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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is classified into two key subtypes, classical and basal,
with basal PDAC predicting worse survival. Using in vitro drug assays, genetic manipulation
experiments, and in vivo drug studies in human patient-derived xenografts (PDXs) of PDAC,

we found that basal PDACs were uniquely sensitive to transcriptional inhibition by targeting
cyclin-dependent kinase 7 (CDK7) and CDK9, and this sensitivity was recapitulated in the basal
subtype of breast cancer. We showed in cell lines, PDXs, and publicly available patient datasets
that basal PDAC was characterized by inactivation of the integrated stress response (ISR), which
leads to a higher rate of global MRNA translation. Moreover, we identified the histone deacetylase
sirtuin 6 (SIRT®) as a critical regulator of a constitutively active ISR. Using expression analysis,
polysome sequencing, immunofluorescence, and cycloheximide chase experiments, we found that
SIRT6 regulated protein stability by binding activating transcription factor 4 (ATF4) in nuclear
speckles and protecting it from proteasomal degradation. In human PDAC cell lines and organoids
as well as in murine PDAC genetically engineered mouse models where SIRT6 was deleted or
down-regulated, we demonstrated that SIRT6 loss both defined the basal PDAC subtype and led
to reduced ATF4 protein stability and a nonfunctional ISR, causing a marked vulnerability to
CDKZ7 and CDKOQ inhibitors. Thus, we have uncovered an important mechanism regulating a
stress-induced transcriptional program that may be exploited with targeted therapies in particularly
aggressive PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is an extremely lethal disease with a 5-year
survival of 11% and is likely to become the second leading cause of cancer-related deaths
within a decade (1). PDAC pathogenesis is characterized by a gradual progression through
increasingly dysplastic precursor lesions toward invasive and lastly metastatic PDAC (2).
This progression is paired with the early acquisition of oncogenic KRAS (Kirsten rat
sarcoma virus) mutations and the subsequent loss of tumor suppressor genes CDKNZA
(p16INK4a) (cyclin-dependent kinase inhibitor 2A), 7P53 (transformation-related protein
53), and components of the transforming growth factor p (TGF) pathway such as
SMAD4 (SMAD family member 4), TGA3 R (transforming growth factor p receptor 1),
and 7TGABRZ, each of which is mutated in more than 50% of patients. The creation of
genetically engineered mouse models (GEMMs) with different combinations of these genes
has faithfully recapitulated the disease and validated their importance in the initiation and
progression of PDAC (3, 4). The various genetic analyses of PDAC have led to the same
conclusion that PDACs are genetically very similar—both between patients and between
primary and metastatic tumors within the same patient (5, 6). However, clinical experience
suggests that pancreatic cancer is much more diverse, given the heterogeneity of responses
to chemotherapy and corresponding range of survivals observed.

To understand differences in clinical behavior, transcriptional signatures have been examined
from resected tumors, biopsies, patient-derived xenografts (PDXs), organoids, and cell lines
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(7, 8). The consensus across several studies is that there are two predominant subtypes

of PDAC: classical [includes immunogenic, aberrantly differentiated endocrine exocrine
(ADEX), classical A, and classical B] and basal [alternatively named and overlaps with
quasi-mesenchymal (QM), squamous, basal A, and basal B] and that the basal subtype
confers a poorer overall prognosis (7-11). Basal PDAC tends to be poorly differentiated
with some exhibiting squamous features, whereas the classical subtype is well differentiated
and maintains epithelial characteristics. Basal PDAC is defined by a complete loss of
endodermal identity [low HNF4A (hepatocyte nuclear factor 4a) and GATAG (GATA
binding protein 6)]; acquired expression programs characteristic of squamous tumors,
including TGF- signaling, hypoxia response, metabolic reprogramming, and epithelial to
mesenchymal transition (EMT); a reduced dependence on oncogenic KRAS for growth

(8); higher frequency for inactivation of 7P53, CDKNZA (11), and chromatin modifiers,
including MLL2 (lysine methyltransferase 2D), MLL3 (lysine methyltransferase 2C), and
KDMBG6A (lysine demethylase 6A); MYC (MY C protooncogene, bHLH transcription factor)
amplification (6, 12); and MY C pathway activation (8).

The mechanism by which the highly aggressive basal PDAC subtype is established

remains poorly understood, although recent analysis of the PDAC epigenome suggests that
epigenetic dysregulation may be involved (13). An unbiased characterization of the PDAC
epigenome can predict PDAC subtype and prognosis, which has not been possible with
genetics alone (13, 14). Sirtuin 6 (SIRT6) is a NAD™ (nicotinamide adenine dinucleotide)-
dependent histone deacetylase that acts as a repressor of MY C-driven transcription and

has been implicated in cellular stress resistance, genomic stability, aging, and energy
homeostasis (15, 16). It acts as a strong tumor suppressor in both human and murine PDAC,
where SIRT6 inactivation cooperates with oncogenic KRAS to drive a more aggressive and
highly metastatic form of disease (17, 18).

We showed here that basal PDAC cells are highly sensitive to transcriptional CDK
inhibition. We demonstrated that SIRT6 defines the classical subtype and regulates
activating transcription factor 4 (ATF4), the master regulator of the integrated stress
response (ISR). Inhibition of transcriptional CDKSs elevates cellular stress catastrophically in
basal PDAC cells, whereas this stress can instead be resolved in classical PDAC cells. The
vulnerability of basal PDAC cells to CDK inhibition lies in their inability to activate ATF4 to
mitigate cellular stress in the absence of SIRT®6.

Low SIRT6 expression correlates with basal state

To establish whether SIRT6 expression correlates with PDAC subtype, we first analyzed

data generated from a previous large-scale integrated genomic analysis of human PDACs

(8), which were classified into classical and basal PDAC subtypes (Fig. 1A). Because
stromal contamination in human tumors may confound such transcriptional analyses, we
also looked at a panel of 12 human PDAC cell lines classified as either classical or basal
PDAC by previous groups. All classical PDAC cell lines expressed higher amounts of S/RT6
than any basal PDAC cell line (Fig. 1B). Moreover, ectopic expression of wild-type (WT)
SIRTE but not a catalytically inactive mutant (HY) form of S/R76reduced RNA and protein
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expression of the AN isoform of TP63 (tumor protein 63), a key biomarker of the basal
subtype, in two independent basal PDAC lines (fig. S1, A to C).

