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The Hippo pathway, p53 and cholesterol
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ASBTRACT

Increased rates of cholesterol and lipid synthesis have long been recognized as important aspects of the
metabolic rewiring that occurs during cancerous transformation. Many genes encoding enzymes involved in
cholesterol and fatty acid biogenesis are transcriptional targets of the sterol regulatory element-binding
proteins (SREBPs). The SREBPs act as a hub for metabolic and proliferation-related signals; their activity is the
focus of a tug-of-war between tumor suppressors, who generally inhibit SREBP function, and oncogenes, who
often promote, and rely on, SREBP activity. The Hippo pathway plays a central role in coordinating cell
proliferation and organ size, whereas p53 is a crucial tumor suppressor that maintains metabolic homeostasis
and orchestrates cellular stress responses. Together, the Hippo and p53 signaling pathways cooperate on
multiple levels to fine-tune SREPB activity and regulate cholesterol/lipid levels. Cholesterol biosynthesis
inhibitors such as statins are appealing conceptually, but have yet to show an indisputable effect on cancer
development. Fortunately, the complex regulation surrounding the Hippo-p53-SREBP network potentially
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provides a broad interface for additional novel cancer-targeting interventions.

Introduction

Cholesterol is a unique lipid, essential for membrane biogene-
sis, cell proliferation and cell differentiation." It is the precursor
of steroid hormones, bile acids and vitamin D. Cholesterol is
available through diet, but is also synthesized by the liver, the
small and large intestines, and additional tissues. It is distrib-
uted throughout the body via low-density lipoprotein (LDL)
and high-density lipoprotein (HDL) transporters. Mammalian
cells synthesize cholesterol through a multi-step enzymatic pro-
cess, generating numerous metabolites that mediate physiologi-
cal, developmental and tumorigenic processes.'

Excess cholesterol was shown to promote mammary tumor
growth and invasiveness in several mouse transgenic models.”*
In humans, hypercholesterolemia is an independent risk factor
for breast cancer”” and for decreased response of tumors to
endocrine therapies.® This is partially due to the fact that some
cholesterol metabolites (such as 27-hydroxycholesterol),
although different in structure, can have similar modes of
action as estrogen, increasing the proliferation of estrogen
receptor-positive breast cancer cells.”'" Of note, other choles-
terol-associated metabolites have been shown to inhibit
tumorigenesis.'*

Cellular cholesterol levels are intimately connected to the
SREBP-mevalonate pathway.'> The mammalian genome con-
tains 2 SREBP genes: SREBP1 and SREBP2, which encode
related sequence-specific transcription factors. Together, the
SREBP proteins directly activate a multitude of genes dedicated
to the synthesis and uptake of cholesterol, fatty acids, triglycer-
ides and phospholipids.'>'* SREBP1 mainly regulates lipid

biogenesis, whereas genes involved in cholesterol synthesis are
predominantly transactivated by SREBP2.">""” Two isoforms of
SREBP1, SREBPla and SREBPIc, are generated through the
use of alternative promoters; SREBP1c (with the shorter trans-
activation domain and thus weaker transcriptional activity) is
predominantly expressed in the liver, whereas in other organs
SREBP1a is more prevalent.

All three proteins are synthesized as inactive precursors
(P-SREBP), bound to the endoplasmic reticulum (ER)'®
(Fig. 1A). When cells become depleted of cholesterol, P-SREBP
proteins are escorted to the Golgi apparatus (Fig. 1B). In the
Golgi, P-SREBP is consecutively cleaved by 2 distinct proteases,
so as to release the N-terminal, transcriptionally active domain
(N-SREBP, Fig. 1C). N-SREBP enters the nucleus and promotes
a lipogenic/cholesterol synthesis program by binding to its
consensus sites.'* When cholesterol content in the cell rises,
P-SREBPs are retained on the ER membrane, turning off the
transcription of target genes.'” In this way, SREBPs both affect
and are affected by cellular cholesterol levels.

