1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer Discov. Author manuscript; available in PMC 2020 March 01.

-, HHS Public Access
«

Published in final edited form as:
Cancer Discov. 2019 March ; 9(3): 416-435. doi:10.1158/2159-8290.CD-18-0567.

Acetyl-CoA metabolism supports multi-step pancreatic
tumorigenesis

Alessandro Carrerl, Sophie Trefelyl4, Steven Zhaol, Sydney L. Campbelll, Robert J.
Norgard12, Kollin C. Schulzl, Simone Sidoli3, Joshua L. D. Parris!, Hayley C. Affrontil,
Sharanya Sivanandl, Shaun Egolfl, Yogev Sela?, Marco Trizzino®, Alessandro Gardini®,
Benjamin A. Garcia3, Nathaniel W. Snyder4, Ben Z. Stanger?, Kathryn E. Wellenl.

DDepartment of Cancer Biology, Abramson Family Cancer Research Institute, Perelman School
of Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA.

2Department of Medicine, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA 19104, USA.

3)Epigenetics Institute, Departments of Biochemistry and Biophysics, University of Pennsylvania
Perelman School of Medicine, Philadelphia, Pennsylvania 19104, USA.

4A.J. Drexel Autism Institute, Drexel University, Philadelphia, PA, USA.

5The Wistar Institute, Gene Expression and Regulation Program, Philadelphia, PA, USA.

Abstract

Pancreatic ductal adenocarcinoma (PDA) has a poor prognosis, and new strategies for prevention
and treatment are urgently needed. We previously reported that histone H4 acetylation is elevated
in pancreatic acinar cells harboring Kras mutations prior to the appearance of premalignant
lesions. Since acetyl-CoA abundance regulates global histone acetylation, we hypothesized that
altered acetyl-CoA metabolism might contribute to metabolic or epigenetic alterations that
promote tumorigenesis. We found that acetyl-CoA abundance is elevated in KRAS mutant acinar
cells and that its use in the mevalonate pathway supports acinar-to-ductal metaplasia (ADM).
Pancreas-specific loss of the acetyl-CoA producing enzyme ATP-citrate lyase (ACLY) accordingly
suppresses ADM and tumor formation. In PDA cells, growth factors promote AKT-ACLY
signaling and histone acetylation, and both cell proliferation and tumor growth can be suppressed
by concurrent BET inhibition and statin treatment. Thus, KRAS-driven metabolic alterations
promote acinar cell plasticity and tumor development, and targeting acetyl-CoA-dependent
processes exerts anti-cancer effects.
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INTRODUCTION

Activating mutations of KRAS are found in >90% cases of pancreatic ductal
adenocarcinoma (PDA), a disease that accounts for 50,000 new cases every year in the
United States and is currently the third-leading cause of cancer-related deaths (1). Because
pancreatic cancer metastasizes early in disease progression (2) and effective treatments for
advanced disease are lacking, patients face an extremely poor prognosis (~9% 5-year
survival rate) (3). Improved strategies to prevent PDA in at-risk patients, to detect the
disease earlier when it is clinically more manageable, and to treat advanced disease are all
urgently needed to reduce deaths from PDA (1).

Metabolism is extensively reprogrammed in pancreatic cancer cells to support proliferation
and enable survival in an extremely nutrient- and oxygen-depleted microenvironment (4,5).
Acetyl-CoA is a central metabolite with key roles in biosynthetic processes that are
important for proliferation, including fatty acid and cholesterol biosynthesis, as well as
signaling functions, through serving as the acetyl group donor for lysine acetylation. The
two major enzymes that produce acetyl-CoA in the cytosol and nucleus are ATP-citrate lyase
(ACLY), which generates acetyl-CoA from the cleavage of mitochondria-derived citrate, and
acetyl-CoA synthetase 2 (ACSS2), which produces acetyl-CoA from acetate (6). How the
dual metabolic and signaling roles of these enzymes are coordinated in cancer cells remain
poorly understood.

Histone acetylation, a dynamic chromatin modification with key roles in gene regulation, is
highly sensitive to the production and availability of acetyl-CoA (6-8). Acetyl-CoA
fluctuates in response to a number of stimuli in mammalian cells, including nutrient
availability (9), oxygen availability (10), circadian oscillations (11), diet (12), and PI3K-
AKT signaling (9). In human PDA tumors, high levels of histone acetylation have been
found to correlate with high stromal content (13) and poor prognosis (14), and co-culture of
PDA cells with pancreatic stellate cells induces histone acetylation and gene expression
changes (15). Elevated global levels of histone acetylation are acquired in human PDA
metastatic clones, as compared to primary tumors or peritoneal metastatic clones, in a
manner dependent on alterations in glucose metabolism (16). Moreover, targeting the
reading of histone acetylation by BET inhibition, particularly in conjunction with histone
deacetylase (HDAC) inhibition, has been shown to suppress pancreatic tumor formation and
growth (17-19). Thus, histone acetylation is dynamically regulated in PDA cells, contributes
to pancreatic tumor development and progression and may offer opportunities for
therapeutic intervention in PDA.

ACLY is an AKT substrate, and in previous work, we reported that the AKT-ACLY
signaling regulates histone acetylation in tumor cells (9). We also observed that global
histone H4 acetylation was elevated in the acinar cells of young LSL-Kras®12D; p534/+;
Pdx1-Cre; Rosa P (KPCY) versus wild-type (WT) mice, even prior to the appearance of
premalignant lesions (9). Lineage-tracing studies in mutant KRAS-expressing animals have
demonstrated that PDA can arise from cells that have undergone a metaplastic event termed
Acinar-to-Ductal Metaplasia (ADM), which occurs as part of a normal response to
pancreatic injury or inflammation (20,21). In WT cells, ADM is reversible and acini

Cancer Discov. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carrer et al.

RESULTS

Page 3

regenerate once the injury resolves. However, KRAS mutant cells that undergo ADM can
progress to PanIN lesions. The metabolic and epigenetic mechanisms by which KRAS
orchestrates this irreversible ADM remain poorly understood. Notably, PI13K signaling is
required for pancreatic carcinogenesis (22-26), and AKT inhibition has been shown to
suppress ADM (24). We thus wondered if ACLY as a substrate of AKT might contribute to
the regulation of histone acetylation in acinar cells or play a role in facilitating ADM.

We hypothesized that elevated histone acetylation in KRAS mutant acinar cells might reflect
early alterations in acetyl-CoA metabolism that may contribute to tumorigenesis or point
towards metabolic and/or epigenetic vulnerabilities that could be exploited for PDA
prevention or treatment. In this study, we identify a role for ACLY-dependent acetyl-CoA
production in ADM and pancreatic tumor formation, and our data also point to the potential
to target acetyl-CoA dependent processes in established tumors. Using mice in which Acly
is deleted from the pancreas (PdxI-Cre: Acly”, we find that ACLY is required for mutant
KRAS-mediated elevation of histone acetylation in acinar cells, as well as for efficient
KRAS-driven ADM /n vitro and pancreatic tumorigenesis /n7 vivo. In human PDA cells,
AKT-ACLY signaling is highly responsive to environmental conditions and regulates histone
acetylation globally and H3K27ac at PDA enhancers. We find that targeting acetyl-CoA-
dependent processes via BET inhibition and statin treatment suppresses PDA cell
proliferation and can suppress tumor growth /n vivo. These data establish a key role for
ACLY in enabling KRAS-dependent tumor initiation and point to the potential for targeting
acetyl-CoA-dependent processes in pancreatic cancer.

AKT inhibition suppresses histone acetylation and acinar-to-ductal metaplasia in KRAS
mutant pancreatic acinar cells

We previously reported that AKT-ACLY signaling promotes acetyl-CoA production and
global increases in histone acetylation in cancer cells (9). To comprehensively define the
AKT-dependent changes in chromatin modification in KRAS mutant PanIN cells, we
analyzed histone modifications by mass spectrometry (MS) following a 24-hour treatment
with a selective AKT1/2 inhibitor (AKTi). We found that AKT inhibition suppressed several
histone acetyl marks, including H3K23ac, H3K18ac, H3K9ac, and H4K16ac, and H4K8ac
(Figure 1A-B, Supplementary Figure S1A). AKT inhibition also reduced the presence of
multiply acetylated histones (i.e., at lysines 5, 8, 12, and 16 of H4). AKT inhibition potently
suppressed the abundance of H4 acetylated at 2, 3, or 4 sites, and reciprocally increased the
abundance of the unmodified peptide (Figure 1C-D). Additionally, several methyl
modifications increased with AKT inhibition (Figure 1A, Supplementary Figure S1A). Thus,
AKT inhibition promotes extensive remodeling of histone modifications, including broadly
suppressing histone acetylation, in PanIN cells.

We next sought to determine the role of AKT in regulating histone acetylation in pancreatic
acinar cells, since elevated histone H4 acetylation was observed in these cells in KPC mice
even prior to appearance of PanIN lesions (9). We confirmed that pancreas-specific
KrasG12D mutation alone was sufficient to promote elevated H4 and H3K27 acetylation in
acinar cells (Supplementary Figure S1B). Primary pancreatic acinar cells were isolated from
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Pdx1-Cre;L. SL-KrasC12P (KC, hereafter) mice and treated with AKTi for 24 hours. AKTi
strongly reduced histone H4 acetylation as assessed by immunofluorescence (Figure 1E,
quantified in F) and by western blotting (Figure 1G). Acetate supplementation boosted
histone acetylation in all conditions tested (Figure 1E-G). Thus, Kras mutation promotes
global histone acetylation in acinar cells in an AKT-dependent manner.

