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ARTICLE

SOAT1 promotes mevalonate pathway dependency
in pancreatic cancer
Tobiloba E. Oni1,2,3*, Giulia Biffi1,2,4*, Lindsey A. Baker1,2**, Yuan Hao1**, Claudia Tonelli1,2, Tim D.D. Somerville1, Astrid Deschênes1,2,
Pascal Belleau1, Chang-il Hwang1,2,5, Francisco J. Sánchez-Rivera6, Hilary Cox1, Erin Brosnan1,2, Abhishek Doshi1,2, Rebecca P. Lumia1,2,
Kimia Khaledi1,2, Youngkyu Park1,2, Lloyd C. Trotman1, Scott W. Lowe6,7, Alexander Krasnitz1, Christopher R. Vakoc1, and David A. Tuveson1,2

Pancreatic ductal adenocarcinoma (PDAC) has a dismal prognosis, and new therapies are needed. Altered metabolism is a
cancer vulnerability, and several metabolic pathways have been shown to promote PDAC. However, the changes in cholesterol
metabolism and their role during PDAC progression remain largely unknown. Here we used organoid and mouse models to
determine the drivers of altered cholesterol metabolism in PDAC and the consequences of its disruption on tumor
progression. We identified sterol O-acyltransferase 1 (SOAT1) as a key player in sustaining the mevalonate pathway by
converting cholesterol to inert cholesterol esters, thereby preventing the negative feedback elicited by unesterified
cholesterol. Genetic targeting of Soat1 impairs cell proliferation in vitro and tumor progression in vivo and reveals a
mevalonate pathway dependency in p53 mutant PDAC cells that have undergone p53 loss of heterozygosity (LOH). In contrast,
pancreatic organoids lacking p53 mutation and p53 LOH are insensitive to SOAT1 loss, indicating a potential therapeutic
window for inhibiting SOAT1 in PDAC.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy
with a 5-yr survival rate of <10% (Siegel et al., 2019). This poor
prognosis is mostly due to late diagnosis and lack of effective
therapies. Although activating KRAS mutations and inactivating
p53 mutations are well-established genetic drivers of PDAC,
efforts to directly target them have not led to effective treat-
ments for the majority of PDAC patients (Hallin et al., 2020).
Consequently, the focus has shifted to targeting oncogenic pro-
grams downstream of KRAS and p53, including metabolic
pathways (Halbrook and Lyssiotis, 2017; Humpton et al., 2019;
Sousa et al., 2016; Ying et al., 2012). In particular, emerging
studies suggest that altered cholesterol metabolism is a vulner-
ability for cancer cells (Riscal et al., 2019).

Cholesterol is an essential component of the cell membrane,
and thus it is a requirement for rapidly proliferating tumor
cells. Cholesterol can be either acquired extracellularly through
receptor-mediated endocytosis of low-density lipoproteins
(LDL) or synthesized de novo from acetyl coenzyme A through
the mevalonate pathway (Ikonen, 2008). The mevalonate
pathway and cholesterol uptake are regulated by the

transcription factor sterol-regulatory-element-binding protein
2 (SREBP2). SREBP2 is synthesized as an inactive, membrane-
bound precursor in the ER. When intracellular cholesterol
levels are low, SREBP2 translocates to the Golgi apparatus,
where it undergoes proteolytic cleavage to its mature, active
form (Brown and Goldstein, 1997; Horton et al., 2002). Mature
SREBP2 undergoes nuclear translocation and induces the ex-
pression of several mevalonate pathway and cholesterol uptake
genes, including LDL receptor (LDLR) and 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMGCR; Radhakrishnan et al.,
2008). HMGCR is the rate-limiting enzyme of the mevalonate
pathway and the target of statins, a class of cholesterol-
lowering drugs (Endo, 1992; Larsson, 1996). SREBP2-mediated
de novo cholesterol synthesis requires substantial NADPH and
ATP (Coates and Brown, 2019). Moreover, the accumulation of
excess cholesterol can disrupt cellular function (Fu et al., 2012;
Maxfield and Tabas, 2005). For these reasons, cholesterol bio-
synthesis is subject to feedback inhibition by intracellular
cholesterol, which tightly regulates the mevalonate pathway.
Particularly, cholesterol promotes the degradation of HMGCR

.............................................................................................................................................................................
1Cold Spring Harbor Laboratory, Cold Spring Harbor, NY; 2Lustgarten Foundation Pancreatic Cancer Research Laboratory, Cold Spring Harbor, NY; 3Graduate Program in
Molecular and Cellular Biology, Stony Brook University, Stony Brook, NY; 4Cancer Research UK Cambridge Institute, University of Cambridge, Cambridge, UK;
5Department of Microbiology and Molecular Genetics, University of California, Davis, Davis, CA; 6Department of Cancer Biology and Genetics, Memorial Sloan-Kettering
Cancer Center, New York, NY; 7Howard Hughes Medical Institute, Memorial Sloan-Kettering Cancer Center, New York, NY.

*T.E. Oni and G. Biffi contributed equally to this paper; **L.A. Baker and Y. Hao contributed equally to this paper; Correspondence to David A. Tuveson: dtuveson@
cshl.edu.

© 2020 Oni et al. This article is distributed under the terms of an Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press https://doi.org/10.1084/jem.20192389 1 of 19

J. Exp. Med. 2020 Vol. 217 No. 9 e20192389

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/217/9/e20192389/1046931/jem
_20192389.pdf by U

niversity O
f C

alifornia, D
avis user on 01 Septem

ber 2020

https://orcid.org/0000-0002-6916-3380
https://orcid.org/0000-0003-4592-0970
https://orcid.org/0000-0002-3098-2231
https://orcid.org/0000-0002-5626-3403
https://orcid.org/0000-0001-7846-6749
https://orcid.org/0000-0002-0802-1071
https://orcid.org/0000-0002-8466-8563
https://orcid.org/0000-0003-1169-6739
https://orcid.org/0000-0002-4794-1559
https://orcid.org/0000-0002-8017-2712
mailto:dtuveson@cshl.edu
mailto:dtuveson@cshl.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20192389
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20192389&domain=pdf


and also prevents the Golgi translocation and consequential
proteolytic maturation of SREBP2 (Radhakrishnan et al., 2008).
Excess cholesterol can be converted into inert cholesterol esters
by ER membrane-bound sterol-O acyltransferase 1 (SOAT1, also
known as ACAT1), which is ubiquitously expressed, and SOAT2
(also known as ACAT2), whose expression is restricted to he-
patic and gastrointestinal tissues (Anderson et al., 1998; Cases
et al., 1998; Oelkers et al., 1998). Cholesterol esters are stored in
cytosolic lipid droplets, from which cholesterol can reenter the
intracellular pool by the action of neutral cholesterol ester
hydrolase (Ghosh et al., 2003). Additionally, excess intracellu-
lar cholesterol can be secreted through ATP-binding cassette
transporters, such as ABCA1 (Hozoji-Inada et al., 2011; Oram
and Vaughan, 2000). Altogether, these mechanisms maintain
a tight regulation of the mevalonate pathway activity and the
intracellular concentration of cholesterol.

In addition to cholesterol, nonsterol isoprenoids, such as
farnesyl pyrophosphate (FPP) and its derivative geranylgeranyl
pyrophosphate (GGPP), are also produced by the mevalonate
pathway. These isoprenoids are essential for the synthesis of
key metabolites including ubiquinone and heme A, which are
required for oxidative phosphorylation, and dolichol, which
plays a role in N-glycosylation of proteins (Gruenbacher and
Thurnher, 2017; Riscal et al., 2019; Waller et al., 2019). Isopre-
noids are also indispensable for protein prenylation, which is
essential for the membrane localization and activity of Ras
and Ras-related GTP-binding proteins (Philips, 2012; Ridley,
2013; Sorrentino et al., 2014). Therefore, in addition to pro-
viding cholesterol as building blocks for membranes, the
mevalonate pathway generates metabolites required for on-
cogenic activity. Accordingly, up-regulation of mevalonate
pathway genes has been described in various cancer types,
including breast and lung cancer, where it has been linked to
p53 gain-of-function mutations (Freed-Pastor et al., 2012;
Turrell et al., 2017).

Altered cholesterol metabolism has been implicated in PDAC,
and targeting various components of this program has been
shown to impair PDAC progression (Guillaumond et al., 2015;
Kusama et al., 2002; Li et al., 2016; Liao et al., 2013). Addition-
ally, overexpression of mevalonate pathway genes has been
reported in both human PDAC and mouse models (Carrer et al.,
2019; Cornell et al., 2019 Preprint; Deng et al., 2018; Guillaumond
et al., 2015; Karasinska et al., 2020). However, the genetic
drivers of this up-regulation in PDAC remain largely unknown.
Moreover, considering that the mevalonate pathway is tightly
regulated by cholesterol-mediated feedback inhibition, it is un-
clear how tumors maintain its hyperactivation. Indeed, despite
enhanced SREBP2 activity, the mevalonate pathway, at the level
of HMGCR activity and SREBP2 itself, would eventually be
subject to the stringent feedback inhibition mediated by in-
creased levels of cholesterol.

Here we used organoid and mouse models of PDAC to in-
vestigate the changes in cholesterol metabolism during tumor
progression. Using various genetic approaches, we identified an
essential role for SOAT1 in sustaining the hyperactivation of the
mevalonate pathway to promote PDAC progression. SOAT1 re-
stricts cholesterol accumulation, thus preventing feedback

inhibition of the mevalonate pathway in PDAC cells withmutant
p53 and p53 loss of heterozygosity (LOH).

Results
SOAT1 expression increases during PDAC progression
To determine how cholesterol metabolism changes across all
stages of PDAC progression, we first sought to compare the
expression of genes involved in cholesterol biosynthesis, ho-
meostasis, transport, and catabolism in a panel of pancreatic
organoids (Boj et al., 2015) generated from normal C57BL/6J
pancreata (N organoids, n = 7), pancreatic intraepithelial neo-
plasia (PanIN) lesions (P organoids, n = 6) from the KC (KrasLSL-G12D/+;
Pdx1-Cre) mouse model of PDAC (Hingorani et al., 2003), as well as
tumor (T organoids, n = 12) and metastatic (M organoids, n = 9)
samples from the KPC (KrasLSL-G12D/+; Trp53LSL-R172H/+; Pdx1-Cre)
mouse model of PDAC (Hingorani et al., 2005). RNA sequencing
(RNA-seq) of these organoids revealed increased expression of
genes involved in cholesterol biosynthesis in the M relative to
the N, P, and T organoids (Fig. 1 A). Notably, we also observed
significant up-regulation of SREBP2 (gene name Srebf2), the
master regulator of the cholesterol biosynthetic pathway, in the
M organoids (Fig. 1 A, Fig. S 1A, and Table S1). SREBP2 tran-
scriptionally activates itself (Sato et al., 1996) and induces the
expression of mevalonate pathway genes (Horton et al., 1998).
Accordingly, shRNA-mediated down-regulation of SREBP2 in M
organoids significantly reduced the expression of mevalonate
pathway genes, such as Hmgcr, 3-hydroxy-3-methylglutaryl-
CoA synthase 1 (Hmgcs1), farnesyl diphosphate synthase (Fdps),
and squalene epoxidase (Sqle; Fig. S1 B). These observations
suggest that the cholesterogenic gene expression differences
observed across N, P, T, and M organoids are due to differential
activation of SREBP2. Indeed, Western blot analysis confirmed a
marked reduction in the inactive precursor form of SREBP2
(SREBP2-p) and an increase in the mature form of SREBP2
(SREBP2-m) inM organoids (Fig. 1 B), which reflects an increase
in proteolytic maturation and activation of SREBP2 in these
cells. Since SREBP2 is typically activated in response to low
cholesterol levels (Riscal et al., 2019), we evaluated whether M
organoids had lower intracellular cholesterol levels compared
with N, P, and T organoids. Surprisingly, no difference was
observed in unesterified cholesterol levels among these orga-
noids (Fig. S1 C). Instead, M organoids had significantly more
esterified cholesterol compared with N, P, and T organoids
(Fig. 1 C). Furthermore, we found increased expression of the
cholesterol esterification enzyme SOAT1 in M organoids, rela-
tive to N, P, and matched T organoids (Fig. 1, D and E; Fig. S1 D;
and Table S1). These findings collectively show that increased
cholesterol metabolism pathways during tumor progression in
PDAC are not a response to intracellular cholesterol deficiency,
but rather suggest the differential regulation of cholesterol
homeostasis.

