogenic (e.g., Ets2,
NF-Y) proteins even in cells lacking wtp53 and only
expressing mutp53 [11-17]. Indeed, many TP53 mutants
lose the wild-type conformation, and/or acquire aggregation
properties, thus showing the GOF activity [14]. Conse-
quently, the presence of mutp53 is not simply the same as
the absence of the wip53 allele. Many TP53 mutants are
inherently unstable, and therefore stabilization of mutp53 in
tumors is crucial for showing the oncogenic GOF activities
[16, 18, 19]. Importantly, knockdown of mutp53 has been
shown to reduce malignant properties of cancer cells [20—
22]. Yet, molecular mechanisms underlying mutp53 GOF,
as well as mutp53 stabilization or degradation, are not
completely understood.

To understand the mechanism of mutp53 stabilization/
degradation and identify workable strategies that induce
mutpS3 degradation, we recently performed high-
throughput screening of chemical libraries. This screening
identified “statins”, a class of drugs that inhibit hydroxyl-
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Fig. 2 The interplay between the mevalonate pathway and
mutp53. The mevalonate pathway can enhance cancer progression
through several molecular mechanisms, including protein prenylation/
lipidation (Ras farnesylation, Rho geranylgeranylation), cholesterol
synthesis, and stabilization of mutp53. Mevalonate-5-phosphate
(MVP), a metabolic intermediate in the mevalonate pathway, pro-
motes interaction between conformational mutp53 and DNAJAI,
which inhibits CHIP ubiquitin ligase-mediated ubiquitination and
proteasomal degradation of mutp53, leading to mutp53 stabilization.
Mutp53 is shown to bind to SREBP2, increasing the expression of
mevalonate pathway enzymes and subsequently MVP levels, which in

methylglutaryl coenzyme A reductase (HMGCoAR) and
hence reduce cholesterol production through the mevalonate
pathway, as degradation inducers of conformational or
misfolded mutp53 at a concentration of as low as 4 uM;
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turn stabilizes mutp53, thus forming a positive-feedback loop.
Therefore, inhibition of the mevalonate pathway with statins, zole-
dronic acid, or GGTI inhibitors (GGTI-2133, GGTI-298) may repre-
sent a novel therapeutic strategy of targeting cancers with mutp53 by
inhibiting mutp53 GOF activities, prenylation of oncogenes, and
cholesterol synthesis, as well as inducing mutp53 degradation.
HMGCo0AS  hydroxylmethylglutaryl ~ coenzyme A  syntase,
HMGCoAR hydroxylmethylglutaryl coenzyme A reductase, MVK
mevalonate kinase, PMVK phosphomevalonate kinase, MVD meva-
lonate pyrophosphate decarboxylase, FDPS farnesyl diphosphate
synthase, GGTI geranylgeranyl transferase I, PP pyrophosphate

statins have a minimal impact on wtp53 and DNA-contact
mutp53 with native structure [23]. Specifically, reduction of
cellular mevalonate-5-phosphate (MVP), but not other
metabolic intermediates in the mevalonate pathway, triggers
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misfolded mutp53 degradation in a protein prenylation-
independent manner [23]. Mechanistically, decreased MVP,
by statins or mevalonate kinase (MVK) knockdown, inhi-
bits mutp53’s binding to a molecular chaperone of the
Hsp40 family, DNAJAI, leading to CHIP ubiquitin ligase-
mediated mutp53 degradation [23]. Increasing evidence
indicates that inhibition of mevalonate pathway by statins,
zoledronic acid (also known as bisphosphonate), and pro-
tein prenylation inhibitors results in the suppression of
multiple types of cancer [24-28]. Thus, our recent findings,
in addition to a report by Freed-Pastor et al. [29] in which
mutp53 upregulates expression of mevalonate pathway
enzymes, significantly advance our understanding of the
involvement of the mevalonate pathway in cancer pro-
gression, further encouraging strategies that target the
mevalonate pathway for cancer therapy. Here, we mainly
summarize recent findings that link mutp53 and the meva-
lonate pathway with regard to cancer progression.

The mevalonate pathway and cancer

The mevalonate pathway is an essential lipogenic pathway
that uses acetyl-CoA to produce isoprenoids and cholesterol
[30]. Isoprenoids are required for protein prenylation/lipi-
dation (farnesylation and geranylgeranylation), which
enables target proteins, including Ras and Rho small gua-
nosine triphosphatases (GTPases), to anchor to the cell
membrane [31]. Cholesterol is used as an important
hydrophobic precursor to bile acids, hormones, and lipo-
proteins [32].