KRAS mutant acinar cells undergo ADM when cultured ex vivoin a 3D matrix (22). Time
course analysis showed that histone acetylation further increases in primary KC acinar cells
within 24 hours of plating in Matrigel (Supplementary Figure S1C-D), prior to changes in
cell morphology (duct formation), which appear by 48 hours. Expression levels of lysine
acetyl-transferases and deacetylases were minimally altered over this time course
(Supplementary Figure SE-F). Consistent with prior work (24), AKT inhibition potently
blocked the formation of ductal structures /in vitro (Figure 1H). Treatment with AKTi also
suppressed the activation of ductal-specific genes (e.g.: Krt19) and allowed expression of
acinar-specific protease genes (Amy2, Cpal) to be maintained (Figure 11), indicating that
AKT signaling is required for ADM in KRASCG12D_expressing cells.

Targeting acetyllysine readers or the mevalonate pathway suppresses ADM

We hypothesized that KRAS may promote ADM in part through AKT-dependent regulation
of acetyl-CoA production. We therefore investigated the effects of mutant KRAS on acetyl-
CoA metabolism in primary pancreatic acinar cells. Consumption of glucose and glutamine,
as well as lactate production were similar between WT and KC acinar cells (Supplementary
Figure S2A). However, in a targeted analysis, we found that acetyl-CoA abundance was
greater in Kras®12P-expressing acinar cells as compared to WT acinar cells (Figure 2A),
consistent with elevated global histone acetylation in these cells. To define the carbon
sources that supply acetyl-CoA in acinar cells, we traced [U-13C]- glucose, [U-13C]-
palmitate and [U-13C]-leucine. In WT acinar cells, the branched-chain amino acid (BCAA)
leucine was a major source of acetyl-CoA (Figure 2B), consistent with a recent in vivo
isotope tracing study of BCAA metabolism, which reported high utilization of BCAAs by
the pancreas (27). Glucose and palmitate were minor contributors (Figure 2B). In KC acinar
cells, leucine was also a major source of acetyl-CoA, and in addition, labeling from both
glucose and palmitate increased (Figure 2B). Together, these data indicate that KRASG12D
expression impacts acetyl-CoA production in pancreatic acinar cells.

To gain initial insight into how acetyl-CoA might be used by acinar cells, we surveyed
metabolic gene expression in acinar cells undergoing ADM, finding that expression of
mevalonate pathway gene expression was elevated in KRAS mutant acinar cells (Figure 2C).
The mevalonate pathway, which is necessary for the synthesis of sterols and isoprenoids, is
initiated through synthesis of HMG-CoA from three molecules of acetyl-CoA in the cytosol
(28). HMG-CoA is also produced during leucine catabolism (Figure 2D). HMG-CoA M+5,
produced in 13C-leucine catabolism in mitochondria, was clearly detectable in both WT and
KC acinar cells, though this isotopologue was reduced in KC cells as a percent of the total
HMG-CoA pool (Figure 2E). The other detected isotopologues (M+1, M+2, M+3, M+4)
likely represent HMG-CoA synthesized from acetyl-CoA (Figure 2D-E). Consistent with
acetyl-CoA labeling patterns, increased HMG-CoA synthesis from 13C-palmitate, and a
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trend towards increased synthesis from 13C-glucose, were observed in KC acinar cells
(Figure 2F). Total HMG-CoA abundance was not different between the two genotypes
(Supplementary Figure S2B). These data indicate that mevalonate pathway gene expression
increases in KRAS mutant acinar cells and that HMG-CoA is dynamically synthesized from
acetyl-CoA in acinar cells, with some differences in substrate utilization between genotypes.

Together, our data suggest that acetyl-CoA metabolism in acinar cells both regulates histone
acetylation levels and supports the mevalonate pathway. We next asked whether acetyl-CoA
utilization in these pathways is functionally important for ADM. Catabolism of leucine,
glucose, or fatty acids results in acetyl-CoA production within mitochondria, and acetyl-
CoA is transferred to the cytosol via citrate synthesis and export (6). Inhibition of the
mitochondrial citrate carrier (CiC) potently suppressed TGFa-stimulated ADM in collagen-
embedded primary KC acinar cells (Fig. 2G). We therefore next interrogated the roles in
ADM of acetyllysine reading using the BET inhibitor JQ1 and the mevalonate pathway
using the HMG-CoA reductase (HMGCR) inhibitor atorvastatin. Both JQ1 and atorvastatin
suppressed duct formation compared to treatment with vehicle alone (Figure 2G-H). These
findings were also validated in Matrigel-embedded primary KC acinar cells (Supplementary
Figure S2C-S2E). Importantly, supplementation with either mevalonate-5-phosphate or
cholesterol rescued duct formation in the presence of atorvastatin, suggesting that
cholesterol is the key product of the mevalonate pathway that facilitates ADM in KRAS
mutant acinar cells (Figure 21-J; Supplementary Figure S2F-G). Cells can synthesize
cholesterol or take it up from the circulation by receptor-mediated endocytosis. Publicly-
available datasets (GTEXx (29)), as well as quantitative PCR (qPCR) analysis showed that
expression of LDLR [encoding the low density lipoprotein receptor (LDLR)] is low in
normal pancreas in both human and mouse (Supplementary Figure S2H-I).
Immunohistochemistry (IHC) staining confirmed that LDLR protein is lowly expressed in
acinar cells, but is more highly expressed in areas of carcinoma (Supplementary Figure S2J).
Consistently, isolated acinar cells expressed lower Ld/rthan murine PDA cells
(Supplementary Figure S2I). These data suggest that acinar cells may have limited capacity
to uptake LDL-associated cholesterol, potentially underlying a need for de novo synthesis.
In addition to cholesterol synthesis, the mevalonate pathway is also important for
prenylation of membrane-targeted proteins such as KRAS. However, since cholesterol
rescues duct formation (Figure 21-J) and since minimal effects on MAPK phosphorylation
are observed in acinar cells the presence of atorvastatin (Supplementary Figure S2K), it is
unlikely that the statin treatment suppresses ADM through direct interference with KRAS-
dependent signaling. Together, these data indicate that acetyl-CoA levels are elevated in
KRASC12D acinar cells and that either BET inhibition or cholesterol synthesis blockade
suppresses ADM.

Pancreas-specific deletion of Acly does not cause overt metabolic abnormalities

The generation of acetyl-CoA from citrate in the cytosol and nucleus is dependent on ACLY
(6). To interrogate the role of ACLY in ADM and pancreatic tumorigenesis, we crossed
Acly”fmice (30) with PdxI-Cre mice, producing pancreas-specific ablation of Acly
(Acly”NC~~mice). These mice are viable and born at the expected Mendelian ratios. Lack
of ACLY protein in whole pancreas lysates was confirmed by western blotting
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(Supplementary Figure S3A). Histological analysis of pancreata revealed no obvious
abnormalities (Figure 3A), although islet size was significantly smaller (Figure 3B). Fecal
content was not significantly different between genotypes, indicating that exocrine function
is intact in the absence of ACLY (Figure 3C-D). In contrast to that observed in fibroblasts
and in adipocytes upon Acly deletion (30), compensatory upregulation of ACSS2 was not
observed in ACLY-deficient pancreas (Supplementary Figure S3A), suggesting that baseline
levels of ACSS2 may be sufficient to supply nucleo-cytosolic acetyl-CoA in the healthy
pancreas. Consistent with this interpretation, ACLY deficiency /n vivo did not notably alter
histone H4 acetylation in ductal or islet cells (Supplementary Figure 3kB). Histone H4
acetylation was low in acinar cells in WT mice, consistent with our prior findings (9). Since
pancreatic islet size was reduced in the Ac/y”"NC~~mice, we further investigated whether
these mice develop impairments in control of blood glucose levels. We observed minimal
differences in fasting blood glucose levels (Figure 3E; Supplementary Figure S3C), or body
weight in either male or female Ac/y*NC~~mice (Figure 3F; Supplementary Figure S3D,
respectively). Moreover, glucose tolerance was not significantly different between the two
genotypes (Figure 3G), indicating that Ac/y”NC~~mice can produce sufficient insulin to
maintain glucose homeostasis. These data indicate that the lack of ACLY in mouse pancreas
does not cause overt abnormalities in systemic glucose metabolism in unstressed mice fed a
chow diet.

Genetic ablation of Acly inhibits acinar-to-ductal metaplasia and pancreatic tumorigenesis

We next investigated if Ac/y deficiency impacts oncogenic KRAS-triggered ADM and
pancreatic tumorigenesis. To test this, we crossed PaxZ-Cre;Ach/'* mice with LSL-
KrasG12D Acl/f mice to generate mice expressing mutant KRAS in the pancreatic
epithelium that are either ACLY proficient (PaxI-Cre;L SL-KrasC2P: Acly”*, hereafter
referred to KC;Acly™*) or deficient (Pax1-Cre;L SL-KrasC12P: Acly™: KAC hereafter).
Mice were born at the expected Mendelian ratios and developed normally. Deletion of Acly
significantly reduced the abundance of acetyl-CoA and HMG-CoA in acinar cells (Figure
4A). Global histone acetylation (AcH4 and H3K27ac) levels were also suppressed in the
absence of ACLY (Figure 4B). In ADM assays, ACLY deficiency strongly inhibited duct
formation and preserved acinar morphology (Figure 4C-D), similar to that observed with
AKT or CiC inhibition (Figure 1H and 2G, respectively). These data suggest that although
ACLY is not required for normal pancreatic function, it participates in ADM, prompting us
to further investigate its role in tumor formation (Figure 4E).