LATS2 and p53 cooperate to restrain cellular SREBP
activity

Not surprisingly, the SREBPs act as a hub for metabolic and
proliferation-related signals and are highly regulated by cancer-
associated pathways. Together, they constitute a higher order
network that forms a molecular base framework for determin-
ing cellular cholesterol levels in health and disease, including
cancer. As discussed below, tumor suppressors often inhibit
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Figure 1. SREBP processing. (A) SREBP transcription factors are synthesized as inactive precursors (P-SREBP), retained at the membrane of the ER. When intracellular sterol
levels become low, P-SREBP is released from the ER membrane and is translocated to the Golgi apparatus. (B) SREBP in the Golgi apparatus undergoes 2 sequential pro-
teolytic cleavage events. (C) The N-terminal part of SREBP (N-SREBP), containing a transcriptional activation domain and a DNA binding domain, is translocated to the
nucleus, where it can bind sterol response elements (SREs) and regulate the expression of associated target genes.

SREBP activity, whereas oncogenes augment and/or are depen-
dent on SREBP activity. This represents a high-stakes battle for
metabolic control, which is inevitably corrupted when cells
undergo neoplastic transformation.

The Hippo signaling pathway is a critical regulator of cell
proliferation and differentiation. Central to this pathway is a
core kinase cascade of the tumor suppressors MST1/2, LATS1/
2 and the adaptor proteins SAV1 and MOB1/2." sThese pro-
teins form a conserved kinase cassette (“Hippo”) that limits tis-
sue growth and progenitor cell proliferation, typically, by
phosphorylating and inactivating the transcriptional co-activa-
tors YAP and TAZ. Hippo-phosphorylated YAP/TAZ are
sequestered in the cytoplasm and are primed for rapid protea-
somal degradation, thereby repressing their transcriptional
activities and their positive effects on tissue growth and prolif-
eration.””** In normal tissues, integrity of the Hippo pathway
keeps cells in check and prevents their uncontrolled prolifera-
tion. Conversely, dysfunction of the Hippo pathway can lead to
constitutive activation of YAP/TAZ, and is associated with
many types of cancer.”

P53 is a major tumor suppressor, mutationally inactivated in
about half of all cases of human cancer.**** In view of its cen-
tral role in ensuring genome integrity and elimination of cells
harboring defective genomes, p53 has been dubbed “guardian
of the genome.”® Several years ago, LATS2 — a key component
of the core Hippo pathway- was found to contribute to stabili-
zation and activation of p53 in response to mitotic machinery
damage and oncogene activation,”” implicating it as a member
of the extended network that relays to p53 signals from several
types of genome-endangering stress. Recently, LATS2, together
with its paralog LATS1, was shown to contribute to the canoni-
cal tumor suppressive features of p53 also under basal condi-
tions, in the absence of pronounced genotoxic stress.”®

Furthermore, p53 binds and transactivates the LATS2 pro-
moter, thus defining a positive feedback loop.””**° (Fig. 2A
and 3, “A”). This LATS2-p53 axis intimately couples two
important tumor suppressor pathways, p53 and Hippo, not
only in response to genotoxic insults but also in physiological
processes such as induced cell differentiation.”"

Recently, a new metabolic role of LATS2 was unveiled.
Specifically, in both cultured liver-derived human cells and
in vivo mouse liver tissue, LATS2 was shown to bind the
ER-tethered precursors (P-SREBP) of SREBP1 and SREBP2,
inhibiting their processing and quenching the subsequent
transcriptional activity of the cleaved, nuclear SREBPs’?
(Fig. 3, “B”). In cultured liver-derived cells, LATS2 silencing
results in constitutive activation of SREBPs and enhance-
ment of their transcriptional signature. Mice harboring
liver-specific conditional Lats2 knockout and maintained on
normal chow diet accumulate excessive hepatic cholesterol,
and spontaneously develop fatty liver disease. When chal-
lenged with excess dietary cholesterol, which normally indu-
ces a marked p53 response in conjunction with augmented
hepatocyte apoptosis, these mice fail to activate p53, and
manifest more severe liver dysfunction. Hepatic LATS2 is
also important for recovery from high cholesterol-imposed
liver damage when mice are returned to regular diet. Conse-
quently, mouse livers lacking Lats2 develop premalignant-
like pathology, including ductal reactions and hyperprolifer-
ation of oval cells.”* In line with these observations, mice
constitutively expressing a SREBP1 transgene have high lev-
els of hepatic p53.” In parallel, p53 tunes down cellular
SREBP activity by repressing the expression of SREBP
mRNA.** Together, these observations underscore the pro-
tective homeostatic role of the LATS2-p53 axis, in the liver
and possibly also in other cell and tissue types.
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Figure 2. LATS2 p53 and cholesterol crosstalk. (A) LATS2 and p53 positively regulate each other, to inhibit cholesterol synthesis. Excessive levels of cholesterol activate the
LATS2-p53 axis. Green arrows depict positive regulation and red lines denote negative regulation. (B) Proposed bistability governing cholesterol level-dependent engage-
ment of LATS2-p53. The response to increasing input (upward arrowheads) differs from the response to decreasing input (downward arrowheads). LATS2-p53 activation is
triggered above a threshold of cholesterol levels, to reach state “B.” Once the feedback loop is active, it sustains its activity so that the inactivation threshold is shifted to
lower cholesterol levels, to reach state “A.” In this way, the feedback loop provides resistance to fluctuations between the “A” and “B” states.