Accumulating evidence has suggested involvement of
the mevalonate pathway in cancer progression. For instance,
human breast cancer tissues express mRNA of several
mevalonate pathway enzymes at higher levels, when com-
pared with normal breast tissues (Fig. 1) [33, 34]. These
enzymes include HMGCoAR, the rate-limiting step
enzyme, and farnesyl diphosphate synthase (FDPS), a key
branch point enzyme. Also, administration of mevalonic
acid (MVA), a metabolite produced by HMGCo0AR,
enhances tumor growth in a breast cancer xenograft mouse
model [34]. Moreover, increased expression of mevalonate
pathway-associated proteins is correlated with poor prog-
nosis in breast cancer patients [35]. Overexpression of
HMGCoAR in a human hepatocellular carcinoma cell line
HepG2 and a non-tumorigenic breast epithelial cell line
MCFI10A increases their anchorage-independent cell
growth, as well as tumor growth of HepG2 cells in a
xenograft model [35]. Meanwhile, numerous clinical studies
support antitumor effects of statins and other inhibitors of
the mevalonate pathway (Fig. 1) [24, 36]. However, the
underlying mechanisms by which inhibition of the meva-
lonate pathway suppresses tumor progression remain
unclear. Increasing evidence indicates functional

association between the mevalonate pathway and oncogenic
proteins including mutp53, Ras, Rho, and YAP/TAZ.

The mevalonate pathway-mutp53 axis

Expression of lipogenic enzymes, including mevalonate
pathway enzymes, is mainly regulated by sterol regulatory
element-binding proteins (SREBPs), basic helix-loop-helix
leucine zipper transcription factors. SREBP2 is shown to
bind with oncogenic mutp53, leading to increase in the
expression of various mevalonate pathway enzymes, such
as HMGCoAR, MVK, and FDPS (Fig. 2) [29]. Indeed,
blockade of this pathway by statins, a geranylgeranyl
transferase I (GGTI) inhibitor, or other compounds rescues
disrupted mammary architecture of breast cancer cells car-
rying mutp53 in three-dimensional (3-D) culture. Knock-
down of mutp53 also nullifies disrupted mammary
architecture of breast cancer cells in 3-D culture [29].
Importantly, the presence of p53 mutations in human breast
cancer tissues is correlated with high expression of meva-
lonate pathway enzymes and poor prognosis in patients with
breast cancer [29]. These results strongly suggest that
oncogenic GOF mutp53 contributes to breast cancer pro-
gression through the mevalonate pathway.

Recently, through high-throughput screening of chemical
compound libraries, we have identified statins as drugs that
deplete mutp53 [23]. Intriguingly, statins mainly deplete
conformational or misfolded mutp53 with minimal impact
on wtp53 and DNA-contact mutp53 that maintain native
protein structure. Statin’s effect is specific to the mevalonate
pathway, because mutp53 depletion by statins is rescued by
supplementation with MV A or MVP, but not mevalonate-5-
pyrophosphate (MVA-5PP). Also, zoledronic acid (25 uM)
and GGTI-2133 (4 uM) that inhibit downstream enzymes in
the mevalonate pathway have minimal effects on mutp53
levels [23]. Knockdown of MVK, which converts MVA to
MYVP, also reduces levels of conformational mutp53 (Fig. 2)
[23]. The observed reduction in mutp53 levels is regulated
via ubiquitination by CHIP (C-terminus of Hsc70-
interacting protein), since statins or MVK knockdown
triggers ubiquitination, nuclear export, and degradation of
mutp53, which is rescued by CHIP knockdown [23]. Thus,
our study indicates that MVP, a metabolic intermediate in
the mevalonate pathway, plays a key role in the regulation
of conformational mutp53 stabilization, and statin’s effect
on mutp53 degradation is independent of prenylation or
cholesterol synthesis (Fig. 2).