To determine whether similar changes accompany PDAC
progression in vivo, we compared expression levels of SOAT1 in
normal pancreas tissue, tumors from KC mice, and tumors and
metastases from KPC mice. In contrast to the organoid models,
where SOAT1 elevation was observed only in M, but not T,
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Figure 1. SOAT1 expression increases during PDAC progression. (A) RNA-seq analysis of murine normal N (n = 7), PanIN P (n = 6), tumor T (n = 12), and
metastatic M (n = 9) pancreatic organoids showing genes involved in cholesterol biosynthesis (black), transport and catabolism (green), and homeostasis
(orange). The color scheme of the heat map represents Z-score distribution. (B) Western blot analysis of the inactive SREBP2 precursor (SREBP2-p) and the
mature SREBP2 protein (SREBP2-m) in a panel of N (n = 2), P (n = 3), T (n = 3), and tumor-matched M (n = 3) organoids. ACTIN, loading control. (C) Cholesterol
ester assays for N (n = 4), P (n = 4), T (n = 4), and tumor-matched M (n = 4) organoids. Results show mean ± SEM of two biological replicates (two technical
replicates each). **, P < 0.01; ***, P < 0.001, paired Student’s t test. (D) qPCR analysis of Soat1 in murine pancreatic N (n = 2), P (n = 3), T (n = 3), and tumor-
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organoids in vivo, SOAT1 was significantly up-regulated in both
KPC tumors and metastases compared with normal pancreata
and KC tumors by quantitative PCR (qPCR), RNA in situ hy-
bridization (ISH), and Western blot analysis (Fig. 1, F and G; and
Fig. S1 E). Srebf2 was also up-regulated in KPC tumors and me-
tastases compared with normal pancreata as shown by RNA ISH
(Fig. S1 F). Up-regulation of SOAT1 in human PDAC has been
previously described (Li et al., 2016), and analysis of The Cancer
Genome Atlas (TCGA) and Genotype-Tissue Expression datasets
with the Gene Expression Profiling Interactive Analysis (GEPIA)
tool (Tang et al., 2017) confirmed the up-regulation of SOAT1,
SREBF2, and SREBP2 target genes (LDLR and HMGCR) in human
PDAC compared with normal pancreas (Fig. S1 G). Altogether,
these results show increased expression of SOAT1 and SREBP2-
target genes in both murine and human PDAC.

SOAT1 expression is dependent on p53 status
Our in vitro results indicated increased SOAT1 expression in M
organoids, whereas in vivo SOAT1 up-regulation occurred al-
ready in primary tumors. To resolve this discrepancy, we sought
to determine the molecular mechanism behind the increase in
SOAT1 levels in M organoids. We did not commonly observe
recurrent amplification of Soat1 in murine M organoids com-
pared with N, P, and T organoids, as assessed by copy number
variation analysis (Fig. 2 A). Next, we determined whether al-
tered chromatin state might explain the increase in SOAT1 ex-
pression in M organoids. To that end, we analyzed a previously
published dataset that used chromatin immunoprecipitation
(ChIP) followed by DNA sequencing (ChIP-seq) to identify re-
gions of histone H3 lysine 27 acetylation (H3K27ac) enrichment
in matched murine T and M PDAC organoids (Roe et al., 2017).
Within an enhancer (GAIN) region upstream of Soat1, H3K27ac
levels were higher in M compared with T organoids (Fig. S2 A),
suggesting that higher levels of active transcription may explain
the increased SOAT1 expression in M organoids. Whereas
SREBP2 is the canonical transcription factor associated with the
cholesterol biosynthesis pathway, DNA motif analysis did not
identify SREBP2 motifs in this region upstream of Soat1 showing
increased H3K27ac (Table S2). Additionally, shRNA-mediated
SREBP2 down-regulation did not affect Soat1 levels in T and M
PDAC organoid lines (Fig. S2 B). Thus, SREBP2 is unlikely to
promote activation of chromatin upstream of Soat1 and en-
hanced transcription of Soat1 in M organoids.

We previously showed that in our murine PDAC organoid
cultures, most T organoids retain the WT copy of p53 (Trp53),
whereas M organoids have undergone LOH to lose the WT copy
of p53 (Boj et al., 2015). In contrast, the WT p53 allele is lost in
PDAC tumors in vivo at both primary and metastatic sites, as
indicated by stabilization of mutant p53 (Alexandrova et al.,
2017), resulting in positive staining for this protein (Fig. S2 C).

Indeed, p53 LOH has been demonstrated to be a feature of ad-
vanced PDAC in vivo (Baumgart et al., 2010; Filippini et al., 2019;
Lüttges et al., 2001). We therefore evaluated whether differ-
ences in p53 status could underlie the differences in SOAT1
expression observed in vitro and in vivo. To this end, we ana-
lyzed SOAT1 levels in two PDAC organoid lines (T69A and T69B)
that were isolated from distinct tumors in the same KPC mouse
but differed in their p53 status. T69B retained the WT p53 allele,
whereas T69A had undergone LOH of p53 (Fig. 2 B). As expected,
LOH of p53 led to the stabilization of mutant p53 protein and to a
decrease in WT p53 target genes in T69A organoids compared
with T69B organoids (Fig. 2 C; and Fig. S2 D; Alexandrova et al.,
2017). qPCR and Western blot analyses revealed significantly
increased SOAT1 expression in T69A compared with T69B
(Fig. 2, C and D), suggesting that p53 LOH could promote this up-
regulation.

To validate these results, we isolated p53 LOH cells by
treating two early-passage T organoid lines with 10 µM Nutlin-
3a, which inhibits the interaction between the E3 ubiquitin-
protein ligase MDM2 and p53 (Vassilev et al., 2004), leading
to p53 activation and depletion of cells that retain the WT allele
of p53. With this approach, we generated two pairs of matching
T organoid lines, p53R172H/WT and p53R172H/LOH T organoids (Fig.
S2 E). Transcriptional and protein analysis of these organoids
showed increased SOAT1 expression following p53 LOH (Fig. 2,
E and F; and Fig. S2 F). To validate whether SOAT1 up-regulation
upon p53 LOH is linked to increased transcriptional activity in
these organoid lines, we performed ChIP-seq of H3K27ac in T6
and T23 organoids with or without p53 LOH and observed
higher H3K27ac levels in the GAIN region upstream of Soat1 in
the organoids with LOH of WT p53 (Fig. S2 G).

To further assess the role of mutant p53 inmodulating SOAT1
expression, we used base editing, followed by Nutlin-3a treat-
ment, to generate two pairs of isogenic lines of P organoids,
p53WT/WT and p53R270C/LOH P organoids (Fig. 2 G and Fig. S2, H
and I). The p53R270C/LOH organoids had increased SOAT1 levels
relative to the p53WT/WT organoids, suggesting that p53 muta-
tion and p53 LOH are sufficient to promote elevated SOAT1
expression (Fig. 2, H and I; and Fig. S2 J). Finally, we analyzed a
panel of patient-derived PDAC organoids carrying either two
copies of WT TP53 or mutant TP53 combined with LOH of WT
TP53 (Tiriac et al., 2018). Consistent with our results in murine
PDAC organoids, we observed increased SOAT1 expression in
human organoids with mutant TP53/LOH (Fig. 2, J and K).

Because p53 mutations can lead to gain-of-function pheno-
types (Freed-Pastor and Prives, 2012), we sought to determine
whether the increase in SOAT1 expression observed was due to
the loss of tumor-suppressive WT p53 activity or to a gain-of-
function of mutant p53. To this end, we established p53-null T
organoids (T−/−) from the KPPC (KrasLSL-G12D/+; Trp53lox/lox;

matched M (n = 3) organoids. Results show mean ± SEM. *, P < 0.05; **, P < 0.01, paired Student’s t test between matched T and M organoids; unpaired
Student’s t test between N, P, and M organoids. (E) Western blot analysis of SOAT1 in N (n = 2), P (n = 3), T (n = 3), and tumor-matched M (n = 3) organoids
shown in B. HSP90, loading control. (F) qPCR analysis of Soat1 in C57BL/6J normal pancreata (n = 3), KPC tumors (n = 3), and KPC metastases (n = 2). Results
showmean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001, unpaired Student’s t test. (G) Representative RNA ISH of Soat1 in C57BL/6J normal pancreas (n = 3),
KPC tumor (n = 3), and matched metastasis (n = 3). Inserts: magnification. Scale bars, 200 µm. Molecular weights in kilodaltons.
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Figure 2. SOAT1 expression is dependent on p53 status. (A) Copy number variation analysis of Soat1 in murine N (n = 3), P (n = 3), T (n = 11), and M (n = 11)
pancreatic organoids. (B) DNA gel showing Trp53 genetic status in metastatic (n = 3, M30, M29, and M28) and tumor (n = 2, T69B and T69A) PDAC organoids.
T69B and T69A were generated from two primary tumors of the same KPC mouse. mut, mutant. (C)Western blot analysis of SOAT1 and p53 in T69B and T69A
organoids (n = 2). HSP90, loading controls. (D) qPCR analysis of Soat1 in T69A and T69B organoids. Results show mean ± SD of two technical replicates. ***,
P < 0.001, paired Student’s t test. (E) qPCR analysis of Soat1 in T6 and T23 organoids with or without p53 LOH. Results show mean ± SD of two technical
replicates. ***, P < 0.001, paired Student’s t test. (F)Western blot analysis of SOAT1 and p53 in T6 and T23 organoids with or without p53 LOH. HSP90, loading
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Pdx1-Cre) mouse model of PDAC (Bardeesy et al., 2006; Marino
et al., 2000). We then compared SOAT1 expression in T−/− or-
ganoids to KPC T (p53R172H/WT) and M (p53R172H/LOH) organoids
by qPCR and Western blot analyses. SOAT1 levels in KPPC or-
ganoids were intermediate between KPC T and M organoids
(Fig. 2, L andM; and Fig. S2 K). Additionally, KO ofWT Trp53 in P
organoids led to a modest up-regulation of SOAT1 expression in
contrast to the high SOAT1 levels observed in P organoids har-
boring mutant p53 and p53 LOH (Fig. 2, N–P). These results
show that loss of WT p53 contributes to increased SOAT1 ex-
pression, but to a lesser extent than the combined presence of
mutant p53 and LOH of WT p53. To investigate whether mutant
p53 directly regulate Soat1 transcription, we depleted p53 in
murine and human M organoids. shRNA-mediated down-
regulation of p53 did not markedly reduce Soat1 expression
(Fig. S2, L–N), showing that mutant p53 is not required for
continuous Soat1 expression in PDAC. Altogether, our data in-
dicate that although mutant p53 is required to induce elevated
SOAT1 levels, sustained expression of mutant p53 is not neces-
sary to maintain SOAT1 up-regulation. Notably, previous studies
in breast cancer demonstrated the role of mutant p53 in directly
regulating the transcription of mevalonate pathway genes
(Freed-Pastor et al., 2012). In contrast, we found that mutant p53
depletion did not affect the expression of mevalonate pathway
genes, such as Hmgcr, Hmgcs1, Fdps, and Sqle, in PDAC M orga-
noids (Fig. S2 O). Altogether, these results support a role of
mutant p53 in the induction of SOAT1 expression in PDAC cells
that have undergone p53 LOH.