Basal and classical PDACs have unique therapeutic vulnerabilities

SIRT6 acts as a potent co-repressor for the MY C oncogene. SIRT6!°%/basal human PDAC
cell lines and S/RT6 knockout (S/RT6 KO) cell lines derived from PDAC GEMMs
demonstrated elevated amounts of chromatin-bound MYC and a dependency on MYC
expression for growth and survival (17). Studies have shown that the CDK7 inhibitor THZ1
can selectively target super-enhancer (SE)-regulated genes such as MYC in some cancers.
Unlike most kinase inhibitors, THZ1 binds to an allosteric site on CDK7, CDK12, and
CDKZ13 rather than its adenosine triphosphate (ATP)-binding pocket, thereby affording high
specificity with few off-target effects at clinically relevant doses (19). It should be noted
that inhibition of CDK12 and CDK13 occurred at slightly higher concentrations when
compared with CDK7 (20). THZ1 has recently been shown to markedly inhibit tumor

cell growth in multiple cancer types (13, 19, 21-24). In these studies, THZ1 was found

to achieve its antiproliferative effect through selective inhibition of target genes driven

by SEs, which normally function to amplify lineage-specific transcription factors in these
cancers (25). SEs are areas within the genome typically marked by H3K27ac (histone H3
acetylated at lysine-27), H3K9ac (histone H3 acetylated at lysine-9), and H3K4mel (histone
H3 monomethylated at lysine-4) and occupied by paused RNA polymerase 11 (RNAPII)
(26, 27). CDKY functions as a known regulator of RNAPII-mediated initiation, pause
establishment, and elongation through the direct phosphorylation of the RNAPII C-terminal
domain (CTD) (19). Thus, it has been suggested that CDK?7 inhibition by THZ1 leads to
reduced occupancy of RNAPII within SEs (28).

To evaluate the potential efficacy of THZ1 in basal PDAC, we treated a panel of seven
human basal PDAC cell lines with THZ1 and compared their sensitivity with five human
classical PDAC lines (Fig. 1C). SIRT6!"%/basal PDAC lines were highly sensitive to THZ1,
whereas SIRT6N9/classical PDAC lines were not as sensitive. By contrast, both basal and
classical PDAC lines were equally sensitive to gemcitabine (Fig. 1D), the standard of care
treatment for pancreatic cancer. Moreover, THZ1 sensitivity was inversely correlated with
SIRT6 expression across a broad panel of 22 PDAC lines (fig. S1D). Treatment with THZ1
resulted in a similar reduction in phosphorylation of both substrates of CDK?7 within the
RNAPII CTD, referred to as phospho-serine-5 (PS5) and PS7, as well as the transition to
productive elongation marker PS2, in both basal and classical PDAC lines (Fig. 1E). MYC
protein was also greatly reduced in both cell subtypes. However, activation of the apoptotic
marker cleaved caspase-3 was observed as early as 16 hours after treatment with THZ1

at 500 nM in basal PDAC lines, whereas no activation of cleaved caspase-3 was seen in
classical PDAC lines even at doses 10-fold higher. Consistent with these results, annexin V
staining was markedly increased after 24 hours of treatment with 100 nM THZ1 in basal but
not classical PDAC cell lines (Fig. 1F and fig. S1E). Propidium iodide staining revealed an
accumulation of basal PDAC cells in G,-M phase after 24 hours of treatment with 100 nM
THZ1, suggesting a Go-M arrest, as previously observed in neuroblastoma (13). No effects
on cell cycle were observed in classical PDAC cell lines (Fig. 1G and fig. S1F). Moreover,
inhibition of SIRT6 using short hairpin RNA (shRNA) sensitized SIRT6M3"/classical PDAC
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to THZ1 treatment (Fig. 1H) without changing expression of CDK proteins (fig. S1G). Last,
both two-dimensional (2D) PDAC lines (Fig. 11) and 3D organoids (Fig. 1, J to L) derived
from our S/IR76 KO GEMM demonstrated marked sensitivity to THZ1, similar to that
observed in our human basal PDAC cell lines. Thus, reduced amounts of SIRT6 correlate
with the basal PDAC subtype and can predict THZ1 sensitivity in PDAC.

Inhibition of CDK7 but not MYC is both necessary and sufficient for THZ1-induced
apoptosis in basal PDAC

We next sought to define the specificity of CDK?7 inhibition by THZ1 and determine
whether CDK?7 inhibition was necessary or sufficient for the induction of apoptosis in basal
PDAC cells. We evaluated the efficacy of THZ1-R, a structural analog of THZ1 that cannot
covalently bind to CDK7 (19). As expected, neither basal nor classical PDAC cell lines
were sensitive to THZ1-R (fig. S2, A and B). We then tested whether ectopic expression

of a mutant form of CDK7, CDK7 C312S, which cannot covalently bind THZ1 (19), could
prevent THZ1 from inducing apoptosis in basal PDAC cells and found that expression of
CDKY7 C312S but not WT CDKY prevented both cleaved caspase-3 activation and MYC
suppression in two independent basal PDAC lines (fig. S2, C and D). Last, to specifically
assess whether CDK?7 inhibition is sufficient for the induction of apoptosis in basal PDAC
cells, we used CRISPR-Cas9-expressing lentivirus to knock out CDK7in two basal and
two classical PDAC lines. Treatment with two independent single-guide RNAs (SgRNAS)
against CDK?7, but not a nontargeting control sgRNA, inhibited cell growth and induced
apoptosis in basal but not classical PDAC cell lines (fig. S2, E to H). Thus, inhibition

of CDK7 is both necessary and sufficient for the efficacy of THZ1 in SIRT6!°V/basal
PDAC. Enforced ectopic expression of MYC in three independent basal PDAC lines using a
doxycycline-inducible promoter restored MY C protein but could not rescue the induction of
THZ1-mediated apoptosis (fig. S2, | and J). We previously showed that SIRT6 inactivation
promoted PDAC progression and metastasis through up-regulation of LIN28b; however,
LIN28b and let-7 targets remained constant upon treatment with THZ1 (fig. S2K). Thus,
THZ1-induced apoptosis in basal PDAC is not due to transcriptional inhibition of MYC or
LIN28b.