The cholecystokinin analog cerulein induces acute pancreatitis in mice, accompanied by
widespread ADM. Whereas WT acini regenerate upon resolution of the inflammatory
stimulus, in the context of Kras mutation, ADM is not resolved but instead progresses to
PanIN (20). We assessed whether Ac/y deletion could impair tumorigenesis in the context of
cerulein-induced pancreatitis (Figure 4F). After cerulein injection, mice showed a robust
immune infiltration and disorganization of the pancreatic parenchyma, characterized by
acinar cell loss, dilated interstitial space and presence of ADM foci, regardless of the
genotype (Supplementary Figure S4A, H&E staining, upper panels). ERK phosphorylation,
although less intense in the control group, was comparable in the inflammatory areas in
KC:Acly™ and KAC mice (Supplementary Figure S4A, pERK1/2 staining, middle panels).
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Staining for pACLY-S455 was observed in acinar cells of wild-type and KC;Acly?* mice,
but not in those of KAC mice (Supplementary Figure S4A, pACLY staining, bottom panels).
Interestingly, strong pACLY positivity was also observed in infiltrating cells in all groups,
serving as internal positive controls for the staining, and also suggesting that some
infiltrating cells likely have high ACLY activity (Supplementary Figure S4A). By day 21,
WT mice had recovered and exhibited normal pancreatic histology, as expected (data not
shown). In contrast, KC;Acly™* mice showed extensive neoplastic lesions and the occasional
area of frank carcinoma. KAC mice had less acinar cell loss, reduced neoplastic area, and
fewer high-grade lesions than KC;Acly™* mice (Figure 4G-I). Western blotting of whole
organ lysates confirmed efficient deletion of Acly, as well as ERK activation
(Supplementary Figure S4B). ERK signaling was somewhat reduced in KAC animals
(Supplementary Figure S4B), likely due to reduced neoplastic area in these animals.
PERKZ1/2 positivity was more pronounced in neoplastic structures as compared to
surrounding tissue (Supplementary Figure S4C). Lesions that formed in both genotypes
were PanINs positive for ductal marker CK19 (Supplementary Figure S4D), and no
differences in proliferation, as assessed by Ki67 positivity, were observed (Supplementary
Figure S4E). Together, the data indicate that ACLY facilitates KRAS®12P-dependent
initiation of pancreatic tumorigenesis in the context of pancreatitis.

Genetic ablation of Acly extends PDA survival

We next investigated the role of ACLY in pancreatic tumorigenesis in the absence of injury.
Kras mutation in murine pancreas results in the development of pre-neoplastic lesions
(mostly PanIN), with PDA resulting after a long latency in 20-30% of mice (31). A lack of
ACLY protein (residual signal ascribed either to infiltrating/stromal cells or to sub-absolute
recombination efficiency) and robust ERK1/2 phosphorylation were confirmed
(Supplementary Figure S5A). At 4 months of age, all KC;Acly”* mice showed presence of
numerous PanIN lesions. The number of neoplastic foci was significantly lower in age-
matched KAC mice (Figure 5A, quantified in 5B), and total neoplastic area was also
markedly reduced, though falling short of statistical significance due to variability in
KC:;Acly™™ mice (Figure 5C). Of those lesions that do form, both KC;Acly™* and KAC mice
develop similar lesions that are CK19- and Alcian Blue (mucin stain)-positive
(Supplementary Figure S5B). Very few high-grade lesions (PanIN2 and PanIN3) were
observed in KAC, in contrast to KC mice (Supplementary Figure S5C).
Immunofluorescence staining for AcH4 and the acinar cell marker Carboxypeptidase Al
(Cpal) showed that ACLY deletion strongly reduces histone H4 acetylation in KRAS mutant
acinar cells (Figure 5D), consistent with our findings ex vivo (Figure 4B). Thus, ACLY is
necessary for elevated histone acetylation in KRAS mutant acinar cells and facilitates, but is
not absolutely required for, PanIN formation.

In contrast to acinar cells, both ductal cells and PanIN cells showed high levels of AcH4
staining even in the absence of ACLY (Figure 5D). ACLY protein was not detected in KAC
pancreatic epithelial cells (Supplementary Figure S5D), including in PanIN structures
(Figure 5E), indicating that lesions likely did not form from cells in which recombination
was incomplete. Since use of acetate is a major mechanism of compensation in the absence
of ACLY (30), we next asked whether ACSS2 is upregulated in ACLY-deficient tumors,
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potentially supporting histone acetylation and PanIN growth. Surprisingly, ACSS2 levels
actually tended to be slightly higher in ACLY proficient KC mice (Supplementary Figure
S5A). ACSS2 is frequently upregulated in cancerous and hypoxic regions (10,32), and thus
higher ACSS2 expression in KC mice is likely due to greater representation of premalignant
cells. Indeed, by immunohistochemistry, we noted intense nuclear ACSS2 staining in PanIN
lesions (Figure 5E). Neither proliferation nor apoptosis was significantly different in ACLY-
deficient ADM or PanIN lesions (Supplementary Figure SSE-S5F), further suggesting that
ACSS2 may take on a more prominent role once tumors develop. Together, these data
indicate that ACLY plays a distinct role during tumor formation, but that ACSS2 is strongly
expressed in PanIN lesions and may be a key source of extra-mitochondrial acetyl-CoA to
support growth of neoplastic lesions once formed.

To investigate the role of ACLY in later stages of tumor development, we allowed a small
cohort of KC;Acly”* and KAC mice to age to 1 year of age. 2 out of 7 KC;Acly™* mice
developed PDA with large intraperitoneal tumor masses and had to be sacrificed prior to 1
year of age, while all KAC mice remained viable (Supplementary Figure S5G). Of those
mice that remained alive at 1 year of age, there was a strong trend towards reduced
neoplastic area in KAC as compared to KC mice (Supplementary Figure SSH-S51). To
further test the impact of ACLY deficiency on survival, we genetically deleted Ac/yin the
aggressive KPC model of PDA tumorigenesis (33). We generated KPC mice that are either
ACLY proficient (KPC;Acly*) or deficient (KPAC). A cohort of mice was sacrificed at 9
weeks of age, an age at which PanIN lesions have developed in KPC mice (Figure 5F).
Counting of lesions (Figure 5G) and calculation of neoplastic area (Figure 5H) revealed
substantial heterogeneity in KPAC mice, with some animals lacking lesions altogether at 9
weeks of age and others with lesions comparable to those in KPC mice. Although all
animals developed terminal PDA regardless of Ac/y status, survival was significantly
extended in KPAC as compared to KPC;Acly™* mice (Figure 5I; median survival 21 weeks
vs 18 weeks for KPC;Acly”*; Log-rank test: p=0.0236*). The cumulative data indicate that
ACLY deficiency hampers tumor initiation in mice, thus reducing tumor burden and
improving overall survival.

Environmental factors influence histone acetylation in human PDA cell lines

To probe the regulation of acetyl-CoA metabolism in established PDA cells, we examined
the role of AKT signaling on ACLY phosphorylation and the regulation of histone
acetylation in PDA cells. Surprisingly, AKTi treatment had minimal effect on histone
acetylation in human PDA cells under standard culture conditions (denoted as DMEM in
Supplementary Figure S6A-S6B). Although initially puzzling, this observation is consistent
with evidence that in PDA, stromal elements promote AKT activation (34) and histone
acetylation (15). Indeed, when cultured in an insulin-containing medium (denoted PDEC)
Panc1 cells showed enhanced AKT signaling and increased histone acetylation that was
suppressed by AKTi treatment (Supplementary Figure S6A). Similar findings were made in
HPAC cells, but not in the KRAS WT cell line BXPC3 (Supplementary Figure S6B). PDEC
medium did not alter glucose consumption rates, but did reduce lactate production in AsPC1
cells (Supplementary Figure S6C). We next specifically tested the role of exogenous growth
factors in regulating AKT-ACLY signaling and histone acetylation in PDA cells. We found
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that EGF, TGFa.,, IGF, and insulin were all able to potently increase AKT and ACLY
phosphorylation in PDA cell lines (Figure 6A; Supplementary Figure S6D-S6E). Growth
factor stimulation increased histone acetylation, in a manner dependent on AKT and ACLY
(Figure 6B—C). Thus, activation of the AKT-ACLY-histone acetylation axis in PDA cells is
highly responsive to exogenous growth factor signals.

To determine if growth factor stimulation regulates histone acetylation at functionally
relevant loci, we investigated the regulation of previously defined PDA enhancers (35) and
stromal-responsive loci (15). Chromatin immunoprecipitation (ChIP) experiments confirmed
that IGF treatment significantly increased H3K27 acetylation at several stroma-regulated
gene promoters in an AKT-dependent manner (Figure 6D). A control locus, TUBAIA
(encoding tubulin-a.) was not impacted under these conditions (Figure 6E). We also tested
regulation of H3K27ac at the EGFR super-enhancer (35) using primers spanning the region
(Supplementary Figure S6F). Treatment with IGF markedly increased H3K27 acetylation,
and this was blocked by AKTi (Figure 6F). A distal region downstream of the enhancer was
not affected (Figure 6G). Analogous results were obtained for the MYC SE locus
(Supplementary Figure S6G-S6H). Thus, IGF-induced AKT signaling regulates H3K27ac at
PDA enhancers and other stromal-responsive loci.