The key question is how MVP regulates stability of
conformational or misfolded mutp53. We initially suspected
involvement of Hsc70/Hsp70, since altered structure of
conformational mutp53 leads to exposure of a binding site
for Hsc70 (high affinity heat shock cognate 71 kDa protein)
in the DNA-binding domain [37] and also CHIP binds to
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Fig. 3 The mevalonate pathway-mutp53 positive-feedback loop
and statin’s inhibitory effects on this loop and cancer progression.
Cancer cells expressing mutp53 have increased expression of the
mevalonate pathway enzymes due to the mutp53-SREBP2 interaction,
leading to enhanced activity of the mevalonate pathway. Activated
mevalonate pathway increases the levels of MVP, leading to
mutp53 stabilization (positive-feedback loop) and also promotes

GOF

Hsp70/Hsc70 [38]; however, knockdown of Hsc70 fails to
induce degradation of p53%>®F and p53R!7H distinct from
statins, suggesting that Hsc70 is not involved in the statin-
mediated mutp53 degradation [23]. Other proteins involved
in protein refolding and degradation of structurally distorted
proteins are Hsp90 and Hsp40. Hsp90 is known to promote
tumorigenesis and stabilize both conformational and DNA-
contact mutp53 [20, 39—41]. However, statins affect levels
of neither Hsp90 nor its client proteins, such as Rafl, EGFR
(epidermal growth factor receptor), and Her2/Neu, sug-
gesting that the mevalonate pathway does not likely affect
Hsp90 activity [23]. Since Her2/Neu is ubiquitinated and
degraded by CHIP [42], this result also suggests that
mutp53 degradation by statins is not simply due to non-
specific activation of CHIP. Hence, we next examined
involvement of Hsp40 which is known to bind to mutp53
[43] and competitively inhibits CHIP-mediated refolding
[44]. Similar to statins, downregulation of DNAJA1, but not
another Hsp40 member, DNAJB1, induces CHIP-mediated
ubiquitination, nuclear export, and proteasomal degradation
of several conformational p53 mutants with minimal effects
on wtp53 and DNA-contact mutp53, while overexpression

SPRINGER NATURE

/ Cancer cells; Statin treated\

=D

S Mevalonate pathway
‘ enzymes i

Mutp53

degradation MVP production l/

Protein prenylation \L
(Ras, Rho)

K Cancer progressiow

prenylation of Ras and Rho proteins, accelerating cancer progression.
Thus, the mevalonate pathway promotes cancer progression by
increasing activities of oncogenic proteins mutp53, Ras, and Rho
(left). Inhibition of the mevalonate pathway activity by statins reduces
MVP levels and protein prenylation of Ras and Rho, which in turn
induces mutp53 degradation and decreases activities of Ras and Rho,
thus inhibiting cancer progression (right).

of DNAJAI1 inhibits statin’s effects on conformational
mutp53 [23]. Intriguingly, reduced MVP by statins or MVK
knockdown leads to inhibited binding between mutp53 and
DNAJAI, while binding of mutp53 with CHIP increases
following statin treatment (Fig. 2) [23]. These observations
strongly suggest that DNAJA1 protects misfolded mutp53
from CHIP-mediated degradation, and when the mutp53-
DNAIJAL interaction is inhibited by reduced cellular MVP,
it allows CHIP to ubiquitinate, nuclear export, and induce
degradation of mutp53 (Fig. 2). Thus, the mevalonate
pathway-DNAJA1 axis controls the fate (degradation or
stabilization) of misfolded mutp53. Given that mutp53
upregulates expression of mevalonate pathway enzymes
[29] and that the mevalonate pathway contributes to stabi-
lization of mutp53 [23], there is a positive-feedback loop
between mutp53 and the mevalonate pathway in cancer
cells carrying misfolded mutp53 (Figs. 2 and 3).
Biologically, statins inhibit viable cell proliferation and/
or tumor growth of KHOS/NP (p53R13%P) osteosarcoma cell
line, CAL33 (p53Rl75 H) head and neck cancer cell line, and
mouse embryonic fibroblasts (MEFs) expressing p53R172H
(equivalent with human p53R'"*M) more efficiently than



The interplay between mutant p53 and the mevalonate pathway

465

-

miR-27a +«—— DDA — — M‘Ey{[E —» GEF-H1 ———

Gene expression

Gene expression

EGFR

Akl Cancer

. rogression
Gene expression prog

ERK
pathway Mevalonate
pathway
|— Statins
Zoledronic
Ras = acid

Fig. 4 Functional association between mutp53 and mevalonate
pathway-associated oncogenic proteins (Ras, RhoA, YAP/TAZ).
Activated mevalonate pathway promotes prenylation and activities of
Ras and RhoA, leading to their translocation into the plasma mem-
brane and activation of the ERK and YAP/TAZ signaling pathways,