SE-regulated genes are not preferentially down-regulated by THZ1 in basal PDAC

The efficacy of THZ1 at inducing apoptosis in cancer may be through the selective
inhibition of SE-regulated genes (including MYC). MY C was potently and rapidly down-
regulated in PDAC cells after treatment with THZ1, but this did not appear to be unique to
basal PDAC cell lines, because we also saw a reduction in MYC expression in classical
cell lines (Fig. 1E). We therefore performed a combined RNA sequencing (RNA-seq)

and H3K27ac chromatin immunoprecipitation—-sequencing (ChlP-seq) analysis of basal
and classical PDAC cells after THZ1 treatment to determine whether SE-regulated genes
were selectively targeted. More than 2000 genes were down-regulated in both BxPC3 and
Panc3.27 (basal) cells by THZ1, and, of these, 1437 were commonly down-regulated.
However, only 87 genes were down-regulated in SUIT2 (classical) cells after 6 hours of
THZ1 treatment (Fig. 2A), and most SE-regulated genes were not down-regulated by THZ1
in all three cell lines tested (Fig. 2B). The MYC SE itself was not more decorated by
H3K27ac in basal PDAC compared with classical PDAC (Fig. 2, C and D). Instead, both
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gene ontology (GO) and gene set enrichment analysis (GSEA) demonstrated that genes
related to transcription were potently and specifically repressed in basal PDAC cells after
THZ1 exposure (Fig. 2E). To determine whether the effects of THZ1 and flavopiridol

(an ATP-competitive CDK9 inhibitor) on transcription differed in basal compared with
classical PDAC, we subjected classical and basal cells to increasing doses of each compound
(19, 28, 29). Nuclei were isolated and nascent transcripts were extended by the addition

of radiolabeled cytidine triphosphate in a nuclear walk-on reaction (30, 31) followed by
denaturing gel analysis of the labeled transcripts. The signals from transcripts generated

by paused Pol Il (30 to 70 nucleotides) were quantified. THZ1 treatment, which interferes
with pausing, led to nearly identical fold reductions of paused transcripts in both cell types,
whereas blocking productive elongation with flavopiridol showed the same result (Fig. 2F).
Thus, both basal and classical cells responded similarly to THZ1 and flavopiridol. Together,
our results confirmed a specific dependence on transcription in basal PDAC; however,
whether this specificity was due to the inhibition of a specific gene program remained
unclear.

Basal PDACs are sensitive to inhibitors of transcriptional CDKs

To further elucidate the mechanism of action of THZ1 in basal PDAC, we extended our
evaluation of the efficacy of CDK transcriptional inhibitors to include specific inhibitors for
CDKA4/6, CDK9, CDK?7, and CDK12/13 (20) in our panel of PDAC cell lines. Basal PDAC
cell lines were 5- to 10-fold more sensitive to both CDK9 (flavopiridol) (Fig. 3, A and B)
and CDK7 (YKL-5-124) (Fig. 3, C and D) inhibition than classical PDAC, whereas basal
and classical PDAC were equally sensitive to the CDKA4/6 cell cycle inhibitor palbociclib
(Fig. 3E). Basal PDAC exhibited only minimal sensitivity to inhibition of CDK12/13
(THZ531) (fig. S3A). Treatment with CDK7, CDK9, and CDK12/13 inhibitors led to
reductions in RNAPII phosphorylation marks in both basal and classical lines as well as
specific induction of apoptosis as measured by cleaved caspase-3 only in basal PDAC lines.
MY C protein was reduced similarly between basal and classical PDAC lines (Fig. 3, B and
D, and fig. S3B). To determine whether basal PDAC was more sensitive to transcriptional
inhibitors in general, we assessed the efficacy of bromodomain inhibitors, a class of non—
CDK-targeting transcriptional inhibitors. Our panel of PDAC cell lines showed equivalent
sensitivity to bromodomain inhibition with JQ1, I-BET151, and I-BET762 (fig. S3C).
These data indicate that the differential sensitivity between PDAC subtypes is selective

for inhibitors of transcriptional CDKs. To further investigate this, we used CRISPR-Cas9—
expressing lentivirus to knock out CDK9, CDK12, or CDK13in two basal and two classical
PDAC lines. Treatment with two independent sgRNAs against CDKY, but not a nontargeting
control sgRNA, inhibited cell growth significantly more in basal PDAC cell lines (P=
0.0025 and 0.00013) compared with classical (P=0.118 and 0.036) (fig. S3, D to F). KO
of CDK12only minimally reduced growth in basal lines compared with classical, whereas
CDK13KO induced no change in growth in both basal and classical PDAC cell lines (fig.
S3, G to L). Together, these data support that basal PDAC is selectively more vulnerable

to loss of CDK7 and CDK9 function rather than loss of CDK12 and CDK13 function.
Considering the structural and functional differences between CDK7 and CDK9, our data
demonstrate a multifaceted dependency on CDK-regulated transcription in basal PDAC that
is not due to a specific CDK7-regulated pathway or gene program. Instead, our results
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uncovered a therapeutic vulnerability specifically in the basal but not the classical PDAC
subtype and prompted us to further explore the mechanistic basis for this “transcriptional
CDK addiction.”

SIRT6 regulates the ISR in PDAC

We next examined whether mRNA translation rates were different between basal and
classical PDAC. Global de novo protein synthesis was markedly different as measured

by puromycin incorporation (Fig. 4A) (32). We observed that basal PDAC cells had
increased translation compared with classical PDAC cells. Furthermore, treatment with
THZ1 markedly inhibited translation in basal PDAC but had no impact in classical PDAC
(Fig. 4B). Last, basal cells were more sensitive to the translation inhibitor puromycin and
homoharringtonine, confirming their greater reliance on mRNA translation (fig. S4A).

A variety of inputs regulate global translation in both healthy and cancer cells, many of
which converge upon the ISR. Activation of the ISR occurs when eukaryotic translation
initiation factor 2 (elF2a.) is phosphorylated at serine-51. EIF2a phosphorylation causes
transient but marked attenuation of global protein synthesis, with the exception of select
transcription factors, such as ATF4. Serving as an integration point for the ISR, ATF4 helps
to orchestrate the cell’s response to the perturbing stress by activating transcription of genes
necessary for either stress reduction or apoptosis. In turn, the ISR can be rapidly deactivated
through the dephosphorylation of elF2a by a complex of growth arrest and DNA damage-
inducible protein (GADD34) and protein phosphatase 1 (PP1). Thus, the ISR is a reversible
mechanism through which cells can markedly reduce global translation to survive a wide
variety of stresses.

We interrogated the ISR in a panel of basal and classical PDAC cell lines. Virtually all
classical PDAC lines had high baseline activation of the ISR, as measured by high ATF4
expression and phosphorylation of elF2a., which correlated with low overall translation
rates. Conversely, all basal PDAC lines had low baseline activation of the ISR coupled

with relatively high translation rates (Fig. 4, A and C). We further sought to validate

these findings using publicly available data from human PDAC tumors. Given that ATF4 is
principally translationally regulated, and publicly available A7F4 expression data show no
differential expression between subtypes in PDAC, we opted to examine expression of ATF4
target genes within the publicly available datasets as a proxy for ISR activation. We found
that genes activated by ATF4 were significantly up-regulated (P < 2.7 x 1078) in classical
PDAC compared with basal PDAC according to four published PDAC transcriptional
subtyping classifications. The inverse was also found to be true; genes repressed by ATF4
were significantly up-regulated (P< 1.5 x 107°) in basal PDAC compared with classical
PDAC by the same classifications (Fig. 4, D and E). We next sought to understand how
classical lines maintained activation of the ISR, whereas it remained silent in basal lines.