Targeting acetyl-CoA-dependent processes can inhibit PDA tumor growth

Although ACLY is important for efficient tumor formation and AKT-ACLY signaling is
dynamically regulated in response to growth factor signals in PDA cells, ACSS2 may take
on important roles in acetyl-CoA metabolism and allow tumors to grow independent of
ACLY. To gain insights into the regulation of acetyl-CoA metabolic pathways in human
PDA tumors, we surveyed gene expression using publicly available datasets (pipelined
through GEPIA (36)). Expression of both ACLY and ACSS2 is elevated in human PDA
(Supplementary Figure S7A). In addition, mevalonate pathway and sterol synthesis genes
are upregulated in human PDA samples as compared to their expression in normal pancreata
(Supplementary Figure S7A). In contrast, these genes are not upregulated in human lung
adenocarcinoma (Supplementary Figure S7A). In cultured PDA cells, glucose and acetate,
but not leucine, were found to be used for acetyl-CoA and HMG-CoA synthesis (Figure 7A).
The insulin-containing supplement ITS also boosted the contribution of glucose to acetyl-
CoA pools in AsPC-1 cells (Figure 7A). Thus, ACLY and ACSS?2 likely both contribute to
acetyl-CoA metabolism in PDA cells and may have at least partially overlapping roles in
supplying acetyl-CoA-dependent pathways.

The expression of ACSS2 in tumors and major contribution of acetate to acetyl-CoA pools
in PDA cells prompted us to consider that targeting acetyl-CoA-dependent processes, rather
than acetyl-CoA production, might offer an opportunity to suppress tumor growth. Since
mevalonate pathway gene expression is upregulated in PDA and histone acetylation is
dynamically regulated in PDA cell lines (Figures 6B—F, Supplementary Figures S6A-S6B
and S7A), we tested the effects of JQ1 and atorvastatin on PDA cell proliferation. At doses
that only modestly impact p-ERK and MYC levels (Figure 7B), each drug individually had
growth suppressive effects in some but not all of the cell lines tested (Figure 7C). Culture
conditions impacted the effects of statin treatment; culturing cells in the presence of ITS
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partially alleviated atorvastatin-induced growth inhibition observed in DMEM (Figure 7C).
The atorvastatin-mediated inhibition of proliferation was rescued by addition of either
mevalonate or geranylgeranyl pyrophosphate (GGPP), but not with cholesterol (Figure 7D),
suggesting that the mevalonate pathway plays a distinct role in supporting proliferation in
PDA cells as compared to that in facilitating ADM. Combining JQ1 and atorvastatin
profoundly inhibited cell proliferation in each of the PDA cell lines that we tested, in both
the presence or absence of ITS (Figure 7C). Similar results were obtained in mouse PDA
cell lines derived from PaxI-Cre:KrasC20:p53LSL-RI7ZH/* - Acl7* :RosaYFF (KPCY) mice
(37) (Figure 7E). Thus, at least /n vitro, targeting the mevalonate pathway together with BET
inhibition strongly suppresses PDA cell proliferation.

To test the impact of JQ1 and atorvastatin on tumor growth /n vivo, we took advantage of the
fact that the KPCY PDA cell lines were generated in C57BI16/J mice, allowing us to conduct
allograft experiments in immune competent animals. Growth of tumors from the 2838¢3
clone was markedly suppressed upon combined administration of JQ1 and atorvastatin,
demonstrating the proof-of-principle that targeting these acetyl-CoA-dependent pathways
can suppress tumor growth (Figure 7F-G). Tumors generated from a second clone, 6419c¢5,
however, were less responsive, suggesting that additional factors /n vivo modify responses to
these drugs (Figure 7F-G). Although determining the basis for this difference in
responsiveness will require further investigation, these two clones elicit dramatic differences
in the tumor microenvironment that impact therapeutic responses (37), raising the possibility
that non-cell-autonomous effects influence the efficacy of this combination therapy. These
data indicate that targeting acetyl-CoA-dependent pathways can suppress PDA tumor growth
in vivo and that treatment responses may be impacted by factors such as the composition of
the tumor microenvironment.

DISCUSSION

In this study we report that generation of nucleo-cytosolic acetyl-CoA by ACLY plays a key
role in facilitating pancreatic tumor formation. We further find that once tumors form,
ACSS?2 is highly expressed and tumors can grow even in the absence of ACLY, but that
targeting acetyl-CoA dependent pathways, using combined BET inhibition and statin
treatment, can suppress proliferation and tumor growth. In regards to tumor formation, we
show that KRAS mutant acinar cells exhibit increased acetyl-CoA abundance, correlating
with elevated global histone acetylation. Inhibition of AKT, an upstream regulator of ACLY,
inhibition of mitochondrial citrate export, or genetic deletion of Ac/y suppresses KRAS-
induced histone acetylation and impairs ADM. Duct formation was also attenuated by either
BET inhibition or mevalonate pathway inhibition, suggesting that acetyl-CoA is required for
histone acetylation and cholesterol biosynthesis during ADM. We next specifically
interrogated the role of ACLY in pancreatic tumorigenesis using genetic models.
Importantly, mice lacking Aclyin the pancreas developed normally and did not exhibit overt
impairments in systemic glucose homeostasis. Strikingly, however, the absence of ACLY
reduced acetyl-CoA levels in KRAS mutant acinar cells, impaired PanIN formation, and
extended survival in the aggressive KPC model. Finally, we found that AKT-ACLY
signaling potently regulates histone acetylation globally and H3K27ac at PDA enhancers.
Concurrent BET inhibition and statin treatment potently suppressed proliferation in PDA
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cell lines and could also suppress tumor growth /7 vivo in immune-competent mice.
Together the data point to a key role for ACLY in early pancreatic tumorigenesis and suggest
the potential to target acetyl-CoA-dependent processes in PDA.

The findings of this study implicate ACLY-dependent production of acetyl-CoA as playing
crucial roles in early stages of pancreatic tumorigenesis. Lineage tracing studies and genetic
models in which mutant KRAS is expressed specifically in acinar cells have revealed that
ADM can initiate a multi-step carcinogenic process in the mouse. Although its relevance for
the human disease has not been definitively demonstrated, human acinar cells can undergo
ADM in vitro (38), and putative precursors (AcTUB+/DLCK1+) are present both in mouse
and human pre-neoplastic foci (39,40). In addition, ADM is observed in patients with
chronic pancreatitis, who are at elevated risk for PDA, supporting the notion that human
PDA can arise from ADM foci (20). Chromatin remodelers are known to participate in
neoplastic lesion development (41), and dynamic changes in histone methylation and histone
acetylation have been observed during ADM or tissue regeneration after pancreatic injury
(42,43). Nevertheless, a comprehensive epigenomic analysis of ADM during tissue injury or
in response to mutant KRAS signaling has not been reported. Our findings confirm and build
on prior work that has shown that BET inhibition suppresses ADM and impairs pancreatic
tumorigenesis (17). Further work is needed to evaluate the impact of ACLY on genome-wide
histone modification, chromatin accessibility, and gene regulation during metaplasia. Of
note, we found that supplementation with exogenous acetate does not rescue ADM upon
AKT inhibition or in the absence of ACLY (data not shown), suggesting a unique role for
ACLY-dependent generation of acetyl-CoA. Emerging evidence suggests that ACLY and
ACSS2 have some ability to compensate for one another but also each have distinct roles,
particularly in chromatin regulation, likely related to a need for spatial and temporal control
of acetyl-CoA production for specific functions (44).

The roles of metabolism in ADM are also poorly understood, although there are hints in the
literature that metabolic alterations might participate. In particular, mutant KRAS signaling
in acinar cells has been shown to stimulate increased mitochondrial reactive oxygen species
production, and that this is critical for ADM (45). Our data implicate for the first time a role
for cholesterol synthesis in ADM. Although the mechanisms through which cholesterol acts
remain to be determined, possibilities include regulation of hedgehog signaling (46), which
has been implicated in acinar cell regeneration after injury and early carcinogenesis (47,48),
or lipid rafts (49), which are cholesterol-rich and promote EGFR signaling (50-52).
Cholesterol has also recently been shown to stimulate proliferation of intestinal stem cells
and to promote tumor formation (53), suggesting that cholesterol metabolism might play
similar roles in colon and pancreatic carcinogenesis. Our findings indicate that BCAAs are
the primary source of acetyl-CoA used within the mevalonate pathway for cholesterol
synthesis. This is consistent with a recent /in vivo isotope tracing study that demonstrated
that BCAAs contribute prominently to the TCA cycle in the pancreas (27). Although BCAA
catabolism is suppressed in PDA as compared to normal pancreas and BCAT enzymes are
dispensable for the growth of PDA tumors (54), the data suggest that the role of BCAAs in
ADM and pancreatic carcinogenesis warrants further investigation. The data implicating
cholesterol synthesis in pancreatic carcinogenesis thus open up a number of questions for
future investigation and could have implications for disease prevention.
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The findings that atorvastatin suppresses ADM and, when combined with BET inhibition,
can reduce tumor growth aligns with an extensive epidemiological literature that suggest that
statins, which are widely prescribed clinically as cholesterol-lowering agents, may also exert
anti-cancer effects (55). Although analysis of two large prospective studies found no
difference in pancreatic cancer risk between regular and non-regular statins users (56), a
modest increase in median survival was observed for patients who had been regular statin
users for the 2 years prior cancer diagnosis (57). In addition, numerous prior studies have
found that statin use correlates with extended survival, particularly if precedent to pancreatic
cancer diagnosis and in a high dose regimen (55). Notably, statins were found to decrease
the risk of pancreatic cancer development in patients with chronic pancreatitis (58) and
type-2 diabetes (59). Statins have been found to inhibit progression of PanIN to PDA and
extend survival in KPC mice (60,61). Atorvastatin was also shown to delay PDA progression
in a mouse model of acinar cell-derived PDA (62). Reciprocally, disruption of cilia in mouse
pancreatic epithelial cells enhances KRAS-mediated tumorigenesis, via activation of the
mevalonate pathway, and statin treatment reversed this effect (63). Sterol synthesis gene
expression has also been linked to KRAS signaling in PDA (4,64), and inhibition of
cholesterol uptake suppressed PDA cell proliferation and enhanced the effects of
gemcitabine in suppressing tumor growth (64), further pointing to the importance of this
pathway in PDA. Currently, a phase 3 clinical trial testing the use of atorvastatin combined
with other treatments in patients with cancer is ongoing (). Our data support the hypothesis
that use of statins in a combinatorial regimen has the potential to restrict tumor growth.