The LATS2-p53-cholesterol feedback loop (Fig. 2A) con-
ceivably may have evolved to maintain cholesterol homeostasis
in healthy individuals. Typically, humans are exposed to fluctu-
ating levels of extracellular cholesterol throughout the day,
depending on food intake, and experience a prolonged dip in
dietary cholesterol during the night. In this context, it may be
beneficial to avoid “wasteful” activation of SREBP (and choles-
terol biosynthesis) intermittently during the day, while ensur-
ing sufficient cholesterol synthesis during more extended
periods of fasting (night). Indeed, lipid and cholesterol metabo-
lism have been shown to exhibit circadian rhythms.’> One way
to achieve 2 alternate behaviors (diurnal low cholesterol =
SREBP “off;” nocturnal low cholesterol = SREBP “on”) in
humans, in an all-or-none fashion, is by generating a bistable
system.”®*” With this type of model in mind, we might envisage
the following scenario: low cholesterol levels would not engage
the LATS2-p53 feedback loop, so that SREBP could function
uninhibited (Fig. 2B, “A”). During the day, as dietary choles-
terol levels increase, the LATS2-p53 axis may become activated,
and inhibit SREBP to curb excessive de novo cholesterol biosyn-
thesis (Fig. 2B, “B”). Once LATS2-p53 are high, their mutual
reinforcement through the positive feedback loop would ensure
that they remain engaged even at lower concentrations of cho-
lesterol, within the range encountered during the day, at least
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Figure 3. A partial picture of) the SREBP regulatory network. The LATS2-WTp53
axis (A) inhibits processing of P-SREBP (B) and transcription of SREBP mRNA (C).
Mutant p53 (mutp53) binds N-SREBP and augments its transcriptional activity (D).
YAP/2AZ are dependent on the mevalonate pathway for their activity (E). AMPK
inhibits processing of P-SREBP (F). RNF20 ubiquitinates SREBP and drives its degra-
dation (G).

for several hours. Inactivation of the LATS2-p53 axis might
then occur only during nocturnal fasting, when cholesterol lev-
els go beyond the set threshold, thereby facilitating SREBP
reactivation (Fig. 2B, “A”). This model predicts that inactiva-
tion of LATS2, as occurs in many cancers,”® would be sufficient
to drive excess accumulation of cholesterol (Fig. 2A) and result
in cells trapped in state “A,” despite relatively high levels of
cholesterol (Fig. 2B, “A”). In nocturnal rodents, such as mice,
which feed primarily during the night, the 2 phases of this sce-
nario are expected to be reversed relative to humans. Although
presently still largely speculative, the predictions of this model
are readily amenable to experimental testing.

Networking with SREBP

Important processes in the cell usually are tightly regulated on
multiple levels. Moreover, separate and “linear” pathways often
intertwine to form integrated and coordinated signaling net-
works. Therefore, it is not surprising that the Hippo and p53
pathways cross-talk with cholesterol metabolism by additional
mechanisms beyond the LATS2-p53 axis described above.