As noted, SIRT6 has been implicated, albeit indirectly, in distinct cellular responses to other
stressors such as hypoxia and oxidative stress (33). SIRT6 has also been shown to bind
ATF4, which prompted us to investigate its role in regulating ATF4 and/or function in PDAC
cells (34). We found that in classical PDAC cells, loss of SIRT6 led to a decrease in overall
ATF4 protein abundance (Fig. 4F and fig. S4B) and a decrease in amount of ATF4 bound to
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chromatin (fig. S4C). In addition, loss of SIRT6 in classical PDAC cells reduced expression
of ATF4 target gene transcripts and proteins, including GADD34 (protein phosphatase 1
regulatory subunit 15A), CHOP (DNA damage—inducible transcript 3), ASNS (asparagine
synthetase), Sestrin 2 (SESNZ2), and the amino acid transporters SLC7A11 (solute carrier
family 7 member 11), SLC6A9 (solute carrier family 6 member 9), and CD98hc (CD98
heavy chain) (Fig. 4, F and G). S/RT6 KO cells from our PDAC GEMMs also demonstrated
the same effect (fig. S4, D and E). These targets suggested that SIRT6 regulates ATF4 target
genes specifically involved in amino acid deprivation and not oxidative stress or autophagy
(fig. S4F). Conversely, ectopic expression of WT SIRT6, but not the catalytic mutant SIRT6
HY, in basal PDAC cells robustly increased ATF4 target gene expression, suggesting that
SIRT6 deacetylase activity was necessary for its regulation of ATF4-mediated transcription
(fig. S4G). The essential role for SIRT6 in increasing ATF4, and as an adaptive response,
became apparent in basal cells that are prevented from increasing SIRT6 in response to
stress. In both KP4 and 8988T basal cells, tunicamycin treatment of the siCTRL causes an
increase in expression of S/RT6, ATF4, and ATF4 target genes. Tunicamycin is a known
inducer of ATF4 (35), which in our basal model also increased S/RT6, thereby enabling
ATF4induction. Knockdown of SIRT6 renders basal PDAC cells incapable of fully inducing
ATF4and ATF4 target genes in response to tunicamycin [which elevates endoplasmic
reticulum (ER) stress by inhibiting N-linked glycosylation] (36). In addition, the already low
amounts of A7F4in basal cells are further reduced by knockdown of residual S/R76 (Fig.
4H). Together, these data validate the necessity of SIRT6 for complete induction of ATF4.

SIRT6 regulates ATF4 stability

To investigate the principal mechanism by which SIRT6 regulates ATF4, we performed a
time course of ATF4 expression dynamics by measuring mRNA and protein abundance
upon SIRT6 knockdown. We found that ATF4 protein was reduced after 48 hours of

SIRT6 knockdown, but changes in ATF4 mRNA did not occur until 72 hours (Fig. 5,

A and B). Because ATF4 is predominantly translationally regulated and our data showed
that ATF4 protein changes occur before mRNA changes with SIRT6 knockdown, we
decided to investigate whether SIRT6 regulates ATF4 protein translation. To do this, we
performed polysome profiling on classical cells with and without SIRT6 knockdown.
Polysome profiling uses cycloheximide to block protein synthesis and freeze the ribosomes
on the mRNA transcripts, enabling assessment of a transcript bound at different stages of
ribosome assembly and translation. A sucrose gradient and ultracentrifugation are used to
separate the monosomes from polysomes, and abundance is measured by absorption. We
found no change in global translation, as indicated by similar polysome traces between
control and SIRT6 knockdown even with reduction in S/R76 mRNA abundance verified by
quantitative reverse transcription polymerase chain reaction (qQRT-PCR) (fig. S5, A and B).
ATF4mRNA abundance showed no difference in amount of transcript bound to ribosomes
in each fraction (fig. S5C) as well as no change in amount of cumulative ATF4 mRNA

in monosomes or polysomes (fig. S5D) with SIRT6 knockdown as measured by qRT-PCR.
Last, SIRT6 knockdown and ATF4 protein reduction were verified in our classical cells
through paired Western blots (fig. S5E). Therefore, we concluded from these data that ATF4
protein translation is not substantially affected by SIRT®6.
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mTOR (mammalian target of rapamycin) is known to activate ATF4 through a mechanism
distinct from its canonical induction by the ISR, which prompted us to examine this in the
context of SIRT6 (35). We performed SIRT6 knockdown in two classical PDAC cell lines
and assessed MTOR pathway components. Loss of SIRT6 resulted in clear ATF4 reduction
but no change in expression or phosphorylation of MTOR and its pathway components (fig.
S5F). Therefore, we concluded that the mTOR pathway is not integral to SIRT6 regulation
of ATF4.

To determine whether SIRT6 regulated ATF4 protein degradation, we treated classical cells
with a proteosome inhibitor (MG132) and observed accumulation of ATF4 protein to be
comparable regardless of SIRT6 status (Fig. 5C), indicating that the proteosome is involved
in SIRT6 regulation of ATF4. In addition, treating classical cells with cycloheximide to
block protein synthesis caused ATF4 protein abundance to decline at a significantly faster
rate (P < 0.05) with SIRT6 knockdown (Fig. 5D). Conversely, restoration of SIRT6 in basal
cells and treating with cycloheximide caused ATF4 protein abundance to decline at a slower
rate as compared with the empty vector control (Fig. 5E), confirming that SIRT6 stabilizes
ATF4 protein.

To determine whether ATF4 instability is a general feature of basal PDAC given its low
SIRT6 status, we treated four basal and classical PDAC cell lines with cycloheximide to
observe ATF4 protein stability at baseline. We found that ATF4 protein degraded at a
significantly faster rate (P < 0.05) in the basal cell lines than in the classical cell lines (Fig.
5F), validating that SIRT6 protein expression dictates ATF4 protein stability. Moreover, we
sought to determine whether ATF4 was targeted for degradation by p-TRCP (B-transducin
repeat-containing E3 ubiquitin protein ligase), the receptor component of the E3 ubiquitin
ligase previously shown to bind and target ATF4 for proteosome degradation (37). We
knocked down B-TRCP in the absence of SIRT6 and achieved a partial rescue of ATF4
protein abundance (Fig. 5G). Therefore, we concluded that SIRT6 control of ATF4 protein
stability is protective against B-TRCP-mediated proteasomal degradation and explains the
differential ATF4 protein amounts in basal and classical PDAC.

To further investigate how SIRT6 stabilizes ATF4, we performed coimmunoprecipitation to
assess direct binding of SIRT6 and ATF4. ATF4 was pulled down in either a basal cell

line expressing SIRT6 or an empty vector control. SIRT6 was shown to specifically bind

to ATF4 with no nonspecific binding in the empty vector or isotope control (Fig. 5H).