The data also suggest that it will be crucial to understand the role of the microenvironment
and, in particular, the roles of immune cells in modulating the efficacy of statins and BET
inhibitors. The two KPCY cell lines used to test the effects of these drugs on tumors growth
have been shown to generate tumors with dramatically different immune compositions.
Tumors grown from the 2838c3 clone, which are sensitive to the drug combination, are high
in CD8+ T cells and low in myeloid derived suppressor cells (MDSCs). Tumors arising from
the 6419c5 cell line, on the other hand, recruit few T cells and numerous MDSCs and are
highly resistant to chemo- and immunotherapy (37). Notably, both statins and BET
inhibitors can impact not only cancer cells but also immune cells, potentially contributing to
their anti-cancer effects (65-68). Future studies aimed at elucidating how the tumor
microenvironment impacts responses to these drugs will aid in identifying the most
appropriate contexts and strategies for use of these inhibitors.

Further work is also needed to understand the distinct roles of ACLY and ACSS2 in
established PDA. The data suggest that while tumor formation is impaired in the absence of
ACLY, once PanINs form, it is possible for ACLY-deficient tumors to grow. Prominent
nuclear ACSS2 expression and maintenance of global histone acetylation was observed in
lesions, suggesting that ACSS2 may play important roles in chromatin regulation in
pancreatic cancer. Although ACSS2 is known to promote tumor growth in several types of
cancer including liver, breast, and brain (10,32,69), defining its role in PDA will require
further study. We also noted that environmental factors potently activate AKT-ACLY
signaling in PDA cells, driving elevated histone acetylation, globally and at PDA enhancers
and stromal-responsive loci. Further elucidation of the impact of growth factor signals in the
dynamic regulation of chromatin modifications in PDA and implications for gene regulation
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could also be important for understanding the impact of the tumor microenvironment on
PDA tumor growth and therapeutic responses.

Collectively, these data provide evidence for involvement of acetyl-CoA metabolism in
pancreatic cancer, and highlight the role of a metabolic enzyme in oncogene-driven acinar
cell plasticity and tumorigenesis. These findings enhance our understanding of metabolic
contribution to ADM and identify key questions for future investigation that could lead to
improved strategies to prevent or potentially to treat pancreatic cancer.

Animal studies.

All animal protocols were reviewed and approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania. Ac/y”f mice were previously described (30).
To generate AclyNC-I~ mice, Acly”f mice were bred to Pax1-Cre transgenic mice. To
generate KAC mice, Acly” mice were first bred either to Pax1-Cretransgenic mice or LSL-
Kras®120 transgenic mice. PaxI-Cre;Acly”* female mice were then crossed with £LSL-
KrasG12D Acly”f male mice. Mice were largely born according to the Mendelian ratios,
except for those concurrently carrying floxed Acly and p53alleles, which were born at a
much lower frequency, due to co-segregation (both encoded in Chromosome 11). To
generate KPAC mice, LSL-Kras®12P:Acly”* male mice were bred with Pdx-

Cre;p53~"* ;Acly” female mice. Genotyping was performed by PCR amplification of ear
snips digested with Proteinase K, using primers listed in Supplementary Table 1. Effective
recombination was tested by Western blotting for ACLY on whole pancreatic tissue lysates:
pancreatic expression of ACLY was the sole exclusion parameter used in our studies. Unless
otherwise stated, all experimental mice were a mix of male and female. The numbers of
animals used per experiment are stated in the figure legends.

For the xenograft study, atorvastatin was diluted in water +5% glucose +0.1% DMSO; a
total volume of 200 pL was orally administered through gavage. JQ1 was diluted in 10% (2-
hydroxypropyl)-B-cyclodextrin (Cayman Chem): 1 part of JQ1 was diluted in 9 parts of
solvent, as previously described (70).

C57BL/6J mice were injected subcutaneously (2.5%10° cells/mouse) with both 2838¢3 and
6419c¢5 (37) in contralateral flanks. When tumors became palpable, mice were treated daily
with atorvastatin (10 mg/Kg, gavage), JQ1 (50 mg/Kg, i.p.) and/or vehicle. Tumor volume
was evaluated every other day using calipers and expressed in mm? using the formula: V=
1 /6 X (Dmax? * Dmin/2; (71)).

PanIN and PDA cell culture.

PanIN- and PDA-derived mouse primary cells were previously described (9,37). Unless
otherwise noted in the text, they were cultured in a modified version of the PDEC medium
as previously described (9). MiaPaca, Pancl and BxPC3 were cultured in DMEM (GIBCO)
supplemented with 10% Cosmic Calf Serum (CS). Cell lines were authenticated by short
tandem repeat (STR) profiling using the Geneprint® 10 System (Promega). Data were
matched against the ATCC reference database. All cell lines were matched to their identity
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with a score >80%. ATCC names and numbers for the cell lines used in this study are as
follows; MiaPaca (ATCC# CRL-1420), Pancl (ATCC# CRL-1469), HPAC (ATCC#
CRL-2119), AsPC1 (ATCC# CRL-1682). All cell lines were routinely monitored for and
confirmed to be free of mycoplasma. Our laboratories routinely perform testing for
mycoplasma contamination and positive cells are immediately discarded (most recent
testing: April, 131, 2018 for AsPC1, Pancl, HPAC, BxPC3; January, 30", 2018 for 2838¢3,
6419c5. Cells are normally maintained in culture for no longer than 15 passages.

For histone extraction and ChIP experiments, cells were allowed to adhere overnight, and
then medium was replaced with fresh medium containing indicated inhibitors and cultured
for 24 hours, unless otherwise indicated. For gene silencing, sSiRNA smartpools targeting
human ACLY and a non-silencing control (Horizon Discovery/ Dharmacon) were used. For
proliferation assays, cells were plated in triplicate wells and allowed to adhere overnight.
Cells were counted the following day (number indicated by a dashed blue line in the Figure)
and culture medium was changed, and cells were allowed to proliferate for four days in the
presence of indicated inhibitors. Medium was refreshed on the third day after plating.

Histone extraction.

Histones were purified using acid extraction, as previously described (9). Briefly, adherent
cells were cultured in 6 well plates and nuclei were harvested in cold NIB buffer (15mM
Tris-HCL pH7.5, 60mM KCI, 156mM NaCl, 5mM MgCl,, 1mM CaCly, 250mM sucrose,
freshly added: 1mM DTT, 1X protease inhibitors, 10mM sodium butyrate, 0.1% NP-40) and
incubated in ice for 10 minutes with occasional vortexing. Suspension-growing acinar cells
were resuspended in high-volume cold NIB buffer for 15 minutes. Nuclei were pelleted at
600 rcf for 5 min at 4 °C and washed twice using NIB buffer without NP-40. The nuclear
pellets were immediately resuspended in 0.4N H,SO,4 and rotated at 4 °C. After
centrifugation, histones were precipitated from the supernatant by addition of 20%
tricholoracetic acid (TCA) for at least 1 hour, followed by centrifugation. The pellet was
washed once with acetone containing 0.1% HCI, and finally with 100% acetone. Histone
proteins were dried at room temperature and resuspended in water.

Mass Spectrometry analysis of histones.

PanIN-derived cells were incubated for 24 hours in the presence of AKT inhibitor (see
below) or vehicle control (DMSO). Histones were acid extracted, as described. Total
histones were subjected to chemical derivatization using propionic anhydride (Sigma-
Aldrich) and digested with sequencing-grade trypsin at a 10:1 substrate:enzyme ratio for 6
hr at 37°C. The digested peptides were processed as previously described (72). A resolution
of 60,000 was used in the Orbitrap for the full mass spectrometry (MS), followed by MS/MS
spectra collected in the ion trap. Data were subsequently analyzed with in-house software
(72).

Chromatin Immunoprecipitation (ChiP).

ChIP was performed essentially as previously described (71). Briefly, were fixed on the dish
with 1% formaldehyde for 10 minutes at room temperature. The reactions were quenched
with 0.25 M glycine. The cells were then washed twice with 1X PBS and scraped in cell
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lysis buffer (10 mM Tris-HCI pH8.1, 10 mM NaCl, 1.5 mM MgCl,, 0.5% NP-40),
supplemented with protease inhibitors (Roche). The cell pellet was resuspended in 0.5 mL of
nuclear lysis buffer (50 mM Tris-HCI pH 8.1, 5 mM EDTA, 1% SDS) supplemented with
protease inhibitors. The chromatin was fragmented with a Diagenode Bioruptor Pico (12
cycles of 30 s on followed by 30 s off, at 4 °C). Samples were incubated with protein G
magnetic beads (Millipore 16-662) and H3K27ac antibody (Abcam #ab4729) overnight at

4 °C. The next day, samples were washed 5 times with decreasingly stringent buffers. ChIP
DNA was eluted off the beads by incubating beads in 125 pL elution buffer for 10 minutes at
65 °C. The combined supernatant was then incubated overnight at 65 °C to reverse
crosslinks and proteinase K treated for 1 hour the next morning. Samples were purified
using Macherey-Nagel DNA purification kit, with NTB binding buffer.