cells expressing wtp53 or DNA-contact mutp53 and those
null for p53 [23]. Statin treatment also reduces mutp53
levels in tumors in xenograft mouse models. These results
strongly suggest that the mevalonate pathway promotes
tumor progression by increasing activities of oncogenes by
protein prenylation (Ras and Rho) and stabilizing mutp53
(Fig. 3). Since cancer cells are frequently addicted to
oncogenes (mutp53, Ras, Rho), tumor suppressive effects of
statins are likely due to reduced activities of these onco-
genes by degradation of misfolded mutp53 and reduced
prenylation of Ras and Rho (Fig. 3). Intriguingly, statins are
also shown to inhibit histone deacetylases (HDACs 1, 2,
and 3) activities, increase acetylation of histone H3,
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T
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respectively. Nuclear translocated ERK and YAP/TAZ promote tran-
scription of downstream target genes involved in cancer cell pro-
liferation and migration. Additionally, mutp53 increases activities of
Ras, RhoA, and YAP/TAZ signaling through protein-protein interac-
tions (BTG2, NY-F) and enhancing recycling of integrins/EGFR.

enhance p21WAYC expression, and reduce cell prolifera-
tion or tumor formation in multiple cancer cell lines
regardless of p53 status, since these observations are
reported using cells having wtp53, mutp53, and null for p53
[45—-47]. However, it is unclear whether these observations
are caused by inhibition of HMGCoAR or direct binding of
statins to HDAC:s.

Regulation of Ras activity by the mevalonate pathway and
mutp53

Protein prenylation plays crucial roles in multiple biological
process, such as cell proliferation, migration, and survival
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[32]. Specifically, farnesylation of Ras GTPase, which is
regulated by the mevalonate pathway, plays crucial roles in
Ras activation and tumor progression [48, 49]. Co-
overexpression of HMGCoAR and Ras is shown to
enhance foci formation of primary mouse embryonic
fibroblast (MEFs) [35], suggesting that increase in the
mevalonate pathway activity cooperates with Ras to trans-
form normal cells. Furthermore, inhibition of HMGCoAR
and FDPS, both of which contribute to production of far-
nesyl pyrophosphate (FPP) [50], suppresses viable cell
proliferation with decreased Ras farnesylation in pancreatic
and breast cancer cells; the observed inhibition of cell
proliferation is partially rescued by supplementation with
FPP [33, 51]. These data provide evidence that the meva-
lonate pathway-mediated Ras farnesylation plays a crucial
role in cancer progression (Fig. 4). In this line, the recent
finding that mutp53 upregulates expression of mevalonate
pathway enzymes and, in consequence, increases the
activity of this pathway [29] suggests that mutp53 could
indirectly increase Ras activity as one of its oncogenic
GOF. Additionally, conformational p53%'7°H and p53H!I7R
are shown to increase oncogenic H-RasV12 activity by
binding with B-cell translocation gene 2 (BTG2), a negative
regulator of H-RasV12 (Fig. 4) [52].

Oncogenic Ras activates the extracellular signal-
regulated protein kinase 1/2 (ERK1/2) pathway (Raf-
MEKI1/2/-ERK1/2) [53]. Activation of membrane tyrosine
kinase receptors (RTKs) results in Ras-mediated ERK1/2
nuclear translocation and activation of different transcrip-
tion factors involved in proliferation, migration and cancer
progression (Fig. 4) [54]. Additionally, mutp53 (p53%?73H)
is shown to suppress the expression of miR-27a, leading to
the increase in the expression of EGFR and activation of the
Ras-ERK1/2 pathway in breast (MDA-MB-231) and lung
(H1299) cancer cells (Fig. 4) [55]. Also, downregulation of
mutp53 in MDA-MB-231 cells results in reduction in the
EGFR expression, ERK1/2 activity, cell proliferation, and
tumor growth [55]. Together, these studies suggest that
mutp53 could increase Ras activity through mevalonate
pathway-dependent and -independent mechanisms.