Next, immunofluorescence was performed to determine whether ATF4 localization changed
upon stabilization by SIRT6. Individual overexpression of only S/RT6or only ATF4in

a basal line showed diffuse localization of each protein throughout the nucleus (Fig. 5I).
However, when S/RT6and ATF4 were both overexpressed in the same cell, we saw a
marked change in ATF4 localization to a distinct speckling pattern within the nucleus (Fig.
5J). To identify whether this speckling pattern was protective against degradation of ATF4,
we overexpressed ATF4 plus an empty vector control or ATF4 plus S/RTE in the same basal
line and treated with cycloheximide. As expected, ATF4 staining showed rapid degradation
with cycloheximide treatment in the absence of SIRT6. Conversely, in the presence of
SIRT6, we saw stabilization of ATF4 and maintenance of the speckling pattern throughout
cycloheximide treatment (Fig. 5K).
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Previous work has identified that stabilization of ATF4 occurs when ATF4 is localized to
nuclear speckles (38). To determine whether SIRT6 induced ATF4 localization to nuclear
speckles in PDAC, we performed the same overexpression experiment as in Fig. 5K and
stained for nuclear speckles with the SC35 antibody. In the absence of SIRT6, there was

no colocalization of ATF4 and the SC35 nuclear speckles marker; however, the addition of
SIRT6 induced colocalization of ATF4 and SC35 as well as maintained this colocalization
during cycloheximide treatment (fig. S5G). Moreover, SIRT6 colocalized to these speckles
with ATF4 while maintaining localization in other regions of the nucleus (fig. S5H). Last,
endogenous staining of ATF4 in SIRT6M3M/classical lines showed a similar speckling pattern
to the ATF4and S/RT6 overexpression in a SIRT6!°Y line (Fig. 5L). For comparison,

the SIRT6/°"/basal line showed no endogenous ATF4 staining (Fig. 5L). Together, these
data indicated that SIRT6 stabilizes ATF4 through binding and directing ATF4 to nuclear
speckles, which protects ATF4 from degradation by the proteosome. This protection of
ATF4 by SIRT6 thereby enables transcriptional activation of ATF4 target genes and control
of the ISR.

Inability to induce ISR confers sensitivity to transcriptional inhibition

To determine whether ISR activation could protect basal cells from transcriptional CDK
inhibition, we altered GADD34 expression in both basal and classical PDAC cell lines.
Knockdown of GADD34 was used to induce activation of the ISR by keeping elF2a
phosphorylated. GADD34 knockdown both increased p-elF2a between DMSO (dimethyl
sulfoxide) siCTRL and DMSO siGADD34 and significantly reduced sensitivity to THZ1 (P
< 0.04), as shown by loss of cleaved caspase-3 activation and reduced annexin/propidium
iodide staining in two independent basal PDAC cell lines (Fig. 6A and fig. S6A).
Conversely, preventing activation of the ISR in classical PDAC cells by overexpression

of GADD34 resulted in both reduced p-elF2a and significantly higher amounts of apoptosis
in response to THZ1 (P < 0.03) (Fig. 6B and fig. S6B). Similarly, knockdown of ATF4
sensitized classical PDAC cells to THZ1 (Fig. 6C). Thus, our results suggest that the
inability to launch the ISR in basal PDAC cells renders them sensitive to transcriptional
inhibition, whereas a constitutively active ISR in classical PDAC lines confers resistance.

To test this hypothesis, we treated a panel of three classical and three basal PDAC cell lines
with increasing doses of either THZ1 or flavopiridol and monitored for the expression of
ISR markers ATF4 and p-elF2a as well as the induction of apoptosis (Fig. 6, D and E).

All six cell lines were able to induce phosphorylation of elF2a.,, whereas only the basal
lines suppressed global mMRNA translation upon drug treatment (Figs. 4B and 6F). However,
induction of the ISR remained incomplete in the SIRT6!°"/basal PDAC lines because none
was able to express ATF4 (Fig. 6, D to F). In contrast, tunicamycin was able to induce the
expression of both A7F4and its target gene CHOP in all basal PDAC lines tested (Figs. 4,

I and J, and 6G), a response not seen when these cells were treated with either THZ1 or
flavopiridol (Fig. 6G). Moreover, silencing of SIRT6 in SIRT6M/classical PDAC reduced
baseline expression of ATF4 to basal PDAC amounts. These cells behaved similarly to basal
PDAC cells in the presence of THZ1, where p-elF2a was increased, but ATF4 and many
ATF4 target genes were not able to be induced, thus sensitizing classical lines to THZ1
treatment (Fig. 6H).
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Last, we asked whether the key biological differences in stress response between the more
aggressive, mesenchymal-like basal subtype and the less aggressive, epithelial-like classical
subtype may extrapolate to other cancers with similar subtype classifications. The basal
subtype of PDAC was classified as such because of overlap in transcriptional signatures with
basal tumors of the bladder and breast (9). In addition, basal breast cancers, including triple-
negative breast cancers, were recently shown to be sensitive to THZ1 when compared with
the ER* luminal subtype (24). We found that, similar to basal PDAC, basal breast cancer cell
lines (BT549 and MDA-MB-231) failed to activate a complete ISR program and were more
sensitive to THZ1 than their luminal counterparts (Fig. 61). Thus, although the upstream
signaling of the ISR remained intact in basal PDAC and basal breast cancer cell lines, they
were unable to activate downstream regulators in the presence of transcriptional inhibitors
such as THZ1 or flavopiridol, rendering them vulnerable to this class of compounds.

To show that the ISR confers differential sensitivity to transcriptional inhibition in vivo,

we implanted S/RT6 KO and S/IRT6 WT GEMM-derived PDAC organoids subcutaneously
in immunocompetent syngeneic C57BL/6 mice and treated them daily with flavopiridol

for 3 weeks. Flavopiridol inhibited the growth of the S/R76 KO but not the SIRT6WT
organoid-derived tumors (Fig. 7A). The histology of the implanted PDAC organoid tumors
was independently verified by a pathologist to be indistinguishable from the original GEMM
tumors for both S/RT6 KO and S/IRT6 WT models (Fig. 7B).

We next used two different PDX models, subtyped as classical and basal, respectively, on the
basis of publicly available RNA-seq data from the NCI (National Cancer Institute) patient-
derived model repository (PDMR) and confirmed the designations based on abundance

of SIRT6 expression (Fig. 7C). The models were treated with flavopiridol for 3 weeks,

and growth of basal PDXs was inhibited (Fig. 7D). In comparison, classical PDXs were

not sensitive (Fig. 7E). Flavopiridol also did not cause substantial toxicity, as assessed

by maintenance of animal weight throughout treatment (Fig. 7F). Together, these results
suggested that transcriptional inhibition of the basal subtype of PDAC, defined by S/IRT6
expression, is a specific and potent treatment strategy for this deadly disease.