Quantitative PCR (qPCR).

Quantitative PCR for ChIP samples were diluted 1:20 and used as template in the Power
Sybr Master Mix (ABI 4367659) and DNA was amplified using the ViiA-7 Real-Time PCR
system. Primers are listed in Supplementary Table 1.

RNA was isolated from triplicate wells under each condition using TRIzol (Invitrogen) and
cDNA synthesized using high-capacity RNA-to-cDNA master mix (Applied Biosystems), as
per the kit instructions. cDNA was diluted 1:10 and used as template in the Power Sybr
Master Mix (ABI 4367659) and DNA was amplified using the ViiA-7 Real-Time PCR
system. Fold change in expression was calculated using AACt, with indicated reference gene
(18S, Actin or GAPDH) as an endogenous control. All primers are listed in Supplementary
Table 1.

Acinar cell isolation, culture and tracing experiment.

Acinar cells were isolated as previously described (22). Briefly, pancreata from 6-8-week-
old mice were collected upon sacrifice, washed twice in cold Hank’s Balanced Salt Solution
(HBSS) and subsequently minced. Tissue was then digested with 1 mg of Collagenase P
(Roche #11215809103) in 5 mL HBSS at 37 °C for 30 minutes, occasionally inverting the
tubes and interrupting the digestion every 10 minutes to mechanically disrupt the clogs by
pipetting with progressively smaller pipette tubes. Reaction was stopped and tissue
homogenate was washed twice with HBSS containing 5% CS and then filtered through a
500 um mesh and a 100 pm cell strainer. The flow through was carefully laid onto a HBSS
+30% CS solution and centrifuged. The pellet was resuspended in Waymouth’s medium
containing 10% CS (supplemented with indicated inhibitors) for suspension culture. Cells
were plated in low-adhesion petri dishes, incubated at 37°C for 24 hours and then harvested,
unless otherwise reported.

For matrix-embedded culture, cells were resuspended in a 1:3 media:matrigel (growth-factor
reduced, from Trevigen) or a 1:2 media:collagen solution (purified Rat Collagen I, from
Trevigen). 250 UL of suspension were seeded onto a 48-well plate and incubated at 37 °C for
solidification for at least 1 hour. Upon Matrigel solidification, 500 uL of Waymouth’s
medium, containing 10% CS, 0.1 mg/mL Soybean Trypsin Inhibitor and indicated
inhibitors/supplements, were added to each well. Cells were monitored daily and images

Cancer Discov. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carrer et al.

Page 16

acquired at Day 2 using a DMI6000B inverted light and fluorescent microscope. Upon
Collagen solidification, 500 puL of Waymouth’s medium supplemented with 10% CS and 0.1
mg/mL Soybean Trypsin Inhibitor were added to each well. The following day, medium was
replaced with Waymouth’s medium supplemented with 10% CS and 0.1 mg/mL Soybean
Trypsin Inhibitor and Tgfa (100 ng/mL). Cells were monitored daily and images acquired at
Day 5 (unless differently reported in the Figure Legend) using a DMI6000B inverted light
and fluorescent microscope.

For nutrient tracing, suspension-plated cells were allowed to recover overnight in
Waymouth’s medium supplemented with 10% CS and 0.1 mg/mL Soybean Trypsin
Inhibitor. In the morning, cells were collected and rapidly spun down and resuspended in
glucose- and leucine-free DMEM +10% dialyzed FBS (Gibco) supplemented with either 20
mM [U-13C]-glucose (Cambridge Isotope Laboratories #CLM-1396—1) or 500 pM [U-13C]-
leucine (Isotec, MilliporeSigma #605239), plated in low-adhesion petri dishes and incubated
at 37°C for 8 hours. 500 pM cold leucine and 20 mM of cold glucose were also respectively
supplemented. For palmitate tracing, cells were spun down and resuspended in DMEM
containing 120 uM of [13C]-palmitate and supplemented with 10% charcoal-stripped FBS
(Gibco) and cultured as above for 8 hours.

Blood glucose measurement and glucose tolerance test.

Blood glucose levels were measured from tail in either 9-week-old or 13-week-old mice
after overnight fast using a portable glucometer (Breeze2, Bayer Pharmaceuticals). For
glucose tolerance test (GTT), mice were fasted overnight and weighed. Blood glucose levels
were measured in the morning prior to glucose administration and values were used as =0
reference points. Mice were injected with 2.0 g/kg body weight of glucose (resuspended in
PBS, filtered) via intraperitoneal injection. Blood glucose was measured by glucometer at
15, 30, 60, 90, and 120 minutes after injection.

Immunofluorescence of acinar cell explants.

Acinar cells were harvested from mice, plated in matrigel, and treated as indicated. Cells
were fixed with 4% paraformaldehyde for 15 minutes and permeabilized with 0.5%
TritonX/PBS for 10 mins at 4 degrees. Cells were then blocked in 10% goat serum in IF
Wash buffer for one hour at room temperature. Primary antibodies (AcH4; 1:250) were
incubated overnight at 4 degrees in IF Wash buffer + 10% goat serum. Secondary antibody
was incubated with DAPI in IF Wash (+ 10% goat serum) for 1 hour at RT. Cells were
immediately imaged. IF Wash buffer: 130 mM NaCl,, 13 mM NayHPOy, 3.5 mM NaH,POy,
7.5 mM NaNs3, 0.1% BSA, 0.2% Triton-X 100.

For quantification, fluorescence signals were quantified with ImageJ counting the number of
pixels that exceeded a fixed background threshold, as previously described (73).

Antibodies and reagents.

Inhibitors used were as follows: Akt inhibitor VIII (Calbiochem, 10 uM), MK2206
(Selleckchem #S1078, 5 uM), PD325901 (LC Laboratories, 1 uM), FASN inhibitor (Orlistat:
Cayman Chemical #CAS96829-58-2; 30 uM), HMGCR inhibitor (Atorvastatin, Cayman
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Chemicals #10493; 20 uM), JQ1 (AdooQ Biosciences #A12729 for in vivo experiments; in
vitro quantities provided by James E Bradner laboratory, Harvard; 500nM unless specified in
the text), 1,2,3-Benzenetricarboxylic acid (BTA, Sigma #B420-1).

Recombinant proteins and supplements used for cell treatments were: recombinant murine
EGF (Peprotech #215-09; 100 ng/mL); recombinant TGFa (R&D Systems, 100 ng/mL);
recombinant murine IGF-1 (Peprotech #250-19, 200 ng/mL); bovine-extracted insulin
(Sigma #15500; 50 ng/mL); Cholesterol (SyntheChol NSO supplement — synthetic
cholesterol — Sigma #S5442; 12.5 ug/mL); Mevalonate ((x)-Mevalonic acid 5-phosphate
trilithium salt hydrate; Sigma #579849; 100 uM); ITS+ Premix (Fisher, #CB40352).

Antibodies used for Western blots include: AcH3, AcH4, H3, H4 (from Millipore), pAKT-
Serd73, AKT, pACLY-Ser455, pERK, ERK, pS6, S6, H4K8ac, H3K23ac, ACSS2 (from Cell
Signaling), tubulin (Sigma), H3K27ac, H3K9ac (from Abcam), ACLY (previously described
(8)). Secondary antibodies were IRDye680RD Goat Anti-Mouse (LI-COR 926-68070) and
IRDye800CW Goat Anti-Rabbit (LI-COR 926-32211). Blots were analyzed using a LICOR
Odyssey CLx blot scanner.

Antibodies used for IHC on murine tissues as follows: AcH4 (1:4000; clone 06—-759-MN,
Millipore), Ki67 (1:250; #ab16667, AbCam) pACLY (1:100; #SAB4504020, Sigma), pERK
(1:250; #9101, Cell Signaling), ACLY (1:100; #ARP42737_P050, AvivaBiosystems),
cleaved Caspase-3 (1:200; #9661, Cell Signaling), ACSS2 (1:250; #3658S, Cell Signaling),
H3K27ac (1:3000; #ab4729, Cell Signaling), LDLR (1:200; #AF2255, R&D Systems).

Antibodies used for IF on murine tissues as follows: AcH4 (1:2000; clone 06-759-MN,
Millipore), CPA1 (1:200; #AF2765, R&D Systems).

Immunohistochemistry and analysis of murine pancreatic tissue.

For histological evaluation, tissue samples were harvested as described (9). Importantly,
pancreata were laid on a planar surface and fixed with formalin overnight. Sectioning of
paraffin-embedded tissues exposed the transverse axis and revealed whole organ
morphology (4 um sections, Abramson Family Cancer Research Institute Histopathology
Core). For tumor evaluation, images of whole pancreata were reconstructed through
software-guided tile merging. ImageJ software was used for quantification of the area of
entire pancreata as well as of individual neoplastic foci. Similarly, area of Langerhans’ islets
was quantified. For each mouse, 3 consecutive tissue slides were analyzed. For each slide,
area of Langerhans’ islets was summed. Data points represent islets’ total area in each
individual slide. The number of animals evaluated in each experiment is reported in the
Figure Legends.