SOAT1 loss significantly impairs PDAC progression
Having established that SOAT1 expression is elevated in PDAC,
we tested whether SOAT1 contributes to PDAC progression. We
first assessed the effect of SOAT1 loss in PDAC organoids with
p53 LOH. Soat1 deletion by CRISPR/Cas9 in murine M3L meta-
static organoids modestly attenuated cell proliferation in vitro
(Fig. 3 A and Fig. S3 A). Likewise, shRNA-mediated down-
regulation of Soat1 modestly impaired the cell proliferation of
T69A and T6R172H/LOH organoids (Fig. S3, B–F).

We then evaluated the effect of SOAT1 loss in vivo by or-
thotopic transplantation ofM3L organoidswith orwithout KO of
Soat1. The loss of Soat1 significantly impaired tumor growth and
metastasis formation (Fig. 3, B–D; and Fig. S3, G and H) and
extended the survival (Fig. 3 E) of these orthotopically grafted
organoid (OGO) models. Similarly, shRNA-mediated targeting of
Soat1 in T6R172H/LOH OGO models significantly reduced tumor

growth and metastasis formation (Fig. S3, I–M). Notably, the
small tumors that developed from transplanted T6R172H/LOH or-
ganoids expressing an shRNA targeting Soat1 reexpressed Soat1
(Fig. S3 N), indicating that they escaped shRNA-mediated si-
lencing in vivo. Altogether, these data corroborate previous
studies in human xenografts (Li et al., 2016) and confirm that
SOAT1 plays a central role in promoting PDAC progression
in vivo.

We reasoned that the pronounced effect of SOAT1 loss on
PDAC tumor growth could depend on the higher levels of cho-
lesterol present in vivo compared with the concentration in cell
culture media (Stechman et al., 2010). Therefore, we hypothe-
sized that culturing organoids in cholesterol-replete conditions
(Volkmar et al., 2019; Widenmaier et al., 2017) would recapitu-
late the in vivo phenotype. Indeed, culturing M3L organoids in
the presence of 50 µM solubilized cholesterol (cholesterol me-
dia) enhanced the proliferation defect of the Soat1 KO organoids
compared with the more modest defect seen in complete media
(Fig. 3, A and F; and Fig. S3 O). Accordingly, similar results were
obtained for T69A organoids expressing an shRNA targeting
Soat1 (Fig. S3, D and P). Because, in vivo, cholesterol is primarily
delivered to cells via lipoprotein complexes, we sought to de-
termine whether the phenotype observed using solubilized
cholesterol could be recapitulated with cholesterol-carrying
LDL. As expected, Soat1 loss also significantly impaired the
proliferation of M3L organoids in complete media supplemented
with 0.5% LDL (LDL media; Fig. S3 Q). These results suggest that
SOAT1 is required for the proliferation of PDAC organoids that
have already undergone p53 LOH in physiologically relevant,
cholesterol-replete conditions.

p53 LOH sensitizes tumor cells to SOAT1 deficiency
We then investigated whether SOAT1 was also required for the
proliferation of N, P, and TR172H/WT organoids. Interestingly, N
organoids were unaffected by SOAT1 depletion, even when
cultured in cholesterol media (Fig. S4, A–D). Moreover,
whereas T6R172H/WT and T23R172H/WT organoids were unaffected
by SOAT1 loss in both media conditions (Fig. 4 A and Fig. S4,
E–H), the proliferation of the matched p53 LOH counterparts
was significantly impaired, and more markedly so in choles-
terol media (Fig. 4 B; Fig. S3, E and F; and Fig. S4, G, I, and J). We
further confirmed the differential sensitivity to SOAT1 loss
with respect to different p53 status in isogenic p53WT/WT and
p53R270C/LOH P organoids. In both complete and cholesterol
media, proliferation of p53WT/WT P organoids was unaffected by

controls. (G) DNA sequencing results showing Trp53 mutation following base-editing in P7 organoids. (H) qPCR analysis of Soat1 in P5 and P7 organoids with
p53WT/WT or p53R270C/LOH. Results showmean ± SD of three technical replicates. ***, P < 0.001, paired Student’s t test. (I)Western blot analysis of SOAT1 and
p53 in P5 and P7 organoids with p53WT/WT or p53R270C/LOH. HSP90, loading controls. (J) qPCR analysis of SOAT1 in a panel of human PDAC organoids with either
mutant orWT p53. Results showmean ± SD of three technical replicates. *, P < 0.05; **, P < 0.01, paired Student’s t test. Human PDAC organoids were derived
from resections of primary tumors (hT), fine needle aspirates/biopsies of primary tumors (hF) or metastases (hM). (K)Western blot analysis of SOAT1 in a panel
of human PDAC organoids with either mutant or WT p53 (n = 2). HSP90, loading control. (L) qPCR analysis of Soat1 in KPC T (T3a, T6, and T23) andM (M1, M3L,
and M10) organoids and in KPPC T−/− (T91, T113, and T118) organoids. Results show mean ± SD of three biological replicates. *, P < 0.05; **, P < 0.01; ***, P <
0.001, unpaired Student’s t test. (M)Western blot analysis of SOAT1 in T (n = 3), M (n = 3), and T−/− (n = 3) organoids. HSP90, loading control. (N)Western blot
analysis of p53 in P5 and P7 organoids with p53WT/WT or p53−/−. HSP90, loading control. (O) qPCR analysis of Soat1 in P5 and P7 organoids with p53WT/WT or
p53−/−. Results showmean ± SD of two technical replicates. *, P < 0.05, paired Student’s t test. (P)Western blot analysis of SOAT1 in P5 and P7 organoids with
p53WT/WT, p53−/− or p53R270C/LOH. HSP90, loading control. Molecular weights in kilodaltons.
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Soat1 down-regulation (Fig. 4 C and Fig. S4, K–M). In contrast,
the proliferation of p53R270C/LOH P organoids was significantly
impaired by Soat1 depletion, particularly in cholesterol media
(Fig. 4 D and Fig. S4, N–P). Notably, despite the modest up-
regulation of SOAT1, the proliferation of T−/− organoids was
not significantly impaired by Soat1 depletion in either media
conditions (Fig. 4 E and Fig. S4, Q–S). Overall, our results in-
dicate that the proliferation defect of SOAT1-deficient organo-
ids is restricted to P, T, and M organoids with mutant p53 that
have undergone LOH of the WT allele.

SOAT1 loss impaired the growth of tumors derived from
PDAC organoids that underwent p53 LOH (Fig. 3, B–E; and Fig.
S3, I–K). However, as SOAT1 depletion already affected the
proliferation of these organoid lines in vitro, we could not ex-
clude the possibility that the in vivo phenotype observed was

due to intrinsic sensitivity of these organoids to SOAT1 loss,
rather than due to the LOH of p53. The in vivo progression of
tumors derived from TR172H/WT organoids has been shown to
require the LOH of WT p53 (Filippini et al., 2019). Therefore, to
further evaluate whether PDAC cell sensitivity to SOAT1 de-
pletion is dependent on p53 LOH, we tested whether TR172H/WT

organoids, whose proliferation is unaffected by SOAT1 depletion
in vitro, acquire sensitivity to SOAT1 loss in vivo. To this end, we
analyzed the effect of shRNA-mediated SOAT1 depletion in T8
organoids in vitro and in vivo. We first confirmed that T8 or-
ganoids retain theWT p53 in vitro and undergo p53 LOH in OGO
tumors (Fig. S4, T and U). As expected, SOAT1 down-regulation
did not affect the proliferation of T8 organoids in vitro (Fig. S4,
V–X). In contrast, SOAT1 depletion in T8 OGO models com-
pletely suppressed tumor formation during the time the control

Figure 3. SOAT1 loss significantly impairs PDAC progression. (A) Proliferation curves of murine M3L organoids with Soat1WT or KO. Results showmean ±
SD of five technical replicates. ***, P < 0.001, unpaired Student’s t test calculated for the last time point. (B) Images of tumors derived fromM3L OGO models
with Soat1WT (n = 5) or KO (n = 5) in nu/numice on day 48 after transplantation. (C)Quantification of tumor volumes from B. Results showmean ± SEM of five
biological replicates per cohort. *, P < 0.05, unpaired Student’s t test. (D) Quantification of mice with metastases for the experiment shown in B. (E) Survival
curves of M3L OGO models with Soat1WT (n = 12) or KO (n = 11) in nu/nu mice. ***, P < 0.001. OS, overall survival. (F) Proliferation curves of M3L organoids
with Soat1WT or KO in complete media containing 50 µM cholesterol. Results show mean ± SD of five technical replicates. ***, P < 0.001, unpaired Student’s
t test calculated for the last time point.
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mice reached a humane endpoint (Fig. 4, F and G). Histological
analysis of the pancreas of SOAT1-deficient T8 OGO models re-
vealed the presence of small cystic lesions in two of five mice
(Fig. 4 H), and RNA ISH analysis confirmed Soat1 down-
regulation at these sites compared with tumor controls (Fig. 4 I).

To further explore whether SOAT1 deficiency affects only the
growth of PDAC tumors with mutant p53 and LOH of the WT
allele, we analyzed T91−/− OGO models with or without shRNA-
mediated SOAT1 down-regulation. In accordance with the
in vitro results (Fig. 4 E and Fig. S4 S), SOAT1 down-regulation
did not significantly affect tumor growth (Fig. 4, J–L) or me-
tastasis formation (Fig. 4 M) of T91−/− OGO models. Overall,
these results highlight the role of SOAT1 in promoting the pro-
liferation of PDAC cells with mutant p53 that have undergone
LOH of WT p53.

SOAT1 expression sustains the mevalonate pathway in PDAC
We hypothesized that the abrogation of cholesterol esterification
upon SOAT1 loss would result in the accumulation of intracel-
lular cholesterol, especially in cholesterol-replete conditions. As
expected, assessment of esterified and unesterified cholesterol
levels in M3L organoids showed a significant reduction of cho-
lesterol esters and a significant increase in unesterified choles-
terol in Soat1 KO compared with Soat1 WT organoids in both
complete media and cholesterol media (Fig. 5, A and B). These
results indicate that the proliferation defect observed in Soat1
KO M3L organoids is associated with increased cholesterol
accumulation.

To determine the mechanism underlying the proliferation
defect observed upon SOAT1 loss in PDAC organoids that have
undergone p53 LOH, we performed RNA-seq of M3L organoids
with or without Soat1 KO cultured in complete media and cho-
lesterol media conditions for 24 h. At this time point, the or-
ganoid proliferation defect is not yet significant (Fig. 3, A and F)
and, therefore, this analysis could enable the identification of
pathways that are potentially the cause, rather than the conse-
quence, of the impaired proliferation phenotype. RNA-seq
analysis showed down-regulation of genes involved in choles-
terol biosynthesis in Soat1 KO M3L organoids compared with
control organoids when cultured in cholesterol media (Fig. 5 C).
Although modest, this down-regulation of cholesterol biosyn-
thesis genes was also present in Soat1 KO M3L organoids com-
pared with control organoids when cultured in complete media
(Fig. S5 A). These results are consistent with the presence of a
more pronounced proliferation defect of Soat1KOM3L organoids
in cholesterol media compared with complete media (Fig. 3, A
and F). Accordingly, the cholesterol biosynthesis pathway was
also down-regulated in Soat1 KO M3L organoids cultured in
cholesterol media compared with complete media (Fig. 5 D),
whereas it was not significantly down-regulated in Soat1 WT
M3L organoids cultured in cholesterol media compared with
complete media (Fig. S5 B). Additionally, Western blot analysis
confirmed a decrease in SREBP2 activation in M3L organoids
upon Soat1 KO, as shown by the decrease of SREBP2 mature
protein (SREBP2-m) in both culture conditions (Fig. 5 E). Alto-
gether, these observations suggest that p53 LOH-dependent
SOAT1 up-regulation supports the proliferation of M3L

organoids by enabling these cells to evade the cholesterol-
mediated feedback inhibition of SREBP2 activity.