As already noted, p53 transcriptionally represses the expression
of SREBPIc as well as of 2 of its lipogenic target genes, fatty acid
synthase (FASN) and ATP citrate lyase (ACLY)* (Fig. 3, “C").
Moreover, under glucose starvation p53 induces LIPINI, a key
modulator of SREBP.** Importantly, many of those transcrip-
tional effects are exerted by p53 also under basal conditions, in the
absence of notable stress, thereby enabling p53 to fine-tune the
lipid metabolic landscape of pertinent cells and tissues.

Gain-of-function mutant forms of p53 (mutp53) occur in
approximately 50% of all cancers.*' Interestingly, mutp53 has
been shown to bind SREBP1 and SREBP2 and increase the
transcription of their target genes** (Fig. 3, “D”). In cells har-
boring mutp53, upregulation of the mevalonate pathway
through this mechanism is sufficient to disrupt cell morphology
and drive malignant phenotypes such as invasion.*” Thus, wild
type (WT) and mutp53 enact a yin-yang duality of opposite
functions, WT p53 inhibiting and mutp53 augmenting SREBP
activity. This also suggests that restriction of cholesterol pro-
duction is central to the tumor suppressive role of WT p53.



As mentioned above, YAP/TAZ are the downstream effec-
tors of the Hippo pathway. Characteristically, YAP/2AZ pro-
tein levels and transcriptional activity are inhibited by the
LATS1/2 kinases.”"** Recent studies**® have revealed that the
cancer-promoting features of YAP/TAZ are dependent on cho-
lesterol and SREBP-mevalonate pathway activity (Fig. 3, “E”).
Mechanistically, sustained YAP/TAZ nuclear activity, in associ-
ation with reduced YAP/TAZ inhibitory phosphorylation, is
linked to geranylgeranylation of Rho small GTPases** and F-
actin cytoskeleton integrity,** both of which are regulated by
SREBP. In turn, YAP itself can facilitate transcription of several
genes involved in cholesterol metabolism.*” In fact, mutp53
and YAP physically interact and cooperatively drive transcrip-
tion. Intriguingly, inhibition of the mevalonate pathway, by
treatment with statins, was shown to reduce the transcriptional
effects of mutp53 in a YAP-dependent manner.*” Together,
these observations suggest that the mevalonate pathway is cru-
cial both as an upstream regulator and as a downstream effector
of mutp53 and YAP oncogenic functions.

Of note, in the above studies, LATS1/2 appear to be dispens-
able for YAP/TAZ phosphorylation in response to statin treat-
ment;**** this is inconsistent with the notion that statins
operate through a simple linear Hippo pathway. Notably,
LATS1/2-independent YAP activity has been observed also in
other contexts,*® implying that other kinases are also capable of
targeting and inhibiting YAP/TAZ. One interesting candidate
might be AMP-activated protein kinase (AMPK),*! a master
regulator of metabolism, and itself an inhibitor of SREBP proc-
essing”” (Fig. 3, “F”). It will be interesting to unravel the molec-
ular events that override canonical Hippo signaling and bypass
the negative regulation of YAP/TAZ by LATS1/2.

Similarly, some tumor suppressive functions of Hippo path-
way components appear to be YAP-independent.”” Indeed,
LATS?2 has a growing spectrum of functions, including mainte-
nance of genome stability, induction of apoptosis, cell cycle
and tetraploidy checkpoint control, inhibition of cell migration
and regulation of stem cell differentiation, which extend
beyond YAP/TAZ regulation.””?*?"%5 Likewise, the role of
LATS2 in inhibiting SREBP1/2 is independent of YAP.?” Thus,
LATS2 appears to engage a multi-pronged strategy to inhibit
SREBP activity, by (1) directly binding to and inhibiting
processing of cytoplasmic P-SREBP,*> (2) upregulating p53
protein levels and thereby presumably augmenting p53’s
SREBP-inhibitory effect, and (3) conceivably also by acting,
together with LATSI, via the canonical Hippo pathway, to
inhibit YAP nuclear accumulation, thereby indirectly dampen-
ing YAP-dependent SREBP output.*