Immunohistochemistry was performed on paraffin-embedded sections. Tissue sections were
dewaxed and rehydrated. Antigen retrieval was performed by boiling samples in citrate
buffer for 20 min and endogenous peroxidase was blunted by incubating samples with 3%
H,0, for 10 min. Primary antibody was incubated overnight at 4 °C. For Alcian blue
staining, rehydrated paraffin sections were stained with 1% Alcian blue 8GX in 3% acetic
acid (pH 2.5) for 30 minutes and counterstained with hematoxylin. Histopathological
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scoring was performed by a trained veterinary pathologist (E.L. Buza, UPenn) in a blinded
manner. For each animal, 10 low-magnification images from different, non-overlapping
microscopic fields were analyzed. Duct-like structures were counted and histologically
evaluated according to the consensus criteria (74). At least 7 mice per genotype were
analyzed, and data were represented as the average number of lesions per optical field.

Acyl-CoA quantification and isotopologue analysis.

Acyl-CoA analyses were performed by liquid chromatograpy-mass spectrometry/high-
resolution mass spectrometry (LC-MS/HRMS) as previously described (75). Briefly,
approximately 20-50 x10° acinar cells were cultured in suspension in low adhesion 6 mm
petri dishes. At harvest, cells were placed on ice, transferred to 15 ml falcon tubes and
centrifuged at 600 xg for 2 minutes at 4 °C. Medium was aspirated and the cell pellet
resuspended in 1 mL 10% (w/v) trichloroacetic acid (Sigma-Aldrich, catalog #T6399) for
acyl-CoA extraction. For quantification, an equal amount (100 pL) of 13C515N;-labeled
acyl-CoA internal standard (75) was added to each sample. Samples were pulse sonicated,
centrifugated and the supernatant was purified by solid-phase extraction using Oasis HLB
1cc (30 mg) SPE columns (Waters). Eluate was evaporated to dryness under nitrogen gas
and re-suspended in 50 uL of 5 % 5- sulfosalicylic acid (w/v) for injection. Samples were
analyzed by an Ultimate 3000 autosampler coupled to a Thermo Q-Exactive Plus instrument
in positive electrospray ionization (ESI) mode. For isotopic tracer analysis, isotopic
enrichment from [U-13C]glucose or [U-13C]palmitate or [U-13C]leucine was calculated to
compensate for the non-linearity of isotopic enrichment using the FluxFix calculator (76).

Cerulein treatment.

Acute pancreatitis was induced in 6-7-week-old mice of the indicated genotype. Mice were
injected with caerulein (50 pg/kg diluted in saline; Sigma-Aldrich) or saline on two
consecutive days once every hour for eight hours each day. First day of injection was
considered Day 0. Number of animals are indicated in Figure legends.

Protein lysate preparation for western blotting.

The lysates were sonicated at 30% duty cycle and an output control setting of 3—4. The
sonicated samples were pelleted for 5 minutes and 16,000 rcf and the supernatant was
collected and quantified by BSA (Thermo Scientific).

YSI Metabolite measurements.

Glucose and glutamine consumption and lactate production were measured using a YSI
2950 Bioanalyzer. Measurements were conducted over a 24 hr time period and normalized
to cell number area under the curve, as previously described (9).

Human gene expression profiling.

Gene expression was assessed though a web-based tool (GEPIA; (36)). Provisional datasets
from TCGA and GTEX consortiums were used for the analysis.
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Fecal analysis of exocrine activity.

To assess total fecal protein, 10 mg of feces was resuspended in lysis buffer (2% SDS, 150
mM NacCl, 0.5 M EDTA), sonicated and the protein concentration was assessed using a BCA
assay. Total fecal protease activity was measured in 10 mg of fecal matter, resuspended in 1
ml of buffer A (0.1%Triton X-100, 0.5 M NaCl, 100 mM CaCl2), sonicated and centrifuged.
The supernatant was then incubated with 3% Azo-Casein (Sigma-Aldrich, A2765) dissolved
in 50 mM Tris-HCI buffer, pH 8.5 at 37 °C for 60 min. The reaction was stopped using 8%
trichloroacetic acid and centrifuged. The absorbance of the supernatant (measured at 366
nm) was measured using a spectrophotometer.

Statistical analysis.

Data are presented as the means of experimental replicates with their respective standard
deviations (SD), unless otherwise indicated. Student’s two-tailed t tests (two-sample equal
variance, two-tailed distribution) were used for analyses, unless otherwise indicated.
Repeated measures ANOVA with Tukey-Kramer adjustment for multiple comparisons was
used to evaluate significant differences in body weight. For survival, logrank test was
performed using GraphPad Prism. For tumor growth, two-way ANOVA was calculated using
GraphPad Prism. Significance was defined as follows: *, p<0.05; **, p<0.01; ***, p<0.001.
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Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Pancreatic cancer is amongst the deadliest of human malignancies. We identify a key role
for the metabolic enzyme ACLY, which produces acetyl-CoA, in pancreatic
carcinogenesis. The data suggest that acetyl-CoA use for histone acetylation and in the
mevalonate pathway facilitates cell plasticity and proliferation, suggesting potential to
target these pathways.
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Figure 1: AKT inhibition reduces histone acetylation in KRAS®12P_expressing cells.
A-D, Mass spectrometry-based profiling of histone modifications in primary murine PanIN-

derived cells treated with AKT inhibitor (CAS-612847-09-3, 10 uM) for 24 hours. A,
Heatmap shows histone marks most strongly regulated (see Supplementary Figure S1A for
heat map of full dataset). Columns show biological replicates (7=3, each treatment). Histone
acetyl marks highlighted in orange are those reaching p<0.05 (H3.1K27ac p=0.057).
Complete histone acetylome represented in B, volcano plot. Each dot represents an
acetylated residue. Blue area contains downregulated marks with AKTI, red area represents
upregulated marks. Orange dots represent those reaching p<0.05, as in part A. C, Spider
graph shows percentage of 1-, 2-, 3-, 4-acetylated histone H4 (lysine residues 5, 8, 12, 16)
over total histone H4. D, bar graphs depict abundance of indicated poly-acetylated H4
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peptides, along with unmodified histone H4. E, AcH4 staining of acinar cells isolated from
6-8-week-old KC mice (n=3), embedded in Matrigel, and treated as indicated for 24 hours.
Scale bar, 50 um. F, quantification of E (25 optical fields acquired per experimental
replicate). G, AcH4 western blot of acinar cells treated 24 hours in indicated conditions
(AKT selective inhibitor VIII, 10 uM; acetate, 5 mM). H, morphology (scale bar, 50 um) of
Matrigel-embedded acinar cells after 48 hours culture in the presence or absence of
indicated AKT inhibitors (VIII, upper panel; MK2206, lower panel). I, mRNA expression of
indicated genes quantified by gPCR for cells in H. Bar graphs depict mean, +/- SD of
triplicates (*, p<0.05; **, p<0.01; ***, p<0.001).
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Figure 2: Acetyl-CoA abundanceis elevated in KRAS mutant acinar cellsand inhibition of
acetyllysinereading or cholesterol synthesisimpairs acinar-to-ductal metaplasia.

In all panels, pancreatic acinar cells were harvested from 6-8-week-old wild-type (PdxI-
Cre; Cre) or (PdxI-Cre;Kras®12D; K C) mice. A, LC-MS quantification of acetyl-CoA in
isolated acinar cells (7=3mice, each group). B, isolated acinar cells (=4 mice, each group)
were cultured for 8 hours in the presence of the indicated 13C-labelled nutrient and acetyl-
CoA labeling determined by LC-MS. C, mRNA expression of indicated genes in acinar cells
after 48 hours culture in Matrigel, measured by qPCR (n7=3mice, each group). Mean value
of each Cre column is equaled to 1, and data are normalized accordingly. Dashed blue line
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shows 1. D, schematic representation of acetyl-CoA and HMG-CoA labeling pattern from
indicated, uniformly-labeled carbon sources. Compartmentalization also illustrated. E,
HMG-CoA isotopologues after labeling of acinar cells (n7=4 mice, each group) with 0.5 uM
13C-leucine for 8 hours. F, M+2 HMG-CoA in acinar cells labeled as in panel B. G,
morphology of KC acinar cells embedded in collagen, treated with TGFa after 96 hours in
the presence of the indicated inhibitors (7=3mice, each group) Representative images
shown. Scale bar, 50 um. H, blinded quantification of ductal structures. Relative to Figure
2G. 35-50 images within 3 biological replicates were evaluated. I, collagen-embedded KC
acinar cells after 96 hours treatment with atorvastatin, +/- mevalonate or cholesterol (7=3
mice, each group). Scale bar, 50 um. J, blinded quantification of ductal structures. Relative
to Figure 2E. 35-50 images within 3 biological replicates were evaluated. For all panels,
columns show mean, +/- SD (*, p<0.05; **, p<0.01; ***, p<0.001).

Cancer Discov. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Carrer et al.