Our analysis shows that loss of SOAT1 restores the
cholesterol-mediated feedback inhibition of mevalonate pathway
gene expression in PDAC cells with mutant p53 that have un-
dergone p53 LOH. We then sought to determine whether SOAT1
loss also affects SREBP2 activity in cells that retain the WT copy
of p53, and whose proliferation is not affected by SOAT1 deple-
tion. In concordance with the results obtained in M3L organoids
(Fig. S5 A), qPCR analysis of matched T6R172H/WT and T6R172H/LOH

organoids cultured in complete media showed a decrease in the
levels of SREBP2 target genes, including mevalonate pathway
genes such as Hmgcr, Hmgcs1, Fdps, and Sqle, only in T6R172H/LOH

organoids upon SOAT1 depletion (Fig. 5 F). Knockdown of SOAT1
led to a marked reduction in cholesterol esters and a clear in-
crease in unesterified cholesterol in T6R172H/LOH organoids,
whereas it only modestly affected the levels of esterified
and unesterified cholesterol in T6R172H/WT organoids (Fig. S5, C
and D). Finally, Western blot analysis confirmed a decrease
in SREBP2 activation only in T6R172H/LOH organoids upon
SOAT1 down-regulation when cultured in complete media, as
shown by an increase in the inactive precursor form of SREBP2
(SREBP2-p) and a reduction of SREBP2-m, whereas no change
was observed in T6R172H/WT organoids (Fig. 5 G). To determine
whether this selective down-regulation of mevalonate pathway
genes also occurred in cholesterol-replete conditions, we per-
formed the above experiments in cholesterol media. We found
that, in these conditions, SOAT1 down-regulation significantly
decreased SREBP2 target genes and esterified cholesterol levels
and led to a significant increase in unesterified cholesterol in
both T6R172H/WT and T6R172H/LOH organoids (Fig. S5, E–G). Ad-
ditionally, SOAT1 depletion decreased SREBP2 activity in
T6R172H/LOH organoids more so than T6R172H/WT organoids, as
shown by an increase in SREBP2-p and a modest reduction in
SREBP2-m (Fig. S5 H). Because SOAT1 depletion selectively
impaired the proliferation of p53 LOH organoids, these results
suggest that p53 LOH organoids are selectively dependent on
the mevalonate pathway.

The up-regulation of mevalonate pathway genes mediated by
p53 loss or mutation has been shown to confer sensitivity to
mevalonate pathway inhibition by statins in other cancer types
(Freed-Pastor et al., 2012; Kaymak et al., 2020; Moon et al., 2019;
Turrell et al., 2017). To determine whether increased depen-
dency on the mevalonate pathway contributes to the differential
sensitivity to SOAT1 loss in PDAC cells with p53 LOH compared
with cells that retain WT p53, we treated T6R172H/WT and
T23R172H/WT organoids and their matched p53 LOH counterparts
with Simvastatin. Calculation of the half-maximal inhibitory
concentration (IC50) showed that T6R172H/LOH and T23R172H/LOH

organoids were more sensitive to Simvastatin treatment than
T6R172H/WT and T23R172H/WT organoid lines (Fig. 5 H). Similarly,
M3L and T69A organoids were more sensitive than N and T69B
organoids (Fig. S5 I), corroborating the observation that PDAC
cells that have undergone p53 LOH are more dependent on the
mevalonate pathway. To validate these findings, we depleted
SREBP2 by shRNA-mediated knockdown in T organoids with or
without p53 LOH. We confirmed that SREBP2 targeting led to
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Figure 4. p53 LOH sensitizes tumor cells to SOAT1 deficiency. (A) Proliferation curves of T23R172H/WT organoids with or without expression of an shRNA
targeting Soat1 in complete media or complete media containing 50 µM cholesterol. Results show mean ± SD of five technical replicates. No statistical
difference was found, as calculated by unpaired Student’s t test for the last time point. (B) Proliferation curves of T23R172H/LOH organoids with or without
expression of an shRNA targeting Soat1 in complete media or complete media containing 50 µM cholesterol. Results show mean ± SD of five technical
replicates. ***, P < 0.001, unpaired Student’s t test calculated for the last time point. (C) Proliferation curves of P5WT/WT organoids with or without expression
of an shRNA targeting Soat1 in complete media or complete media containing 50 µM cholesterol. Results show mean ± SD of five technical replicates. No
statistical difference was found, as calculated by unpaired Student’s t test for the last time point. (D) Proliferation curves of P5R270C/LOH organoids with or
without expression of an shRNA targeting Soat1 in complete media or complete media containing 50 µM cholesterol. Results show mean ± SD of five technical
replicates. ***, P < 0.001, unpaired Student’s t test calculated for the last time point. (E) Proliferation curves of T91−/− organoids with or without expression of
an shRNA targeting Soat1 in complete media or complete media containing 50 µM cholesterol. Results show mean ± SD of five technical replicates. No
statistical difference was found, as calculated by unpaired Student’s t test for the last time point. (F) Quantification of tumor volumes of T8 OGO models with
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down-regulation of mevalonate pathway genes in both TR172H/WT

and TR172H/LOH organoids (Fig. S5, J–M). Nonetheless, SREBP2 down-
regulation only impaired the proliferation of TR172H/LOH organoids,
whereas it did not affect TR172H/WT organoids (Fig. 5 I and Fig. S5 N).
These results suggest that the differential effect of SOAT1 loss on the
proliferation of PDAC cells is linked to the selective dependency on
the mevalonate pathway in cells with p53 LOH.

We demonstrated that SOAT1 loss significantly down-
regulates the expression of mevalonate pathway genes and im-
pairs the proliferation of PDAC organoids with LOH of WT p53.
We therefore hypothesized that the proliferation defect ob-
served is a direct consequence of the disruption of oncogenic
processes downstream of the mevalonate pathway. In addition
to cholesterol, the mevalonate pathway generates a number of
other metabolites, whose depletion could impair PDAC cell
proliferation. Among these metabolites, nonsterol isoprenoids,
such as FPP and GGPP, are required for protein prenylation.
Prenylation of RAS and RHO proteins, which have been impli-
cated in cancer progression, regulates their membrane locali-
zation and, consequently, their activity (Clark et al., 2000;
Philips, 2012; Ridley, 2013; Sorrentino et al., 2014). We therefore
tested whether SOAT1 loss leads to a reduction of the membrane
localization of small G proteins, such as RAS, RHO (A, B, and C),
RAC1, and CDC42. To this end, we performed membrane frac-
tionation ofM3L organoidswith or without Soat1KO in complete
media and cholesterol media conditions (Fig. S5, O and P). Our
results showed a reduction in membrane-associated RAS and
RHO levels upon Soat1 KO, whereas changes in RAC1 and CDC42
levels were not apparent (Fig. 5 J). Additionally, phosphorylation
of ERK, which is downstream of RAS activation, was also down-
regulated upon SOAT1 loss (Fig. S5 Q). Importantly, addition of
25 µM FPP completely rescued the impaired proliferation of
Soat1 KO M3L organoids cultured in complete media (Fig. S5 R),
and partially rescued their proliferation defect in cholesterol-
replete conditions (Fig. 5 K). Furthermore, the addition of FPP
in cholesterol media restored the levels of membrane RAS in
M3L Soat1 KO organoids (Fig. 5 L), supporting the hypothesis
that the decrease in membrane localization of RAS in these cells
is due to depletion of isoprenoids. In contrast, addition of FPP in
cholesterol-replete conditions did not restore membrane RHO
levels (Fig. 5 L), which may explain the partial rescue observed
in the proliferation of M3L Soat1 KO organoids (Fig. 5 K). Our
results demonstrate that the proliferation defect observed upon
SOAT1 loss in PDAC cells with p53 LOH is due to the down-
regulation of the mevalonate pathway which, in turn, dimin-
ishes the levels of isoprenoids required for oncogenic signaling
and optimal proliferation of these cells.

Taken together, these observations suggest that SOAT1 up-
regulation enables PDAC cells with p53 LOH to evade the
cholesterol-mediated feedback inhibition of the mevalonate
pathway to promote oncogenic signaling and tumor progression.

Discussion
Negative feedback mechanisms maintain homeostasis in bio-
logical systems, and disruption of these regulatory mechanisms
can trigger oncogenic transformation or drive malignant pro-
gression (Courtois-Cox et al., 2006; Zhao et al., 2015). Despite
the stringent negative feedback exerted on the mevalonate
pathway by unesterified cholesterol, mevalonate pathway genes
are commonly up-regulated in cancer (Freed-Pastor et al., 2012;
Kaymak et al., 2020; Moon et al., 2019; Turrell et al., 2017). How
cancer cells escape cholesterol feedback inhibition to hyper-
activate the mevalonate pathway is poorly understood. Our
work directly addresses this standing question. Here, we find
that the combination of p53 mutation and p53 LOH promotes
cholesterol esterification by increasing SOAT1 expression,
thereby enabling RAS-driven PDAC cells to evade cholesterol-
mediated feedback inhibition to support their mevalonate
pathway dependency (Fig. 6). In particular, SOAT1 upholds the
SREBP2-driven cholesterogenic program in p53 LOH PDAC cells
to sustain the production of nonsterol isoprenoids, such as FPP
and GGPP, required for the activity of RAS and RHO proteins.
Indeed, the addition of FPP mitigates the proliferation defect
induced by SOAT1 loss, although only partial rescue was ob-
served in cholesterol-replete media conditions. This result could
be because, in these conditions, FPP cannot substitute for some
of the functions performed by GGPP. For instance, whereas RAS
is preferentially prenylated with FPP (Casey and Seabra, 1996;
Whyte et al., 1997), RHOA is exclusively modified with GGPP
(Zhang and Casey, 1996). Accordingly, the addition of FPP re-
stored RAS membrane levels, but not RHO membrane levels.
Additionally, GGPP is required for the synthesis of ubiquinone and
dolichol (Hooff et al., 2010), and depletion of these metabolites
may contribute to the proliferation defect observed. In support of
this, a recent study demonstrated that inhibition of the mevalo-
nate pathway induced apoptosis in p53-deficient colon cancer cells
by decreasing ubiquinone levels, thereby impairing the synthesis
of pyrimidine nucleotides (Kaymak et al., 2020). Finally, the in-
complete rescue observed in cholesterol-replete media may be
because excess cholesterol can induce cytotoxicity by generating
ER stress (Fu et al., 2012; Maxfield and Tabas, 2005).

Here, we find a role of mutant p53 in promoting high ex-
pression of SOAT1 in PDAC. In lung cancer mouse models, the

(n = 5) or without (n = 4) expression of an shRNA targeting Soat1 in NOD scid gamma mice on day 58 after transplantation. Results show mean ± SEM. ***, P <
0.001, unpaired Student’s t test. (G) Quantification of mice with metastases for the experiment shown in F. (H) Representative H&E stain of T8 OGO models
with or without expression of an shRNA targeting Soat1 for the experiment shown in F (n = 2). Scale bars, 800 µm. (I) Representative RNA ISH of Soat1 in T8
OGO models with or without expression of an shRNA targeting Soat1 for the experiment shown in F (n = 2). Inserts: magnification. Scale bars, 200 µm.
(J) Representative H&E stain of T91−/− OGO models with or without expression of an shRNA targeting Soat1 in nu/nu mice on day 73 after transplantation (n = 2).
Scale bars, 200 µm. (K) Representative RNA ISH of Soat1 in T91−/− OGO models for the experiment shown in J (n = 2). Inserts: magnification. Scale bars, 200 µm.
(L) Quantification of tumor volumes of T91−/− OGO models with (n = 4) or without (n = 5) expression of an shRNA targeting Soat1 for the experiment shown in
J. Results show mean ± SEM. No statistical difference was found, as calculated by unpaired Student’s t test. (M) Quantification of mice with metastases for the
experiment shown in L.
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Figure 5. SOAT1 expression sustains the mevalonate pathway in PDAC. (A) Cholesterol ester assays for M3L organoids with Soat1WT or KO in complete
media or complete media containing 50 µM cholesterol for 4 h. Results show mean ± SD of two technical replicates. **, P < 0.01; ***, P < 0.001, paired
Student’s t test. (B) Cholesterol assays for M3L organoids with Soat1 WT or KO in complete media or complete media containing 50 µM cholesterol for 4 h.
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expression of SOAT2, a paralog of SOAT1, is up-regulated in
R270C p53 mutant cancer cells, but not in R172H p53 mutant or
null cells (Turrell et al., 2017). In contrast, our results show that
although SOAT1 is up-regulated in p53-null PDAC cells, SOAT1
levels are substantially lower compared with cells with either
R270C or R172H p53 mutations and LOH of p53 WT. These ob-
servations are consistent with a model in which WT p53 sup-
presses SOAT1 expression, and mutant p53 promotes it.
Accordingly, Andrysik et al. (2017) identified SOAT1 as an in-
direct target of transcriptional repression by WT p53 in breast
cancer cells. Moreover, mutant p53 has been shown to regulate
transcription by direct interaction with other transcription
factors (Di Agostino et al., 2006; Freed-Pastor et al., 2012).
However, this is unlikely to fully explain the role of mutant p53
in driving SOAT1 expression in PDAC, because sustained ex-
pression of mutant p53 was not required to maintain SOAT1
levels in M organoids. The exact mechanism underlying the
increased expression of SOAT1 by mutant p53 remains to be
determined.