DISCUSSION

Here, we have found that SIRT6, a NAD*-dependent histone deacetylase, can regulate ATF4
stability in response to cellular stresses and is highly expressed in the classical PDAC
subtype, whereas it is lost in the basal PDAC subtype. As a result, basal PDAC has a
suppressed ISR at baseline, whereas classical PDAC has an elevated ISR at baseline. We
further found that SIRT6 is required for ISR activation through its regulation of ATF4
stability, which enables the classical PDAC subtype to survive stressors such as inhibition
of transcriptional CDKs. Normally, basal PDAC cells would induce SIRT6 in response

to an applied stressor, with a subsequent increase in ATF4 and an adaptive response to

that stress. However, when the applied stress is transcriptional CDK inhibition, SIRT6
cannot be induced and is therefore not present to stabilize ATF4, which prevents the ISR
from becoming active. This reduced or inactive ISR prevents the cell from adequately
responding to the stress of transcriptional CDK inhibition, which drives the basal PDAC
cells toward cell death. Genetic manipulation of key regulators of the ISR, including A7F4
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and GADD34, was sufficient to alter sensitivity to these inhibitors of transcriptional CDKs
in both subtypes.

PDAC regulation of ATF4 through stability and degradation has not been studied as in-depth
as regulation of ATF4 through translational control. However, some insightful work has
found that ATF4 has a targeted E3 ligase receptor (B-TRCP), which directly interacts with
and guides ATF4 to the proteasome for degradation. This interaction is mediated by ATF4
phosphorylation at serine-219, which is within a similar motif as other p-TRCP substrates
(37). We found that B-TRCP is important for ATF4 degradation by the proteasome in
PDAC, and loss of B-TRCP in the absence of SIRT6 enables a partial rescue of ATF4
protein abundance. However, because this rescue is partial and not complete, B-TRCP may
not be the only E3 ligase receptor component that binds ATF4. Considering that loss of
SIRT6 enables ATF4 to escape the protection of nuclear speckles, this would increase

ATF4 abundance outside of the speckles and increase potential to bind with other E3

ligase receptor components. In addition, it has been identified that epigenetic modifiers such
as histone acetyltransferases are able to stabilize ATF4 through mechanisms independent

of their catalytic activity. The histone acetyltransferase p300 can stabilize and localize
ATF4 to nuclear speckles, thereby increasing its transcriptional activity (38). Our data
identify that this model of epigenetic modifiers, such as p300 and SIRTS, stabilizing and
localizing ATF4 to nuclear speckles holds true in PDAC. This model illustrates how protein
stability encompasses another layer of posttranslational regulation of the ATF4 signaling
pathway. Further work will be needed to determine whether the catalytic activity of SIRT6 is
necessary for its ability to stabilize ATF4.

Reprogramming of protein synthesis can collaborate with epigenetic and metabolic
programs to determine cell state. Global translation is frequently dysregulated in cancer, and
it remains an open question whether translation drives or merely reflects cellular identity.
The ISR and control of global translation through phosphorylated elF2a. may have an
evolutionarily conserved role in cell plasticity in response to stress (39). Studies of stem
cells in murine models and human cancers have linked p-elF2a and the ISR to cancer

cell plasticity and maintenance of stem cell populations (40, 41). Protein synthesis rates
may dictate cell lineage in epithelial populations as well. For example, progenitor basal
cells exhibit higher amounts of protein synthesis compared with luminal cells within the
murine prostate. This observation is maintained in the context of prostate cancer (42).
Similarly, in transdifferentiated (EMT) breast cancer cells, overproduction of extracellular
matrix components leads to ER stress and activation of the PERK (eukaryatic translation
initiation factor 2 a kinase 3)/elF2a axis, which is paralleled by invasion and metastasis
(43). Breast cancer cells can also increase plasticity in response to mTOR inhibitors

and chemotherapeutics that induce translational activation of stemness factors NANOG
(Nanog homeobox), SNA/L (snail family transcriptional repressor 1), and NODAL (nodal
growth differentiation factor). These effects are overcome with drugs that antagonize the
translational reprogramming caused by p-elF2a, suggesting that the ISR drives breast cancer
plasticity (44). In the epidermis, an elF2B5-mediated translational program leads to loss of
progenitor self-renewal, which limits tumor initiation and growth (45). Collectively, these
observations suggest a multifaceted role for the ISR in cancer cell phenotypic switching.
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Our study is limited by several factors. First, we recognize that patient tumors can be
heterogeneous in their subtypes, but the more we understand about the individual subtypes,
the better we can develop targeted therapies that can convert cell state, constrain plasticity,
and kill the resulting tumor population. In addition, we recognize that knockdown of SIRT6
in classical PDAC does not reduce ATF4 abundance as low as that seen in basal PDAC.
Considering the complexity of ATF4 regulation, other mechanisms in addition to SIRT6
may control ATF4 abundance in PDAC. Specifically, there could be additional modes of
regulation keeping ATF4 low in basal PDAC other than lack of SIRT6. Although we observe
marked sensitivity of basal PDAC to inhibitors of transcriptional CDKs in mouse models,
this may not always predict response rates in human patients. However, we have aimed to
make our preclinical studies as relevant as possible by implanting murine PDAC organoids
into immunocompetent syngeneic C57BL/6 mice to preserve the effects of the immune
system on treatment. In addition, we treated PDX models in immunocompromised mice to
account for differential responses between human and murine tumors.

Last, examining the ability for subtype switching through epigenetic adaptation and
inhibition of key drivers of the basal/classical state would be an important future extension
of this study to see how this could alter therapeutic response and potential acquired
resistance to therapy over time. An understanding of this regulation may allow us to
potentially convert classical tumors to basal tumors to reduce intratumoral heterogeneity
and constrain plasticity before applying subtype-specific therapies like transcriptional CDK
inhibition.

Treatment of cancer patients with a highly selective and potent oral CDK?7 inhibitor has
already shown promising results in a phase 1 clinical trial across multiple tumor types
(46). Clinical activity was most notable in pancreatic cancer, where stable disease was
noted in 38% of patients. Most adverse events were low grade and reversible. These results
have led to expansion of this trial in PDAC (46). Our study provides an understanding of
the biology that determines sensitivity to CDK7 inhibitors, which will aid further clinical
development of these inhibitors in PDAC. Investigations of resistance mechanisms and
combination therapies with transcriptional CDK inhibitors are important next steps in
providing successful therapeutic options to patients with PDAC.