Residual fecal protease

(U/mg of feces)

Page 30

o
)
o

*
X

Pdx1-Cre (Acly"™) Pax1-Cre;Acly™ (Acly™")
' e 15 Ocpo
SE o
© = 10] ooty ®
3L |ogp, @
Ls 5 OO%
00
0l 00 ©
Acy'™ AclyHe
D E 9 weeks
0.20_ n.s. 150_ n.s. 180 _ p=0.1599
150 ° °
° ® {4 o 0©
0.15_ . © Q
.. § g 100, § 120| &F0 °
0.10] 8% 232 90 o
SE 5. B 0.
0.05 s ke
o 30
0. 0. 0
Acly'™ Acly™e: Acly" AclyPe: Acly"™ Acly™C- - Aty Aclyic-
males females
G 3 "
[ Pdx1-Cre (Acly"™ Paxt-Cre (Acly™)
40 600 —@- Paxt-Cre;hcly™ (Acly™)

I Pdx1-Cre;Acly™ (Acly™)

AN
o
o
1

(
N
(o]
S

Body weight
(grams)
Blood glucose
mg/dL)

. ggﬁﬁ?g

4 5 6 7 8 9 10 11 12 0
Weeks

I I I I I
15 30 60 90 120
Time after injection (min)

Figure 3: Acly deficiency in the murine pancreas does not cause overt metabolic abnor malities.
All panels depict characterization of age-matched PdxI-Cre (AclyWT) and PdxI-CreAcly”f

(AclyPANC-/) Jittermate mice (7=12, each group, unless otherwise reported). A,
Hematoxylyn and eosin (H&E) staining of pancreata at 13 weeks of age (Representative
images). Pound signs denote islets of Langerhans. Scale bars, 100 pm. B, Langerhans’ islets
size, manually measured using ImageJ (6 slices per pancreas, each 50 um spaced, were
analyzed; n=5mice per group). Each dot shows average islet size for each section analyzed
(30 slides per group). Error bars show mean +/- SEM (***, p<0.001). C-D, fecal matter was
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harvested at 10 weeks of age from individually housed mice (n=6, each group). Fecal
protease activity (C) and total residual protein content (D), normalized against fecal weight,
mean +/— SEM. Each dot represents 1 mouse. E, blood glucose levels in male (left) and
female (right) mice after overnight fast, mean +/- SEM. Each dot represents 1 mouse. F,
body weight from age 4-12 weeks in male mice (n=5, each group). Boxes show 75% Cl,
lines show median, minimum, maximum. Difference between genotypes is not significant
(ANOVA with Tukey-Kramer adjustment for multiple comparisons; p=0.9962). See
Supplementary Figure 3 for data from female mice. G, Glucose tolerance test (GTT) on 10-
week-old male mice (n=5, each group), mean +/- SEM.
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Figure 4: Acly deficiency impairs acinar-to-ductal metaplasia and tumor formation.
In vivo and ex vivo experiments were performed using PaxI-Cre (Cre), PaxI-Cre;Kras®12D

(KC), PdxI-Cre;KrasC12D Acly”* (KC;Acly) or Pdx1-Cre:KrasC12P: Acly”f (KAC) mice.
A, LC-MS quantification of acetyl-CoA (left) and HMG-CoA (right) in isolated acinar cells
(n=3mice for KC;Acly”*, n=4for KAC). Bars show mean +/- SD (***, p<0.001; *,
p<0.05). B, Western blotting for acetylated histones of ex vivo acinar cells isolated from 8-
week-old mice of the indicated genotypes, +/— AKTi (selective inhibitor VIII, 10 uM).
Ponceau staining of acid-extracted histones is shown as a loading control. Representative of
3 independent biological repeats. C, acinar cell organoids were embedded in collagen and
ADM induced with rTGFa (100 ng/mL). Images were acquired at day 5, representative
images shown (n=3independent repeat, each group). Scale bar, 20 um. D, Day 5 organoids
were scored as ductal-like (black) or acinar-like (white) in a blinded manner, according to
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morphology. 75 images over 3 independent experiments were evaluated. E, cartoon
illustrating factors that promote ADM or restrict ADM. Kras mutant acinar cells (denoted by
orange nuclei) undergo acinar-to-ductal metaplasia and become locked into a more
undifferentiated morphology (cells highlighted in yellow), which eventually proliferate and
evolve in carcinogenic lesions. F, Cerulein-injected mice were sacrificed at either Day 3
(inflammatory phase; 7=3, each group) or Day 21 (terminal stage; n=12KC;Acly™™*, n=10
KAC). G, H&E staining of Day 21 pancreata. Representative images of whole tissue
sections. Scale bar, 1 mm. PanIN-containing areas magnified in distinct panels. H, Total
neoplastic area quantified. Each lesion’s area and whole organ surface were measured in
ImageJ. Lesions areas were summed and denoted as “neoplastic area”. Percent of neoplastic
area over total pancreas surface is shown. Each dot represents an animal. Error bars show
mean +/— SD (*, p<0.05). I, Histopathological characterization. 10 high-power optical fields
per mouse section were blindly analyzed by a veterinary pathologist. For all panels, columns
show mean +/- SD (*, p<0.05; **, p<0.01; *** p<0.001)
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Figure5: Pancreatic tumorigenesisisimpaired in the absence of ACLY.
Acly”" mice were bred into a KC or KPC genotypes. A-E shows 4-month-old Pax-

Cre;KrasC120:Acly/"* (KC;Acly™™) or Pax1-Cre;KrasC12P:Aclyf (KAC) mice (n=7, each
genotype). A, hematoxylin and eosin (H&E) staining transverse sections of whole pancreata.
Scale bar, 1 mm. PanIN-containing areas magnified in distinct panels. Representative images
shown. B, Neoplastic lesions were counted in each transverse section, and mean count per
animal graphed. C, Each lesion’s area and whole organ surface were measured in ImageJ.
Lesion areas were summed and denoted as “neoplastic area”. Percent of neoplastic area over
total pancreas surface is shown. Each dot represents an animal, mean +/- SD (**, p<0.01).
D, AcH4 immunofluorescence in pancreata of mice as in A. Whole organ sections were
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stained against Cpal (green), AcH4 (red); nuclei counterstained with DAPI. Split signals of
relevant areas (denoted by white rectangles) are individually shown in distinct panels. Scale
bar 100 uM. E, immunohistochemistry against ACLY and ACSS2. Nuclei counterstained
with hematoxylin. Pictures show representative PanIN lesions. Scale bar 50 uM. F-I shows
9-week-old Pax1-Cre;KrasS2P:p53"* - Acly”* (KPC;Acly™) or Pax1-Cre;KrasG12D;
P53 Acl/f (KPAC) (n=9, each genotype). F, transverse sections (H&E) of whole
pancreata. Magnifications of PanIN-containing areas are shown in distinct panels.
Representative images shown. Scale bar 1 mm. G, Number of lesions and H, neoplastic area,
assessed as in B, C. I, Kaplan-Meier survival curve. Logrank test was used to determine
statistical significance (p=0.0246). Mice were sacrificed upon sudden weight loss (>15%
body weight) or when showing signs of distress.
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Figure 6: Environmental stimuli induce AKT-ACLY signaling and histone acetylation in PDA
cells.
A, Pancl or AsPC1 cells were serum-starved overnight and then treated with indicated

growth factors for 1 hour and signaling analyzed by western blot. B, Western blotting of
acetylated histones. AsPC1 cells were serum-starved overnight and then treated with either
rEGF (100 ng/mL) or rIGF1 (100 ng/mL) for 24 hours, with or without AKTi VIII (10 uM),
and histones acid-extracted. C, Western blotting of acetylated histones and selected
cytoplasmic proteins. AsPC1 cells were transfected with siRNA targeting Ac/y or non-
targeting control siRNA. After 56 hours, cells were treated with recombinant EGF or IGF as
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in B and histones acid-extracted. D-G, AsPC1 cells were treated as in B and H3K27ac ChIP
was performed analyzing (D) stromal cell-regulated gene promoters (15), (E) a control gene
promoter, (F) the EGFR superenhancer (SE) (35), or (G) a control (distal) region in the
EFGR locus. Experiments are representative of 2 independent biological repeats. Columns
show mean, +/- SD (*, p<0.05; **, p<0.01; ***, p<0.001).
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Figure 7: Targeting acetyl-CoA-dependent processes can suppress PDA growth.
A, AsPC1 or Pancl cells were cultured overnight in DMEM with or without ITS+ (insulin-

based supplement, BD Biosciences) and then labeled for 2 hours with indicated substrates
(n=3, each condition). Percent labeling of acetyl-CoA and HMG-CoA were determined by
LC-MS. Stars denote statistically different labeling from glucose. B, Western blotting shows
levels of MY C and ERK1/2 phosphorylation in AsPC1 and Pancl cells treated with
atorvastatin (20 uM) and/or JQ1 (500 nM) for 4 days. C, indicated cell lines were cultured in
DMEM with or without ITS+ and treated with either atorvastatin (20 uM), JQ1 (500 nM), or

Cancer Discov. Author manuscript; available in PMC 2020 March 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carrer et al.

Page 39

both for 4 days. Graphs show final cell counts. Dashed purple lines denote starting cell
number (counted at day 0). Experiments are representative of 2 independent biological
repeats. D, AsPC1 cells were treated with atorvastatin (20 uM) and counted after 4 days.
Effect of supplementation with mevalonate (100 uM), geranylgeranyl pyrophosphate (GGPP,
100 uM) or cholesterol (12.5 ug/mL) is shown. Cholesterol was tested over a range of
concentrations from 5-100 pg/mL and in all cases failed to rescue proliferation in the
presence of atorvastatin (only 12.5 pg/mL data is shown). E, KPCY-derived mouse cell lines
were cultured in DMEM with or without ITS+ and treated with either atorvastatin (20 pM),
JQ1 (500 nM), or both for 4 days. Graphs show final cell counts. Dashed purple lines denote
starting cell number (counted at day 0). Experiments are representative of 2 independent
biological repeats. F, growth of two KPCY-derived tumor cell clones (6419c5, left; 2838¢3,
right) implanted subcutaneously into immune-competent C57B16/J mice and treated with
either atorvastatin (10 mg/Kg), JQ1 (50 mg/Kg), or both, once a day after tumors became
palpable (day 9 post-inoculation). G, tumor mass weight (same in F) after excision post-
mortem. For panels A-E, bars show mean, +/- SD; for panels F-G, bars show mean +/-
SEM (*, p<0.05; **, p<0.01; ***, p<0.001).
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