Several lines of evidence have shown that the disruption of
the mevalonate pathway by statins has potent anti-tumor effects
in vitro. Additionally, although not corroborated in all analyses,
some epidemiological studies indicate that statin treatment may
reduce pancreatic cancer risk (Archibugi et al., 2019; Hamada
et al., 2018a,b; Zhang et al., 2019). However, clinical trials
evaluating the efficacy of statins in cancer have not been suc-
cessful. These disappointing results have been largely attributed
to the fact that statins primarily affect cholesterol biosynthesis
in the liver, which leads to reduced circulating levels of cho-
lesterol (Blumenthal, 2000; Ness et al., 1998). Low levels of
cholesterol-carrying plasma lipoprotein particles limit the up-
take of extracellular cholesterol by cancer cells, thus triggering
compensatory activation of SREBP2 and cholesterol biosynthe-
sis. Therefore, statin treatment in vivo paradoxically hyper-
activates, rather than inhibits, the mevalonate pathway in
cancer cells (Longo et al., 2019; Mo et al., 2019). We propose
SOAT1-selective inhibitors as an alternative strategy to disrupt
the aberrant mevalonate pathway activation in PDAC. Impor-
tantly, Soat1 KO mice are viable and demonstrate intact hepatic
and intestinal cholesterol metabolism (Meiner et al., 1996),

since SOAT2 is the predominant cholesterol acyltransferase in
these tissues (Anderson et al., 1998; Cases et al., 1998; Oelkers et al.,
1998). Additionally, our work demonstrates that SOAT1 ablation
selectively impairs the proliferation of PDAC cells with p53 LOH, a
hallmark of advanced malignant progression (Baumgart et al.,
2010; Filippini et al., 2019; Lüttges et al., 2001), but does not af-
fect the proliferation of normal and preneoplastic pancreatic cells
that have retained a copy of WT p53. Altogether, the presence of
this synthetic vulnerability suggests a potential therapeutic win-
dow for selective inhibition of SOAT1 in PDAC.

Notably, the increased expression of mevalonate pathway
genes is a feature of various cancer types (Carrer et al., 2019;
Freed-Pastor et al., 2012; Guillaumond et al., 2015; Kaymak et al.,
2020; Moon et al., 2019; Turrell et al., 2017) and, in addition to
PDAC (Li et al., 2016), SOAT1 has been implicated in the pro-
gression of prostate (Yue et al., 2014) and hepatocellular (Jiang
et al., 2019) carcinomas. Therefore, the role of SOAT1 in enabling
cancer cell evasion from cholesterol feedback inhibition could be
a common targetable vulnerability in cancer.

Materials and methods
Mouse models
C57BL/6J background (>20 backcrosses) KC (KrasLSL-G12D/+; Pdx1-
Cre), KPC (KrasLSL-G12D/+; Trp53LSL-R172H/+; Pdx1-Cre), and KPPC
(KrasLSL-G12D/+; Trp53lox/lox; Pdx1-Cre) mice were previously de-
scribed (Bardeesy et al., 2006; Hingorani et al., 2003, 2005;
Marino et al., 2000). C57BL/6J (stock number 000664) and NOD
scid gamma (stock number 005557) mice were purchased from
the Jackson Laboratory; nu/nu mice (stock number 24102242)
were purchased from the Charles River Laboratory. All animal
procedures and studies were conducted in accordance with the
Institutional Animal Care and Use Committee at Cold Spring
Harbor Laboratory.

In vivo orthotopic transplantations
Injections for the generation of OGO models were conducted as
previously described (Boj et al., 2015). Typically, 2.5 × 105 cells
prepared from organoid cultures were resuspended as a 45-µl
suspension of 50% Matrigel in PBS and injected into the

Results show mean ± SD of two technical replicates. **, P < 0.01, paired Student’s t test. (C) RNA-seq analysis of M3L organoids with Soat1WT (n = 2) or KO
(n = 2) in complete media containing 50 µM cholesterol for 24 h showing genes involved in cholesterol biosynthesis. The color scheme of the heat map
represents Z-score distribution. (D) GSEA plot for cholesterol biosynthesis in M3L organoids with Soat1 KO in complete media or complete media containing 50
µM cholesterol for 24 h. NES, normalized enrichment score. (E) Western blot analysis of the inactive SREBP2 precursor (SREBP2-p) and the mature SREBP2
protein (SREBP2-m) in M3L organoids with or without Soat1 KO in complete media or complete media containing 50 µM cholesterol for 24 h (n = 2). ACTIN,
loading control. (F) qPCR analysis of Ldlr, Fdps, Hmgcs1, Sqle, and Hmgcr in T6R172H/WT and T6R172H/LOH organoids with or without expression of an shRNA
targeting Soat1 in complete media for 24 h. Results show mean ± SD of three technical replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001, paired Student’s
t test. (G) Western blot analysis of the inactive SREBP2 precursor (SREBP2-p) and the mature SREBP2 protein (SREBP2-m) in T6R172H/WT and T6R172H/LOH

organoids with or without expression of an shRNA targeting Soat1 in complete media for 24 h (n = 2). ACTIN, loading control. (H) IC50 curves and values of
T6R172H/WT, T6R172H/LOH, T23R172H/WT, and T23R172H/LOH organoids in complete media for 72 h with 1 × 10−10 M to 1 × 10−4 M Simvastatin. Results show mean ±
SD of five technical replicates. (I) Proliferation curves of T6R172H/WT and T6R172H/LOH organoids with or without expression of an shRNA targeting Srebf2 in
complete media. Results show mean ± SD of five technical replicates. ***, P < 0.001, unpaired Student’s t test calculated for the last time point. (J) Western
blot analysis of membrane and total RAS, RHO (A, B, and C), RAC1, and CDC42 in M3L organoids with or without Soat1 KO in complete media or complete media
containing 50 µM cholesterol for 48 h (n = 2). (K) Proliferation curves of M3L organoids with Soat1WT or KO in complete media containing 50 µM cholesterol
with or without 25 µM FPP. Results show mean ± SD of five technical replicates. ***, P < 0.001, unpaired Student’s t test calculated for the last time point.
(L)Western blot analysis of membrane and total RAS and RHO (A, B, and C) in M3L organoids with or without Soat1 KO in complete media containing 50 µM
cholesterol with or without 25 µM FPP for 48 h (n = 2). Molecular weights in kilodaltons.
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pancreas. For the survival study, mice were taken when they
reached a humane endpoint.

Cell sorting of cancer cells
For sorting of cancer cells, T8 OGO tumors were processed as
previously described (Biffi et al., 2019). Cells were stained for
30 min with anti-mouse CD45-Alexa Fluor 647 (103124; Bio-
Legend), CD326 (EpCAM)-Alexa Fluor 488 (118212; BioLegend),
CD31-Alexa Fluor 647 (102416; BioLegend), and PDPN-APC/Cy7
(127418; BioLegend) and for 15minwith DAPI. DAPI/CD45/CD31/
PDPN− EpCAM+ cells were sorted on the FACSAria cell sorter
(BD) and processed for PCR-based genotyping of Trp53 1loxP.

Cell lines and cell culture
N, P, T, and M murine and human pancreatic organoid lines
were cultured as previously described (Boj et al., 2015). All hu-
man organoid experiments were reviewed and approved by the

Institutional Review Board of Cold Spring Harbor Laboratory
and conducted in accordance with recognized ethical guidelines
(Declaration of Helsinki). Murine organoids were generated as
previously described (Boj et al., 2015). All cells were cultured at
37°C with 5% CO2. Cell line authentication was not performed.
Mycoplasma testing with the MycoAlert Mycoplasma Detection
Kit (LT07-318; Lonza) is performed monthly at our institution,
and each cell line has been tested at least once after thawing or
isolation, and retested before RNA-seq and orthotopic trans-
plantation experiments. To isolate the p53 LOH cells, early-
passage T6 and T23 organoids were cultured in complete media
with 10 µM Nutlin-3a (SML0580-5MG; Sigma-Aldrich) and
propagated for three passages.

Cholesterol assay
Total cholesterol and unesterified cholesterol were measured
using the manufacturer’s protocol of a Cholesterol Quantitation

Figure 6. SOAT1 abrogates cholesterol feedback inhibition to promote mevalonate pathway dependency in PDAC.Model illustrating the role of SOAT1
in sustaining the activity of the mevalonate pathway. (A and B) Typically, compared with normal and preneoplastic pancreatic cells (A), SOAT1 levels, SREBP2
activity, and the expression of mevalonate pathway genes are up-regulated in PDAC cells withmutant p53 and LOH ofWT p53 (B). (C and D) SOAT1 abrogation
and consequential mevalonate pathway inhibition do not affect the proliferation of normal and preneoplastic pancreatic cells (C), whereas they significantly
impair the proliferation of PDAC cells with mutant p53 that have undergone p53 LOH (D). SREBP2-p, inactive SREBP2 precursor. SREBP2-m, mature SREBP2
protein.
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kit (MAK043, Sigma-Aldrich) and normalized to the total pro-
tein level measured by Bradford Assay. Amount of cholesterol
esters were determined by subtracting the amount of un-
esterified cholesterol from total cholesterol.

PCR-based genotyping of Trp53 1loxP
Organoids were harvested and centrifuged at 4,000 rpm for
5 min at 4°C. Genomic DNA from freshly isolated tumor cells or
organoids was extracted with DNEasy Blood & Tissue Kit (Qia-
gen) following the protocol for cultured cells. Each PCR reaction
for Trp53 1loxP genotyping was performed in a 20-µl mixture
containing 1× AmpliTaq Gold 360 master mix (Thermo Fisher
Scientific), 0.5 µM each primer, and 40 ng template DNA. The
following primers were used for genotyping: forward, 59-AGC
CTGCCTAGCTTCCTCAGG-39; reverse, 59-CTTGGAGACATAGCC
ACACTG-39 (Olive et al., 2004). The PCR cycling conditions were
95°C for 5 min, followed by 40 cycles at 95°C for 30 s, 56°C for
30 s, and 72°C for 30 s, with a final extension step at 72°C for
5 min. PCR products were separated on a 2% agarose gel in 1×
TAE buffer. Gel imaging was performed with a Syngene UV
transilluminator.