Regulation of Rho activity by the mevalonate pathway and
mutp53

The Ras homolog family (Rho) of GTPases is a group of
cell signaling transducers that regulate cytoskeleton reor-
ganization, vesicle trafficking, cell polarity, and cell cycle
[56]. Like Ras, prenylation-dependent docking of Rho
GTPases to the cell membrane is required for their normal
functions [56]. Production of geranylgeranyl pyrophosphate
(GGPP) through the mevalonate pathway is required for
Rho genarylgenarylation [48]. Hence, activation of the
mevalonate pathway leads to increase in Rho prenylation,
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which in turn promotes cancer progression (Fig. 4).
Ginestier et al. [57] show that breast cancer cells growing in
spheroid conditions (serum-free, non-adherent) have an
increase in the expression of mevalonate pathway enzymes,
and statins inhibit spheroid formation accompanied with
reduction in the stem cell population. The observed reduc-
tion in stemness by statins is independent of cholesterol
production or Ras farnesylation, but is dependent on Rho
geranylgeranylation, since supplementation with GGPP
rescues the stemness reduced by statins [57]. Also, phar-
macologic inhibition of GGTI, an enzyme required for Rho
geranylgeranylation, reduces the stem cell population of
breast cancer cells and inhibits tumor establishment of a
breast cancer patient-derived xenograft in mice [57].
Additionally, blocking the mevalonate pathway with statins
or zoledronic acid in pancreatic cancer cells inhibits viable
cell proliferation and induces apoptosis, which is nullified
by supplementation with GGPP [33]. Thus, geranylger-
anylation of Rho is crucial for cancer progression (Fig. 4).
Given that mutp53 upregulates mevalonate pathway
enzymes, mutp53 may play an important role in prenylation
and activation of Rho.

Additionally, Mizuarai et al. [58] show that inducible
expression of several p53 mutants (p53¥%7F, p53R!175H and
p53R248Q) in U20S cells significantly upregulates GEF-H1,
a guanine exchange factor-H1 for RhoA, and subsequently
activates RhoA (Fig. 4). Moreover, knockdown of mutp53
inhibits viable cell proliferation of several cancer cells with
reduced GEF-H1 expression [58]. Also, cells expressing
mutp53 tend to have higher mRNA expression of GEF-H1
when compared with those expressing wtp53 or null for p53
[58]. Thus, Rho activity is indirectly regulated by mutp53
through the mevalonate pathway and GEF-H1 (Fig. 4). This
mutp53-RhoA axis could be a therapeutic target for
mutp53-expressing cancers.

Regulation of YAP/TAZ activity by the mevalonate pathway
and mutp53

Yes-associated protein (YAP) and transcriptional coacti-
vator with PDZ-binding motif (TAZ) are transcriptional
coactivators and downstream effectors of the Hippo sig-
naling pathway which regulates organ growth, tissue
regeneration, and stemness [50]. Also, the roles of YAP and
TAZ in cancer progression are well appreciated [59]. A
recent study using fluorescence microscopy-based high-
throughput drug screening reveals that statins inhibit
nuclear localization of YAP/TAZ in MDA-MB-231 cells
[60]. Also, blockade of the mevalonate pathway by statins,
zoledronic acid, or GGTI-298 (a GGTI inhibitor) inhibits
YAP/TAZ nuclear localization as well as transcription of
YAP/TAZ target genes in multiple cancer cell lines [60].
Furthermore, statins and zoledronic acid suppress
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proliferation and tumor growth of breast cancer cells, which
is associated with reduction in the YAP/TAZ activity [60].
Consistent with this finding, Wang et al. [61] also report
that YAP activity is inhibited by stains and knockdown of
Rho, which decreases mRNA expression of RHAMM
(receptor for hyaluronan-mediated motility), leading to
inhibited phosphorylation of ERK1/2 and migration/inva-
sion in MDA-MB-231 breast cancer cells. Since Rho inhi-
bits phosphorylation of YAP through LATS1/2 [62], these
observations suggest that nuclear localization and activity of
YAP/TAZ are regulated through the mevalonate pathway
and Rho activity (Fig. 4). Thus, the mevalonate pathway-
Rho-YAP/TAZ axis plays a role in breast cancer progres-
sion and metastasis.

Besides the indirect effect on YAP/TAZ activation
mediated through the mevalonate pathway-Rho axis,
mutp53 can physically interact with YAP in breast cancer
cells, leading to enhanced transcription of pro-proliferative
genes [63]. Mechanistically, mutp53 forms a complex with
YAP and NF-Y to bind to the NF-Y responsive elements in
the downstream target genes, such as cyclin A, cyclin B, and
cyclin-dependent kinase 1 (CDKI) genes, leading to an
increase in their transcription (Fig. 4) [63]. Knockdown of
mutp53 or YAP in SK-Br-3 and CAL27 breast cancer cells
reduces expression of the NF-Y target genes and inhibits
viable cell proliferation [63]. In human breast tumors,
increased levels of mutp53 correlate with high YAP activity
signature and high levels of YAP target genes, cyclin A,
cyclin B, and CDK1 [63].