MATERIALS AND METHODS

Study design

The goals of this study were to uncover a functional relationship between PDAC subtypes
and SIRT6 expression as well as define the mechanism of subtype-specific sensitivity

to inhibition of transcriptional CDKs in PDAC. This objective was accomplished by (i)
characterizing SIRT6 regulation of the ISR as a defining feature of PDAC subtypes, (ii)
dissecting the mechanism by which SIRT6 controls ATF4 and thereby influences cellular
responses to stress in PDAC, (iii) identifying the role of the ISR in sensitivity and resistance
to inhibitors of transcriptional CDKs, and (iv) conducting a series of in vitro and in vivo
studies to delineate the therapeutic potential of transcriptional CDK inhibitors in basal
PDAC. For all experiments, our sample size was determined on the basis of past experience
and published literature. We used the maximum number of mice available for a given
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experiment based on the following criteria: the number of mice available within the correct
age range per strain and tumor availability after implantation of human PDX tissue or
organoids. For all studies, mice were randomly assigned to each treatment group. A blinded
pathologist performed all histological analyses for murine studies. The number of replicates
is specified in each figure legend.

Organoid xenograft

All mouse procedures were conducted in accordance with the Fred Hutchinson Cancer
Center (FHCC) Institutional Animal Care and Use Committee (IACUC) guidelines and
the ARRIVE guidelines. C57BL/6J (BL/6J) mice (000664, JAX) were purchased from the
Jackson Laboratory. Injections of organoid cultures for the generation of subcutaneously
grafted organoid tumors were conducted as described previously (47). Typically, 1 x 10°
to 2 x 108 cells in a 100-pl suspension of 50% Matrigel (Corning) in phosphate-buffered
saline (PBS) were injected into each flank of the mouse. When average tumor diameters of
3 to 5 mm3 were reached, mice were treated with a once daily intraperitoneal injection of
vehicle or flavopiridol (5 mg/kg; S1230, Selleck) diluted with 5% dextrose in water solution
(600063, Bound Tree Medical) for 21 days. Caliper measurements of tumors and body
weights were recorded three times per week.

Patient-derived xenograft

PDX models were acquired from the NCI PDMR: 8333975-119-r (lot no. CD1183),
463931-005-r (lot no. LS2265), 466636-057-r (lot no. MD0903), and 885724-159-r (lot
no. AM1179). Vials of cryopreserved PDX tissue fragments were revived and subsequently
repassaged as fresh whole tissue into both NSG (NOD scid gamma) and nude mice
(Foxn1™). Freshly repassaged tissue was then used for implantation of study cohorts of
nude mice (002019, JAX). All work in mice was approved by IACUC (FHCC IACUC
protocol 50935-200016). Every PDX model tested negative for human pathogens (IDEXX
h-IMPACT panel). An aseptic standardized procedure was used uniformly: ~1- to 2-mm?3
PDX tissue chunks (37°C) were rinsed in RPMI, suspended in Matrigel (Corning), and
implanted subcutaneously into the right flanks of 6- to 8-week-old female mice (see

strain notes above) under isoflurane anesthesia. Preemptive analgesia was provided using
buprenorphine SR (0.05 mg/kg). Post-surgically, tumor growth and body condition were
monitored, and tumors were measured with electronic calipers. When average tumor
diameters of 3 to 5 mm?3 were reached, mice were treated with a once daily intraperitoneal
injection of vehicle or flavopiridol (5 mg/kg; S1230, Selleck) diluted with 5% dextrose in
water solution (600063, Bound Tree Medical) for 21 days. Caliper measurements of tumors
and body weights were recorded three times per week.

Statistical analyses

Statistical significance was determined by specific tests and presented as means + SEM as
indicated in the figure legends. Experimental raw values were depicted when possible or
normalized to internal controls. When comparing data from two groups, paired or unpaired
Student’s two-tailed #test was used to determine significance, which was set at a £ value of
<0.05. Statistical analyses were performed using GraphPad Prism and R or Python packages.
RNA-seq data were analyzed using Python package HTSeq and Bioconductor packages
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edgeR and goseq. ChlP-seq data were analyzed using Python packages MACS?2 and ROSE.
Both RNA-seq and ChlP-seq data used R package VennDiagram, and false discovery rates
(FDRs) were calculated using the Benjamini-Hochberg method and cut off at 5%. Pearson’s
correlation coefficient and corresponding P value were used to measure the extent of
correlation between SIRT6 expression and THZ1 sensitivity. Additional information can

be found in Supplementary Materials and Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. THZ1 specifically induces apoptosisin basal but not classical PDAC.
(A) SIRTE expression from RNA-seq data of human PDAC samples classified as belonging

to either basal or classical subtypes. (B) gRT-PCR for S/R76in a panel of human PDAC
cell lines. (C and D) Proliferation curves for basal PDAC (red) compared with classical
(black) PDAC cell lines treated with increasing doses of THZ1 (C) and gemcitabine (D).
Significant difference in median inhibitory concentration (ICsg) values for basal versus
classical indicated by £< 0.05 (two-tailed unpaired Student’s #test). (E) Western blot for
RNA polymerase Il (RNAPII) phosphorylation of serine-5 (PS5), serine-7 (PS7), serine-2
(PS2), MYC, cleaved caspase-3 (CC3), and B-ACTIN in basal (red) compared with classical
(black) PDAC cell lines treated with increasing doses of THZ1 (20 nM to 5 uM) for 16
hours. (F) Quantification of annexin + propidium iodide—positive cells in classical (gray)
versus basal (red) PDAC lines after THZ1 treatment. (G) Quantification of G,-M cell
populations in classical (gray) versus basal (red) PDAC lines after THZ1 treatment. (H)
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Western blots for PS5, PS2, RNAPII, CC3, SIRT6, and B-ACTIN in classical cell line
expressing either short hairpins targeting S/R76 (shSIRT6) or control hairpins (ShCTRL),
treated with increasing doses of THZ1 (250 and 500 nM). (1) Western blots for PS2, PS5,
PS7, RNAPII, CC3, and B-ACTIN in 2D cell lines derived from GEMM pancreatic tumors
with (+/+) and without (F/F) S/IRT6 expression treated with increasing concentrations of
THZ1 for 16 hours. SIRTEWT and S/RT6 KO cell lines were subtyped as classical

and basal, respectively, by RNA-seq with significance defined as FDR < 0.05. (J and

K) Bright-field imaging of organoids derived from GEMM pancreatic tumors with (+/+)
and without (F/F) S/RT6 expression treated with either DMSO or 1 pM THZ1 for 24

hours. All bright-field images have a scale bar of 500 um. (L) Western blots of SIRT®6,
c-MYC, poly(ADP-ribose) polymerase (PARP), CC3, and B-ACTIN in organoids derived
from GEMM pancreatic tumors with and without S/RT6 expression treated with incremental
doses of THZ1 (500 nM to 2.5 uM) for 16 hours. Error bars represent +SEM between
technical duplicates. Data are representative of at least three independent experiments. *P<
0.05; **P< 0.01 (two-tailed unpaired Student’s ftest).
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Fig. 2. THZ1 inhibitsa broad transcriptional program in basal but not classical PDAC.
(A) Venn diagram showing overlap of down-regulated genes between basal lines BXPC3

and Panc3.27 and the classical PDAC line SUIT2 after THZ1 treatment. (B) Venn diagram
showing overlap between down-regulated genes from RNA-seq experiment and putative
super-enhancer (SE)-regulated genes in the indicated PDAC cell lines. (C) Enhancer regions
plotted in order of increasing input-normalized H3K27ac ChlP-seq signal, comparing basal
(red) and classical (black) lines. SEs are defined as being to the right of the curve inflection
point, indicated by a dashed vertical line, and c-MYC s highlighted by a red point.