CRISPR/Cas9 KO and shRNA-mediated down-regulation
To knock out Soat1, Lenti-Cas9-puromycin plasmids were used.
Organoids were infected and selected using 2.5 µg/ml puromy-
cin (A1113803; Thermo Fisher Scientific). Single guide RNAs
(sgRNAs) were designed using CRISPR Design and cloned into
the LRGN (Lenti-sgRNA-EFS-GFP-neo) plasmid. Cleavage was
confirmed using the GeneArt Genomic Cleavage Detection Kit
(A24372; Invitrogen). Organoids were infected and plated as
single cells in the presence of neomycin (10131035; Invitrogen).
Knockout was confirmed by Sanger sequencing (not depicted)
and Western blot analysis. To knock out Trp53 in P organoids,
two guides (gRNA 1: 59-CACCGTGCCATGGAGGAGTCACAGT-39;
gRNA 2: 59-CACCGAACAGATCGTCCATGCAGTG-39) were de-
signed to knock out Trp53 by dual targeting of exons 2 and 4.
These guides were cloned into the LRNG vector and lentivirally
introduced into P5 and P7 organoids. 48 h after neomycin se-
lection, organoids were passaged and then treated with 10 µM
Nutlin-3a for three passages to select for p53−/− organoids. KO
was confirmed by Western blot analysis. To knock down Soat1,
an shRNA targeting Soat1 (59-TTGAACTCAAGTACCAGCCTTC-
39) was cloned into the LEPG vector (miR-E backbone), as pre-
viously described (Fellmann et al., 2013). Organoids were then
retrovirally infectedwith Soat1 shRNA and selectedwith 2 µg/ml
puromycin 24 h after infection. A shRNA targeting Renilla lu-
ciferase (59-TAGATAAGCATTATAATTCCTA-39) was used as
control (miR-E backbone). To knock down Trp53, an shRNA
targeting Trp53 (p53.1224; 59-TGTATTACACATGTACTTGTAGTG
G-39) was inserted into a miR-30 backbone driven by the MSCV
promoter (Premsrirut et al., 2011). A shRNA targeting Renilla
luciferase (59-TAGATAAGCATTATAATTCCTA-39) was used as
control (miR-30 backbone). To knock down TP53, previously
described pRETRO-SUPER (pRS) constructs containing shRNAs
targeting human TP53 or a control (Brummelkamp et al., 2002)
were used. To knock down Srebf2, TRC vectors were acquired
from Horizon Discovery (Srebf2 #1: 59-TTTAAGAAGTAGCTA

GCCAAG-39; Srebf2 #2: 59-AATGAACAAGGCTTAGTCAGG-39),
and a scrambled shRNA was used as control.

Base editing
P organoids were dissociated into single cells, and 100,000 cells
were transfected using the Amaxa electroporation system
(Amaxa) with 1 µg base editor (CMV-BE3; Komor et al., 2016) and
500 ng ipUSEPR (Ruscetti et al., 2018) constructs containing a
sgRNA targeting Trp53 (59-GTTCGTGTTTGTGCCTGCCC-39) to in-
duce a R270C mutation. Organoids were then plated in Matrigel
and cultured in completemedia for 24 h before addition of 2 µg/ml
puromycin to select for organoids successfully transfected with
the sgRNA. 48 h after puromycin selection, organoids were pas-
saged and then treated with 10 µMNutlin-3a for three passages to
select for p53R270C/LOH organoids.

qPCR analysis
Typically, RNA (1 µg) was reverse transcribed using TaqMan
reverse transcription reagents (N808-0234; Applied Biosystems).
qPCRwas performed using gene-specific TaqMan probes (Applied
Biosystems) andmastermix (4440040; Applied Biosystems). Gene
expression was normalized to Hprt.

Membrane fractionation
Membrane fractionation was performed as previously described
(Baghirova et al., 2015). Briefly, organoids were recovered from
Matrigel with Cell Recovery Solution (354253, Corning). Or-
ganoid pellets werewashed twice in PBS and permeabilized with
a digitonin-based buffer. After a 10-min incubation at 4°C with
constant mixing, permeabilized cells were centrifuged, and
pellets containing the membrane fractions were solubilized in a
NP-40–based lysis buffer and frozen until use. For Western blot
analysis, 10 or 100 µg of protein was loaded for the membrane
and total fractions, respectively.

Western blot analysis
Organoids were harvested in Cell Recovery Solution (Corning)
and incubated with rotating for 1 h at 4°C. Cells were pelleted
and lysed in 0.1% Triton X-100, 15 mmol/liter NaCl, 0.5 mmol/
liter EDTA, and 5 mmol/liter Tris, pH 7.5, supplemented with
protease inhibitors (11836170001; Roche) and a phosphatase in-
hibitor cocktail (4906845001; Roche). Cells were incubated on
ice for 30 min before clarification. To prepare lysates for im-
munoblotting of SREBP2, organoids were harvested with Cell
Recovery Solution and washed with cold PBS. After centrifu-
gation, cells were lysed with radioimmunoprecipitation assay
buffer with protease inhibitors and then sonicated at 4°C for
intervals of 30 s for a total of five cycles. Standard procedures
were used for Western blotting. Western blot analysis of SOAT1
requires incubation of the protein lysate at 70°C rather than at
boiling temperature. Ponceau staining (P7170; Sigma-Aldrich)
was performed before blocking. Primary antibodies used were
SOAT1 (sc-20951, Santa Cruz), SREBP2 (ab30682, Abcam),
HSP90α (07-2174; EMD Millipore), ACTIN (8456; Cell Signaling
Technology), phosphorylated ERK (4370, Cell Signaling Tech-
nology), ERK (9102, Cell Signaling Technology), E-CADHERIN
(3195, Cell Signaling Technology), p53 (P53-CM5P-L, Leica),

Oni et al. Journal of Experimental Medicine 14 of 19

SOAT1 dependency in pancreatic cancer https://doi.org/10.1084/jem.20192389

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/217/9/e20192389/1046931/jem
_20192389.pdf by U

niversity O
f C

alifornia, D
avis user on 01 Septem

ber 2020

https://doi.org/10.1084/jem.20192389


CDC42 (ACD03, Cytoskeleton), RAC1 (ARC03, Cytoskeleton),
RHO (ab40673, Abcam), and RAS (3965, Cell Signaling Tech-
nology). Proteins were detected using HRP-conjugated sec-
ondary antibodies (Jackson ImmunoResearch Laboratories).

Proliferation assays and IC50 experiments
Organoids were first dissociated into single cells. 2,000 cells
were then seeded in 10% Matrigel and the indicated media with
10 µM ROCK inhibitor (Y27632, Selleck Chem) on white 96-well
plates precoated with a 70%Matrigel/PBS bed. Cell viability was
measured every 24 h for 5 d with Cell Titer Glo (G7573, Prom-
ega), per manufacturer’s instructions, on a SpectraMax I3
(Molecular Devices) plate reader. For cholesterol media, 50 µM
cholesterol solubilized in methyl β cyclodextrin (Sigma-Aldrich;
C4951) was added to complete media. For LDL media, 0.5% LDL
concentrate (5354, Cone Bio) was added to complete media. For
rescue with FPP, 25 µM FPP (F6892; Sigma-Aldrich) was added
to complete media. For drug treatment experiments, organoids
were plated as described above. Simvastatin (1612700; Sigma-
Aldrich) at a concentration range from 10−10 M to 10−4 M was
added 24 h after plating. After 96 h, cell viability was measured
with Cell Titer Glo, and IC50 values for Simvastatin were com-
puted using Prism (GraphPad).

Immunohistochemical staining and RNA ISH
Standard procedures were used for immunohistochemistry
(IHC) with a primary antibody for p53 (NCL-L-p53-CM5p; Le-
ica). Hematoxylin was used as nuclear counterstain. H&E and
Masson’s trichrome staining were performed according to
standard protocols. RNA ISH was performed using the manu-
facturer’s protocol (RNAscope 322360; Advanced Cell Diag-
nostics) and probes specific for Soat1 (541821; Advanced Cell
Diagnostics) or Srebf2 (562261; Advanced Cell Diagnostics).

RNA-seq preparation and analysis
Samples were collected in 1 ml of TRIzol reagent (15596-018;
Thermo Fisher Scientific). RNA was extracted using the Pure-
Link RNA Mini Kit (12183018A; Thermo Fisher Scientific) per
manufacturer’s instructions. RNA quality was assessed on a
2100 Bioanalyzer Instrument (Agilent) using the RNA 6000
Nano Kit (5067-1511; Agilent). Only RNAs with RNA integrity
numbers >9 were used for RNA-seq. A TruSeq Stranded Total
RNA Kit with RiboZero Human/Mouse/Rat (RS-122-2201 and
RS-122-2202; Illumina) was used for library construction using
1 µg RNA per sample, per manufacturer’s instructions. Library
quality was assessed using a 2100 Bioanalyzer Instrument
(Agilent) using the High Sensitivity DNA Kit (5067-4626; Agi-
lent), and concentration was assessed using a Qubit (Thermo-
Fisher Scientific) with the dsDNA HS Assay Kit (Q32854;
Thermo Fisher Scientific). Libraries were sequenced (101 bp
paired-end + 7 bp barcode reads) at the Cold Spring Harbor
Laboratory Next Generation Sequencing Shared Resource using
an Illumina NextSeq500 (high output flow cell).

For RNA-seq of N, P, T, and M organoids, read quality was
first quantified using FastQC v0.11.8 (Babraham Bioinformatics).
Reads were mapped to transcript annotation GENCODE M22
(Frankish et al., 2019) corresponding to mouse genome

GRCm38.p6 using STAR v2.6.0c (Dobin et al., 2013). RSEM
v1.3.1 (Li and Dewey, 2011) was used to extract counts per gene.
First, a prefiltering step was performed to remove genes ex-
pressed in fewer than two samples. Identification of batch- and
sex-related variables was then performed using Bioconductor
package sva v3.32.1 (Leek et al., 2012). Those two surrogate
variables have been added to the DESeq2 design formula. Dif-
ferential gene expression analysis was performed using Bio-
conductor package DESeq2 v1.24.0 (Love et al., 2014). Genes
with false discovery rate (FDR) < 0.05 and log2 fold change ≥
1 were identified as differentially expressed genes. The nor-
malized counts per gene were also obtained from DESeq2. The
differential gene expression analysis between metastasis and
tumor represents the unique case of paired analysis. For this
analysis, only one metastasis and one tumor originating from
the same mouse were randomly retained. As all samples came
from the same batch, no batch correction was needed. The
mouse pairing information was included in the DESeq2 design
formula. The RNA-seq data for the M organoids are available at
the Gene Expression Omnibus (GEO) under accession no.
GSE142467. The RNA-seq data for the N, P, and T organoids are
available at GEO under accession no. GSE63348.

For M3L organoids with or without Soat1 KO, RNA-seq li-
braries were mapped to GENCODE GRCm38 primary assembly
using STAR (v2.7.3), and gene expression estimations were
performed using RSEM (v1.2.29). DESeq2 (v1.22.2) was used for
identifying differentially expressed genes with default parame-
ters. Genes with adjusted P values <0.05 were selected as sig-
nificant genes. Pathway enrichment analysis was conducted
using gene set enrichment analysis (GSEA; v3.0) program and
canonical pathway collections available in MSigDB based on
significantly differentially expressed genes. Customized R scripts
were used for plotting. These RNA-seq data are available at GEO
under accession no. GSE141737.

Organoid copy number variation analysis
The whole-genome sequencing data are available at the Se-
quence Read Archive under accession no. PRJNA599977. Copy
number on mouse organoids was inferred as previously de-
scribed (Kendall and Krasnitz, 2014). Low-coverage whole-
genome sequences were aligned with Bowtie v1.2.3 (Langmead
and Salzberg, 2012) and Samtools v1.9 on mm10 genome parti-
tioned into 5,000 bins beforehand. The results were post-
processed with CNprep version 2.0 to calculate the copy
numbers relative to their central values for each segment. The
threshold to assign an alteration was calculated as 3× the quantiles
0.025 (deletion) and 0.975 (amplification) of the log2ratio for
normal organoids. When the absolute value was <0.2, we replaced
it by 0.2. The obtained thresholds are 0.20 (amplification) and
−0.36 (deletion).