Undeniably, SREBP activity is regulated by a slew of factors
beyond those mentioned above. For instance, mature
N-SREBPs are unstable proteins, highly regulated by ubiquiti-
nation and proteasomal degradation.®*®> The RNF20 protein
is an E3 ligase that primarily drives histone H2B monoubiqui-
tylation to regulate gene expression and cancer-related
features.°*® Yet, a recent report® has associated RNF20 also
with ubiquitylation and enhanced proteasomal degradation of
SREBP (Fig. 3, “G”). Interestingly, depletion of RNF20
decreases the transcription of p53,°° implying yet another
potential mechanism for coordination between tumor sup-
pression and cholesterol synthesis.
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Thus, as depicted in Figure 3, the Hippo, RNF20 and p53
pathways impact cellular SREBP activity at different regulatory
steps: expression of SREBP mRNA, processing of SREBP pro-
teins, SREBP transcriptional activity, and protein degradation.
Consequently, releasing SREBP from its inhibitory constraints
to turn “on” cholesterol biosynthesis necessitates disengage-
ment of more than one “brake.” Besides underscoring the
importance of restraining cellular cholesterol levels, what might
be the logic of this multi-layered system of SREBP regulation?
In seeking the answer, 3 important parameters can be consid-
ered: kinetics (response time), optimization (energy expendi-
ture) and noise (expression variation). Since protein synthesis
is energetically costly for the cell, the “cheapest” way to turn
on/off a signal is by activating/inhibiting transcription.” Tran-
scriptional control is p53’s forte ,”' hence p53 represses SREBP,
at least in part, at the transcriptional level (Fig. 3, “C”).>* How-
ever, relying exclusively on transcription may be detrimental
for essential functions such as cholesterol maintenance. More-
over, transcriptional bursts are the source of high expression
variability (noise)’”; unpredictable fluctuations in the rate of
cholesterol biosynthesis, caused by excess transcriptional noise,
may be hazardous for cells with tight energy constraints.

Regulation of protein processing and compartmentalization
often evolve to solve the challenges of toxic pathway intermedi-
ates, competing enzymatic reactions or slow turnover rates.”?
In general, post-translational control offers a rapid response
rate. One effective post-translational mechanism is proteolytic
activation of a key regulatory protein, as exemplified by SREBP.
Yet, since proteolysis is a thermodynamically favorable and
irreversible reaction, prevention of uncontrolled processing
through temporal and compartmentalized occlusion, e.g. to the
ER in the case of P-SREBP, is of advantage to the robustness of
the pathway. On the other hand, post-translational covalent
modifications, particularly phosphorylation, are rapidly revers-
ible, and allow existing proteins to toggle between activated/
inactivated states without the need for de novo protein synthesis
or proteolytic processing.”* However, both modes of
post-translational regulation come at a high energetic cost of
producing proteins that might potentially remain in their
“wasteful” inactive state, if an appropriate activating trigger is
not encountered by the cell.

Coordination of transcription with the translocation of
P-SREBP from the ER and the processing of Golgi-tethered
P-SREBP, might glean the combined benefits of both regulatory
levels. Turning off SREBP transcription and processing might
constitute a dual fail-safe “brake” against undue cholesterol
synthesis. On the other hand, modulation of the extent of post-
translational inhibition might be a method to buffer a poten-
tially noisy transcriptional signal and might avoid the buildup
of potentially bulky intermediates embedded in the ER mem-
brane. Protein ubiquitination and proteasomal degradation
represent a more extreme form of post-translational control;
degradation is indisputably an irreversible process. RNF20-
mediated ubiquitylation and subsequent proteasomal degrada-
tion of SREBP® (Fig. 3, “G”) might represent a last resort to
restrict SREBP function.