Additionally, mutp53 is shown to increase stabilization
and nuclear translocation of YAP/TAZ in glioblastoma and
breast cancer cells; this is mediated by enhanced recycling
efficacy of EGRF and integrins by mutp53 and subsequent
increase in the activity of Akt2-WIP (WASP interacting
protein) signaling, which in turn promotes YAP/TAZ
nuclear translocation (Fig. 4) [64]. Biologically, over-
expression of mutp53 increases stem cell-like properties in
astrocytes with increased YAP/TAZ activity, while knock-
down of mutp53 or WIP reduces stem-cell markers
expression, proliferation, and tumor growth in mutp53-
expressing glioblastoma and breast cancer cells [64]. These
results indicate a novel mutp53 GOF which contributes to
stem-like malignant properties of cancer cells via activation
of the Akt2-WIP-YAP/TAZ axis by increasing integrin/
EGFR recycling (Fig. 4).

Clinical relevance of statins in cancer progression

Clinical studies demonstrating the efficacy of statins on
human cancer suppression remain controversial [24, 65].
Statins have been suggested to improve overall survival in
patients with multiple types of cancer, including high-grade
endometrial cancer [66], colorectal cancer [67], kidney

cancer [68], and multiple myeloma [69]. Statin use is also
associated with decreased risk of all-cause mortality in
cancer patients [70] and risk of insulin-related cancer
development in patients with diabetes [71]. Moreover, post-
diagnostic use of statins is correlated with favorable
recurrence-free survival when compare with pre-diagnostic
statin use [70]. However, there are controversial observa-
tions, including (1) no correlation between statin use and
risk of breast cancer [72] and (2) an increased risk of
developing prostate cancer by statin use [73]. Thus,
although many clinical studies support the positive roles of
statins in human cancer suppression or patient’s prognosis,
statin’s efficacy might be different among type or dose of
statins, cancer type, and type of genetic alterations in
tumors. Indeed, our in vivo mouse model studies suggest
that tumors carrying conformational/misfolded p53 mutants
respond better to statins as compared with those with
wtp53, p53-null, and DNA-contact p53 mutants [23]. Our
studies also suggest that a higher dose of statins (near
maximum dose of statins clinically allowed) is required for
suppressing tumor growth in mice [23]. Hence, status of
p53 and dose of statins may affect clinical outcome of
statin’s effects on tumor suppression. To the best of our
knowledge, there is no clinical study analyzing statin’s
effects on tumor suppression, based on the p53 status in
tumors or dose of statins used for patients.

Other inhibitors for the mevalonate pathway have been
tested in clinical trials with promising results. Zoledronic
acid improves clinical outcome of patients with multiple
myeloma [25]. Other clinical studies with zoledronic acid
include metastatic breast cancer, prostate cancer, and pre-
existing bone metastases [26, 74]. Also farnesyl transferase
inhibitors (FTIs) and GGTI inhibitors have shown promis-
ing results in cancer preclinical models; however, in clinical
trials their efficacy appears to be not as good as expected
[28, 75, 27]. It should be noted that none of these studies
consider p53 status in the tumors, which could be an
important variable to predict the response to mevalonate
pathway inhibitors.

Conclusion and future perspectives

Increasing evidence indicates tumor progressive roles of the
mevalonate pathway as well as tumor suppressive roles of
statins and other mevalonate pathway inhibitors [23]. Our
recent findings also highlight the importance of identifying
p53 status (conformational/misfolded mutp53 or not) in
tumors to determine efficacy of statins to suppress cancer
progression. However, there are several remaining ques-
tions to be answered in the future. These include (1) how
MVP enhances the interaction between conformational/
misfolded mutp53 and DNAJAL to stabilize mutp53, (2) if
any other molecular chaperones could stabilize
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conformational/misfolded mutp53 like DNAJAI, (3) which
other p53 mutants can be degraded by statins, (4) whether
statins reduce growth of spontaneous tumors in mutp53
knock-in mouse models, (5) whether combination of statins
with standard-of-care chemotherapy drugs has cooperative
effects on inhibiting malignant progression of mutp53-
expressing cancer cells, (6) if statins or Hsp90 inhibitors
that deplete mutp53 show equivalent or better effects on
cancer suppression as compared with agents that restore
wtp53 activity from mutp53, and (7) whether cancer
patients taking high-dose statins have more benefits to their
prognosis than those taking low-dose statins or without
statin treatment. Studies to address these concerns should be
performed in order to fully understand the mechanisms
underlying mutp53 stabilization or degradation, determine
efficient use of statins for cancer therapy, and discover
novel therapeutic strategies for cancer carrying mutp53.
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