H3K27ac ChIP-sequencing for TR172H/WT and TR172H/LOH

organoids
Organoids were grown as described above and harvested in
2 mg/ml dispase II (17105041; Thermo Fisher Scientific) for
20 min at 37°C. Cells were cross-linked with 1% formaldehyde
for 10min at room temperature and then quenchedwith 0.125M
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glycine for 5 min. Cells were washed three times in PBS, re-
suspended in SDS buffer (50 mM Tris-HCl, pH 8, 2% SDS,
100 mM NaCl, and 5 mM EDTA, with protease and phosphatase
inhibitors) and stored at −80°C before further processing for
ChIP. Cells were pelleted by centrifugation and suspended in
0.5 ml of IP buffer (100 mM Tris-HCl, pH 8.5, 0.3% SDS, 1.7%
Triton X-100, 100 mM NaCl, 5 mM EDTA, and protease and
phosphatase inhibitors). Cells were disrupted by sonication for
two cycles (15 min, low amplitude) using Bioruptor (Diagenode),
yielding genomic DNA fragments with a bulk size of 100–400
bp. After sonication, chromatin was centrifuged at 14,000 rpm
for 10 min at 4°C, and immunoprecipitation was performed with
0.5 ml of precleared chromatin and 3 µg of antibody against
H3K27ac (ab4729; Abcam) prebound to G-protein–coupled par-
amagnetic beads (10004D; Dynabeads) in 0.5% BSA/PBS. After
overnight incubation at 4°C with rotation, beads were washed
six times with a modified radioimmunoprecipitation assay
buffer (50 mMHepes, pH 7.6, 500mM LiCl, 1 mM EDTA, 1% NP-
40, and 0.7% Na-deoxycholate) and a final wash with TE con-
taining 50 mM NaCl. DNA was eluted in 250 µl elution buffer
(2% SDS in TE buffer), and cross-links were reversed by incu-
bation overnight at 65°C. DNA was then purified by Qiaquick
columns (Qiagen) and quantified using PicoGreen (P11496;
Thermo Fisher Scientific). 10 ng ChIP DNA was prepared for
Illumina sequencing with TruSeq ChIP Sample Prep Kit (Illu-
mina) following the manufacturer’s instructions. Libraries were
quality checked using a Bioanalyzer 2100 (Agilent) with a High
Sensitivity DNA Kit and quantified using PicoGreen. Equimolar
amounts of libraries were pooled and subjected to single-read,
75-bp sequencing using an Illumina NextSeq 500 platform. For
ChIP-seq analysis, raw reads were mapped to mouse mm10 ge-
nome using Bowtie2 software using sensitive settings (Langmead
and Salzberg, 2012). Duplicate reads were removed after align-
ment. Peaks were identified using MACS2 software using 5% FDR
cutoff and broad peak option (Feng et al., 2012). Sequencing depth
normalized ChIP-seq pileup trackswere generated using the UCSC
genome browser (Kent et al., 2002). H3K27ac GAIN enhancer
regions were obtained from Roe et al. (2017) and converted to
mm10 coordinates using UCSC LiftOver tool. H3K27ac ChIP-seq
for TR172H/WT and TR172H/LOH organoids are available at GEO under
accession no. GSE144704. H3K27ac ChIP-seq datasets in N, P, T,
and M organoids were from Roe et al. (2017).

SREBP2 DNA motif analysis
H3K27ac GAIN regions were obtained from Roe et al. (2017).
Relative H3K27ac signal fold change of each region was calcu-
lated from comparing geometric means of six M organoids and
six T organoids. Regions having more than twofold enrichments
were selected for motif scanning. In the end, 757 of 857 regions
were kept, including one region located upstream (∼30 Kbp) of
Soat1. DNA sequences of selected regions were obtained using
the getfasta program available in BEDTools suit from UCSCmm9
genome assembly. Because of the lack of murine Srebf2 DNA
motifs available, SREBF2 (MA0596.1) human motif weight ma-
trix was downloaded from the JASPAR transcription factor
binding database (v2020). Fimo program from MEME suit was
used for motif scanning with significant P value <1 × 10−5.

Statistical analysis
GraphPad Prism was used for graphical representation of data.
Statistical analysis was performed using Student’s t test.

Online supplemental material
Fig. S1 contains data corroborating SOAT1 and SREBP2 increased
expression during PDAC progression. Fig. S2 contains data
corroborating that SOAT1 expression is dependent on p53 mu-
tation and LOH in PDAC. Fig. S3 contains data showing that
SOAT1 loss significantly impairs PDAC progression. Fig. S4
contains data supporting that the combination of p53 mutation
and LOH sensitizes tumor cells to SOAT1 loss. Fig. S5 contains
data corroborating a role of SOAT1 in sustaining the mevalonate
pathway in PDAC. Table S1 contains the normalized expected
counts for the RNA-seq analysis of murine pancreatic N, P, T,
and M organoids shown in Fig. 1 and Fig. S1. Table S2 contains
the DNAmotif analysis performed using the SREBF2 (MA0596.1)
human motif.
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Figure S1. SOAT1 expression increases during PDAC progression. (A) RNA-seq analysis of Srebf2 in murine N (n = 7), P (n = 6), T (n = 6), and tumor-matched
M (n = 6) pancreatic organoids. Results show mean ± SEM. *, P < 0.05; ***, P < 0.001, paired Student’s t test between matched T and M organoids; unpaired
Student’s t test between N, P, and M organoids. (B) qPCR analysis of Srebf2, Hmgcr, Hmgcs1, Sqle, and Fdps in M3L organoids with or without expression of two
different shRNAs targeting Srebf2. Results show mean ± SD of two technical replicates. *, P < 0.05; **, P < 0.01, paired Student’s t test. (C) Cholesterol assays
for N (n = 4), P (n = 4), T (n = 4), and tumor-matched M (n = 4) organoids. Results showmean ± SEM of two biological replicates (two technical replicates each).
No statistical difference was found, as calculated by paired Student’s t test. (D) RNA-seq analysis of Soat1 in N (n = 7), P (n = 6), T (n = 6), and tumor-matchedM
(n = 6) organoids. Results show mean ± SEM. ***, P < 0.001, paired Student’s t test between matched T and M organoids; unpaired Student’s t test between N,
P, and M organoids. (E)Western blot analysis of SOAT1 (n = 2) in C57BL/6J normal pancreata (n = 2), KC tumors (n = 2), KPC tumors (n = 2), and KPCmetastases
(n = 2). Ponceau staining, loading control. Molecular weights in kilodaltons. (F) Representative RNA ISH for Srebf2 in C57BL/6J normal pancreas (n = 3), KPC
tumor (n = 3), and matched metastasis (n = 3). Inserts: magnification. Scale bars, 200 µm. (G) RNA expression analysis of SOAT1, SREBF2, LDLR, and HMGCR in
human PDAC (T, n = 179) and normal pancreas (N, n = 171) from the GEPIA tool.
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Figure S2. SOAT1 expression is dependent on p53 status. (A) Representative H3K27ac ChIP-seq profiles at the Soat1 locus in matched T (n = 6) and M
(n = 6) organoids. (B) qPCR analyses of Soat1 in T6, T69A, and M3L organoids with or without expression of two different shRNAs targeting Srebf2. Results
show mean ± SD of two technical replicates. No statistical difference was found, as calculated by paired Student’s t test. (C) Representative IHC of p53 in
C57BL/6J normal pancreas (n = 3), KPC tumor (n = 3), and metastasis (n = 3). Inserts: magnification. Scale bars, 200 µm. (D) qPCR analysis of Cdkn1a andMdm2
in T69B and T69A organoids. Results showmean ± SD of two technical replicates. *, P < 0.05, paired Student’s t test. (E) DNA gel showing Trp53 genetic status
in T6 and T23 organoids with or without p53 LOH. mut, mutant. (F) qPCR analysis of Cdkn1a and Mdm2 in T6 and T23 organoids with or without p53 LOH.
Results showmean ± SD of two technical replicates. *, P < 0.05; **, P < 0.01, paired Student’s t test. (G) Representative H3K27ac ChIP-seq profiles at the Soat1
locus in T6 and T23 organoids with or without p53 LOH. (H) Representative bright-field images of P7 with p53WT/WT or p53R270C/LOH in complete media or
complete media containing 10 µM Nutlin-3a. Scale bars, 800 µm. (I) DNA sequencing results showing Trp53mutation following base-editing in P5 P organoids.
(J) qPCR analysis of Cdkn1a andMdm2 in P5 and P7 organoids with p53WT/WT or p53R270C/LOH. Results show mean ± SD of two technical replicates. *, P < 0.05;
**, P < 0.01, paired Student’s t test. (K) qPCR analysis of Trp53 in T (T3a, T6, and T23), M (M1, M3L, and M10), and KPPC T−/− (T91, T113, and T118) organoids.
Results showmean ± SD of three biological replicates. No Trp53 transcript was detected in the three T−/− organoid lines. (L) qPCR analysis of Trp53 and Soat1 in
M3L and M10 organoids with or without expression of an shRNA targeting Trp53. Results show mean ± SD of two technical replicates. *, P < 0.05; **, P < 0.01,
paired Student’s t test. (M)Western blot analysis of p53 and SOAT1 in M3L and M10 organoids with or without expression of an shRNA targeting Trp53 (n = 2).
HSP90, loading controls. Molecular weights in kilodaltons. (N) qPCR analysis of TP53 and SOAT1 in hM1A organoids with or without expression of an shRNA
targeting TP53. Results show mean ± SD of two technical replicates. **, P < 0.01, paired Student’s t test. (O) qPCR analysis of Hmgcr, Hmgcs1, Sqle, and Fdps in
M3L organoids with or without expression of an shRNA targeting Trp53. Results show mean ± SD of two technical replicates. No statistical difference was
found, as calculated by paired Student’s t test.
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Figure S3. SOAT1 loss significantly impairs PDAC progression. (A)Western blot analysis of SOAT1 in M3L organoids with Soat1WT or KO (n = 2). HSP90,
loading control. Molecular weights in kilodaltons. (B) qPCR analysis of Soat1 in T69A organoids with or without expression of an shRNA targeting Soat1. Results
show mean ± SD of two technical replicates. *, P < 0.05, paired Student’s t test. (C) Western blot analysis of SOAT1 in T69A organoids with or without
expression of an shRNA targeting Soat1 (n = 2). HSP90, loading control. Molecular weights in kilodaltons. (D) Proliferation curves of T69A organoids with or
without expression of an shRNA targeting Soat1. Results show mean ± SD of five technical replicates. **, P < 0.01, unpaired Student’s t test calculated for the
last time point. (E) qPCR analysis of Soat1 in T6R172H/LOH organoids with or without expression of an shRNA targeting Soat1. Results show mean ± SD of three
technical replicates. **, P < 0.01, paired Student’s t test. (F) Proliferation curves of T6R172H/LOH organoids with or without expression of an shRNA targeting
Soat1. Results show mean ± SD of five technical replicates. ***, P < 0.001, unpaired Student’s t test calculated for the last time point. (G) Representative H&E
stain of M3L OGOmodels with Soat1WT or KO (n = 3). Scale bars, 400 µm. (H) Representative Masson’s trichrome stain of M3L OGOmodels with Soat1WT or
KO (n = 3). Scale bars, 400 µm. (I) Images of T6R172H/LOH OGO models with or without expression of an shRNA targeting Soat1 in nu/nu mice at day 24 after
transplantation (n = 5 per cohort). (J) Quantification of tumor volumes of T6R172H/LOH OGO models shown in I. Results show mean ± SEM of five biological
replicates per cohort. *, P < 0.05, unpaired Student’s t test. (K) Number of mice with metastases for the experiment shown in I. (L) Representative H&E stain of
T6R172H/LOH OGO models with or without expression of an shRNA targeting Soat1 (n = 3). Scale bars, 200 µm. (M) Representative Masson’s trichrome stain of
T6R172H/LOH OGO models with or without expression of an shRNA targeting Soat1 (n = 3). Scale bars, 200 µm. (N) Representative RNA ISH of Soat1 in T6-
R172H/LOH OGO models with or without expression of an shRNA targeting Soat1 (n = 3). Inserts: magnification. Scale bars, 200 µm. (O) Representative bright-
field images of M3L organoids with or without Soat1 KO in complete media or complete media containing 50 µM cholesterol at 96 h (n = 2). Scale bars, 800 µm.
(P) Proliferation curves of T69A organoids with or without expression of an shRNA targeting Soat1 in complete media containing 50 µM cholesterol. Results
show mean ± SD of five technical replicates. ***, P < 0.001, unpaired Student’s t test calculated for the last time point. (Q) Proliferation curves of M3L
organoids with or without Soat1 KO in complete media containing 0.5% LDL. Results show mean ± SD of five technical replicates. ***, P < 0.001, unpaired
Student’s t test calculated for the last time point.
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Figure S4. p53 LOH sensitizes tumor cells to SOAT1 deficiency. (A) qPCR analysis of Soat1 in N10 N organoids with or without expression of an shRNA
targeting Soat1. Results show mean ± SD of two technical replicates. *, P < 0.05, paired Student’s t test. (B) Proliferation curves of N10 organoids with or
without expression of an shRNA targeting Soat1 in complete media or complete media containing 50 µM cholesterol. Results show mean ± SD of five technical
replicates. No statistical difference was found, as calculated by unpaired Student’s t test for the last time point. (C) qPCR analysis of Soat1 in normal N12
organoids with or without expression of an shRNA targeting Soat1. Results show mean ± SD of two technical replicates. **, P < 0.01, paired Student’s t test.
(D) Proliferation curves of N12 organoids with or without expression of an shRNA targeting Soat1 in complete media or complete media containing 50 µM
cholesterol. Results showmean ± SD of five technical replicates. No statistical difference was found, as calculated by unpaired Student’s t test for the last time
point. (E) qPCR analysis of Soat1 in T23R172H/WT organoids with or without expression of an shRNA targeting Soat1. Results show mean ± SD of two technical
replicates. **, P < 0.01, paired Student’s t test. (F) qPCR analysis of Soat1 in T6R172H/WT organoids with or without expression of an shRNA targeting Soat1.
Results show mean ± SD of three technical replicates. **, P < 0.01, paired Student’s t test. (G)Western blot analysis of SOAT1 in T6R172H//WT and T6R172H/LOH