Swapping protein binding partners is another flexible,
dynamic strategy to control “quick-response” signaling path-
ways.”” Protein interaction partners have the advantage of
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increased functional flexibility, being able to change over time
and space to adapt to different conditions. However, cancer
cells are infamously adept at hijacking cellular signaling mecha-
nisms for their own sinister cause.”® Thus, the reversibility and
transience of SREBP associations with partner proteins might
also make them particularly susceptible to hijacking by pro-
oncogenic proteins, such as mutp53 and YAP* (Fig. 3, “D”). In
line with this notion, oncogenic RAS was recently reported to
activate both SREBP1 and SREBP2, and to rely on their activity
for stimulating the proliferation of transformed cells.”” Like-
wise, the Myc oncoprotein was shown to interact with SREBP1,
in a manner that enhances the transcriptional and cellular
effects of Myc.78 Indeed, aberrant activation of SREBP and
induced expression of its target genes has been found in several
cancer types, including breast, ovarian and prostate.””*’ Impor-
tantly, the expression of SREBPs and their targets correlates
with proliferation, invasion and cancer progression.*’ Accord-
ingly, high levels of nuclear SREBP are observed in certain sub-
types of glioblastoma, where they are associated with
chemoresistance.*> Together, these observations illustrate the
importance of the SREBP network as a metabolic hub whose
deregulation can drive tumorigenesis.

Statins, cancer prevention and cancer treatment

HMG-CoA reductase (HMGCR) is the rate limiting enzyme of
the mevalonate pathway, and the enzymatic target of statins. In
normal cells, inhibition of HMGCR with statins, and the subse-
quent depletion of cholesterol, triggers a robust feedback by acti-
vating SREBP. SREBP in turn transactivates 2 of its primary target
genes, encoding HMGCR itself (which remains inactive due to the
statins) and the LDL receptor (LDLR).* Increased levels of LDLR
at the cell surface internalize circulating LDL-cholesterol, thus
lowering blood cholesterol and reinstating cellular cholesterol lev-
els. Cancer cells may become “addicted” to high cholesterol, ren-
dering them dependent on both cholesterol import and
intracellular synthesis in order to sustain sufficient levels of choles-
terol. Since SREBP may be already working at maximum capacity,
perhaps due to inactivation of LATS2, hyperactivation of YAP
and/or mutation of p53, inhibition of HMGCR might render can-
cer cells particularly vulnerable to statins, despite sustained LDLR
expression. Indeed, direct inhibition of SREBP1 and SREBP2
processing with fatostatin, which suppresses fatty acid and choles-
terol biosynthesis, has antitumor effects in metastatic prostate can-
cer cells harboring mutant p53.84 Furthermore, statins have been
reported to possess anticancer activity in a wide range of in vitro
and in vivo pre-clinical models, including liquid tumors such as
leukemia and myeloma, and solid tumors such as breast, prostate,
colorectal, hepatocellular, lung, pancreatic, ovarian, cervical and
head and neck cancers®*(and references therein). For example, in
a recent study involving over 1500 patients diagnosed with
glioblastoma multiforme, pre-diagnostic statin treatment was
associated with reduced mortality.*® Similarly, in breast cancer,
improved disease-free survival was found in patients taking statins
before diagnosis.*”**

Beyond their role in lowering cholesterol levels, statins are
proposed to have other inhibitory effects on tumor growth and
differentiation.*”” For example, statins may exert beneficial
antineoplastic properties by altering the apoptosis-inhibitory

effect of VEGF and limiting secretion of matrix metalloprotei-
nases.”””' Unfortunately, not all attempts to determine the
impact of statins on cancer have yielded unequivocal positive
results.”” For example, a recent study concluded that long-term
(10 years) treatment with statins actually doubled the risk of
invasive ductal carcinoma and invasive lobular carcinoma
among postmenopausal women.”” This is a disconcerting find-
ing, given the general optimism with regard to prophylactic
statin administration as a cancer prevention strategy.

Targeting the mevalonate pathway with statins might be just
the tip of the iceberg. The complex regulatory network sur-
rounding SREBP function provides a large interface for addi-
tional cancer targeting interventions. At the same time, due to
feedback loops and redundant fail-safe controls, conceivably
different components of the network might need to be targeted
simultaneously. A better molecular understanding of SREBP
regulation and deregulation, by tumor suppressors such as
LATS1/2 and p53 and oncogenes such as YAP/2AZ and
mutp53, might ultimately empower therapeutic manipulation
of these interactions, as well as provide the foundation for bet-
ter guided targeted personalized treatments with inhibitors of
cholesterol biosynthesis.
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