organoids with or without expression of an shRNA targeting Soat1 (n = 2). HSP90, loading control. Molecular weights in kilodaltons. (H) Proliferation curves of
T6R172H/WT organoids with or without expression of an shRNA targeting Soat1 in complete media or complete media containing 50 µM cholesterol. Results
show mean ± SD of five technical replicates. No statistical difference was found, as calculated by unpaired Student’s t test for the last time point. (I) qPCR
analysis of Soat1 in T23R172H/LOH organoids with or without expression of an shRNA targeting Soat1. Results showmean ± SD of two technical replicates. **, P <
0.01, paired Student’s t test. (J) Proliferation curves of T6R172H/LOH organoids with or without expression of an shRNA targeting Soat1 in complete media
containing 50 µM cholesterol. Results show mean ± SD of five technical replicates. ***, P < 0.001, unpaired Student’s t test calculated for the last time point.
(K) qPCR analysis of Soat1 in P5 P organoids with p53WT/WT with or without expression of an shRNA targeting Soat1. Results show mean ± SD of two technical
replicates. *, P < 0.05, paired Student’s t test. (L) qPCR analysis of Soat1 in P7 organoids with p53WT/WT with or without expression of an shRNA targeting Soat1.
Results showmean ± SD of two technical replicates. *, P < 0.05, paired Student’s t test. (M) Proliferation curves of P7 organoids with p53WT/WT with or without
expression of an shRNA targeting Soat1 in complete media or complete media containing 50 µM cholesterol. Results show mean ± SD of five technical
replicates. No statistical difference was found, as calculated by unpaired Student’s t test for the last time point. (N) qPCR analysis of Soat1 in P5 organoids with
p53R270C/LOH with or without expression of an shRNA targeting Soat1. Results show mean ± SD of two technical replicates. *, P < 0.05, paired Student’s t test.
(O) qPCR analysis of Soat1 in P7 organoids with p53R270C/LOH with or without expression of an shRNA targeting Soat1. Results showmean ± SD of two technical
replicates. *, P < 0.05, paired Student’s t test. (P) Proliferation curves of P7 organoids with p53R270C/LOH with or without expression of an shRNA targeting Soat1
in complete media or complete media containing 50 µM cholesterol. Results show mean ± SD of five technical replicates. ***, P < 0.001, unpaired Student’s
t test calculated for the last time point. (Q) qPCR analysis of Soat1 in T91−/− organoids with or without expression of an shRNA targeting Soat1. Results show
mean ± SD of two technical replicates. **, P < 0.01, paired Student’s t test. (R) qPCR analysis of Soat1 in T113−/− organoids with or without expression of an
shRNA targeting Soat1. Results show mean ± SD of two technical replicates. **, P < 0.01, paired Student’s t test. (S) Proliferation curves of T113−/− organoids
with or without expression of an shRNA targeting Soat1 in complete media or complete media containing 50 µM cholesterol. Results show mean ± SD of five
technical replicates. No statistical difference was found, as calculated by unpaired Student’s t test for the last time point. (T) DNA gel showing Trp53 genetic
status in T8 organoids and in DAPI− CD45− CD31− PDPN− EpCAM+ epithelial cancer cells sorted from T8 OGO models. mut, mutant. (U) Representative IHC of
p53 in T8 OGO models (n = 2). Insert: magnification. Scale bar, 200 µm. (V) qPCR analysis of Soat1 in T8 organoids with or without expression of an shRNA
targeting Soat1. Results show mean ± SD of two technical replicates. *, P < 0.05, paired Student’s t test. (W)Western blot analysis of SOAT1 in T8 organoids
with or without expression of an shRNA targeting Soat1 (n = 2). HSP90, loading control. Molecular weights in kilodaltons. (X) Proliferation curves of T8
organoids with or without expression of an shRNA targeting Soat1 in complete media or complete media containing 50 µM cholesterol. Results show mean ±
SD of five technical replicates. No statistical difference was found, as calculated by unpaired Student’s t test for the last time point.
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Figure S5. SOAT1 expression sustains the mevalonate pathway in PDAC. (A) Box plots of RNA-seq expression in M3L organoids with Soat1WT (n = 2) or
KO (n = 2) in complete media for 24 h showing genes involved in cholesterol metabolism. Box sizes reflects expression ranges ± SD between two technical
replicates. (B) GSEA plot for cholesterol biosynthesis in M3L organoids with Soat1WT in complete media or complete media containing 50 µM cholesterol for
24 h. NES, normalized enrichment score. No statistical difference was found based on NES and FDR. (C) Cholesterol ester assays for T6R172H/WT and T6R172H/LOH

organoids with or without expression of an shRNA targeting Soat1 in complete media for 4 h. Results showmean ± SD of two technical replicates. No statistical
difference was found, as calculated by paired Student’s t test. (D) Cholesterol assays for T6R172H/WT and T6R172H/LOH organoids with or without expression of an
shRNA targeting Soat1 in complete media for 4 h. Results show mean ± SD of two technical replicates. No statistical difference was found, as calculated by
paired Student’s t test. (E) qPCR analysis of Ldlr, Fdps, Hmgcs1, Sqle, and Hmgcr in T6R172H/WT and T6R172H/LOH organoids with or without expression of an shRNA
targeting Soat1 in complete media containing 50 µM cholesterol for 24 h. Results showmean ± SD of three technical replicates. *, P < 0.05; **, P < 0.01; ***, P <
0.001, paired Student’s t test. (F) Cholesterol ester assays for T6R172H/WT and T6R172H/LOH organoids with or without expression of an shRNA targeting Soat1 in
complete media containing 50 µM cholesterol for 4 h. Results show mean ± SD of two technical replicates per cohort. **, P < 0.01, paired Student’s t test.
(G) Cholesterol assays for T6R172H/WT and T6R172H/LOH organoids with or without expression of an shRNA targeting Soat1 in complete media containing 50 µM
cholesterol for 4 h. Results showmean ± SD of two technical replicates per cohort. *, P < 0.05, paired Student’s t test. (H)Western blot analysis of the inactive
SREBP2 precursor (SREBP2-p) and mature SREBP2 protein (SREBP2-m) in T6R172H/WT and T6R172H/LOH organoids with or without expression of an shRNA
targeting Soat1 in complete media containing 50 µM cholesterol for 24 h (n = 2). ACTIN, loading control. (I) IC50 curves and values of N6, N10, T69B, T69A, and
M3L organoids in complete media for 72 h with 1 × 10−10 M to 1 × 10−4 M Simvastatin. Results showmean ± SD of five technical replicates. (J) qPCR analysis of
Srebf2, Ldlr, Fdps, Hmgcs1, Sqle, and Hmgcr in T6R172H/WT organoids with or without expression of an shRNA targeting Srebf2 in complete media. Results show
mean ± SD of two technical replicates. *, P < 0.05; **, P < 0.01, paired Student’s t test. (K) qPCR analysis of Srebf2, Ldlr, Fdps, Hmgcs1, Sqle, and Hmgcr in
T6R172H/LOH organoids with or without expression of an shRNA targeting Srebf2 in complete media. Results show mean ± SD of two technical replicates. *, P <
0.05; **, P < 0.01, paired Student’s t test. (L) qPCR analysis of Srebf2, Ldlr, Fdps, Hmgcs1, Sqle, and Hmgcr in T23R172H/WT organoids with or without expression of
an shRNA targeting Srebf2 in complete media. Results show mean ± SD of two technical replicates. *, P < 0.05; **, P < 0.01, paired Student’s t test. (M) qPCR
analysis of Srebf2, Ldlr, Fdps, Hmgcs1, Sqle, and Hmgcr in T23R172H/LOH organoids with or without expression of an shRNA targeting Srebf2 in complete media.
Results showmean ± SD of two technical replicates. *, P < 0.05, paired Student’s t test. (N) Proliferation curves of T23R172H/WT and T23R172H/LOH organoids with
or without expression of an shRNA targeting Srebf2 in complete media. Results show mean ± SD of five technical replicates. ***, P < 0.001, unpaired Student’s
t test calculated for the last time point. (O)Western blot analysis of E-CADHERIN and ACTIN in total (Tot), cytoplasmic (Cyto) and membrane (Membr) protein
fractions in M3L organoids with or without Soat1 KO in complete media for 48 h. (P) Western blot analysis of E-CADHERIN and ACTIN in total (Tot), cyto-
plasmic (Cyto) and membrane (Membr) protein fractions in M3L organoids with or without Soat1 KO in complete media containing 50 µM cholesterol for 48 h.
(Q) Western blot analysis of phosphorylated ERK (p-ERK) and total ERK in M3L organoids with Soat1 WT or KO in complete media or complete media
containing 50 µM cholesterol for 48 h (n = 2). HSP90, loading control. (R) Proliferation curves of M3L organoids with Soat1WT or KO in complete media with or
without 25 µM FPP. Results show mean ± SD of five technical replicates. ***, P < 0.001, unpaired Student’s t test calculated for the last time point. Molecular
weights in kilodaltons.

Oni et al. Journal of Experimental Medicine S6

SOAT1 dependency in pancreatic cancer https://doi.org/10.1084/jem.20192389

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/217/9/e20192389/1046931/jem
_20192389.pdf by U

niversity O
f C

alifornia, D
avis user on 01 Septem

ber 2020

https://doi.org/10.1084/jem.20192389


Tables S1 and S2 are provided online as separate Excel files. Table S1 contains the normalized expected counts for the RNA-seq
analysis of murine pancreatic N, P, T, and M organoids shown in Fig. 1 and Fig. S1. Table S2 contains the DNA motif analysis
performed using the SREBF2 (MA0596.1) human motif.
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