(D) H3K27ac peaks at a putative c-MYC enhancer in PDAC, comparing basal (red) and
classical (black) lines. (E) Gene set enrichment analyses (GSEAs) of differentially expressed
genes and significant gene ontology (GO) pathways suppressed in basal PDAC lines after
THZ1 treatment. (F) Nuclear walk on assays of SUIT2 and Panc3.27 cells treated with

the indicated amounts of THZ1 and flavopiridol. Autoradiographs of denaturing gels of
transcripts generated (left) and quantification of the paused transcripts contained within the
purple box (right) are shown. Error bars represent SD from two biological replicates.
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Fig. 3. Basal PDAC lines aredifferentially sensitive to inhibitor s of transcriptional CDKs.
(A) Proliferation curves for basal PDAC (red) compared with classical (black) PDAC cell

lines treated with increasing doses of flavopiridol. (B) Western blots for RNAPII, PS5,
PS7, PS2, MYC, CC3, and B-ACTIN in basal (red) compared with classical (black) PDAC
cell lines treated with increasing doses of flavopiridol (20 nM to 5 uM). (C) Proliferation
curves for basal PDAC (red) compared with classical (black) PDAC cell lines treated with
increasing doses of YKL-5-124. (D) Western blots for RNAPII, PS5, PS7, PS2, MYC,
CC3, and B-ACTIN in basal (red) compared with classical (black) PDAC cell lines treated
with increasing doses of YKL-5-124 (20 nM to 5 uM). (E) Proliferation curves for basal
PDAC (red) compared with classical (black) PDAC cell lines treated with increasing doses
of palbociclib. Proliferation curves were performed in duplicate, and data are represented as
mean + SEM among three independent experiments. Significant differences in 1Cgq values
for basal versus classical indicated by < 0.05 (two-tailed unpaired Student’s #test with
Welch’s correction for those with unequal variances).
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Fig. 4. SIRT6 regulatesthe ISR in PDAC.
(A) Western blots for puromycin incorporation and TUBULIN in classical (black) and basal

(red) PDAC lines. (B) Western blots for puromycin incorporation and TUBULIN in two
classical (black) and two basal (red) PDAC lines treated with incremental doses of THZ1.
(C) Western blots for ISR markers ATF4, phosphorylated elF2a. (p-elF2a), total elF2a.,
and B-ACTIN in basal (red) and classical (black) PDAC lines. (D and E) Bioinformatic
analysis of publicly available data comparing expression of ATF4 target genes according

to four published PDAC transcriptional subtyping classifications. Wilcoxon rank sum test
was performed comparing basal versus classical (or subtype equivalent) to give an FDR-
adjusted Pvalue. (F) Western blots for SIRT6; ISR markers ATF4, GADD34, and p-elF2a;
ATF4 target genes SESN2, ASNS, SLC7A11; and B-ACTIN in classical lines treated with
nonspecific and SIRT6-specific small interfering RNAs (siRNASs). (G) gRT-PCRs for S/RT6,
ISR markers, and ATF4 target genes in classical lines treated with nonspecific and S/R76-
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specific siRNAs. (H) gRT-PCRs for S/RT6, ATF4, and ATF4 target genes in two basal
lines treated with 10 UM tunicamycin (Tm) for 5 hours in the presence of nonspecific and
SIRT6-specific siRNAs. Error bars represent +SEM between technical duplicates. Data are
representative of at least two independent experiments. *~< 0.05; **P< 0.01 (two-tailed
unpaired Student’s ftest).
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Fig. 5. SIRT6 regulates stability of ATF4 protein.
(A and B) Western blots (A) for SIRT6, ATF4, and B-ACTIN and gRT-PCR (B) for SIRT6

and ATF4 mRNA abundance in SUIT2 cells transfected with nonspecific or S/R76-specific
SiRNAs for 48 or 72 hours. (C) Western blots for SIRT6, ATF4, and B-ACTIN in classical
PDAC cell lines transfected with nonspecific or S/RT6-specific SIRNAs and treated with 5
or 10 pM MG-132 (MG) for 6 hours. (D) Western blots for SIRT6, ATF4, and B-ACTIN
and quantification of relative ATF4 abundance in classical PDAC cell lines transfected with
nonspecific or S/RT6-specific sSiRNAs and treated with cycloheximide (Cx) (150 pg/ml)

for 10, 20, 30, 45, or 60 min. (E) Western blots for SIRT6, ATF4, and B-ACTIN and
quantification of relative ATF4 abundance in basal PDAC cell lines transfected with empty
vector, S/IRT6\WT overexpression, or SIRT6 HY overexpression plasmids and treated with
cycloheximide (150 pg/ml) for 15, 30, or 60 min. (F) Western blots for ATF4, MYC, and f-
ACTIN and quantification of relative ATF4 abundance in classical and basal PDAC cell lines
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treated with cycloheximide (150 pg/ml) for 10, 20, 30, 45, or 60 min. Significance indicates
basal versus classical comparison. (G) Western blots for SIRT6, B-TRCP, ATF4, and
B-ACTIN in classical lines treated with nonspecific (SiCTRL), S/RT6-specific (SiSIRT6),
and B- 7RCP-specific (sibTRCP) siRNAs. (H) Immunoprecipitation of ATF4 followed by
Western blotting for ATF4, SIRT6, and vinculin in Panc3.27 cells transfected with empty
vector or S/RT6 overexpression plasmids. (1) Immunofluorescence for single transfection of
SIRTE overexpression (OE) with a hemagglutinin (HA) tag (green) or ATF4 overexpression
with a FLAG tag (red) in Panc3.27 cells. (J) Immunofluorescence for cotransfection of
SIRT6 and ATF4 overexpression in Panc3.27 cells stained for FLAG-ATF4 (red). (K)
Immunofluorescence for cotransfection of A7F4 plus empty vector overexpression and
ATF4plus SIRTE overexpression in Panc3.27 cells with a cycloheximide treatment of 0, 15,
and 30 min stained for FLAG-ATF4 (red). (L) Immunofluorescence for endogenous ATF4
(red) in two classical and one basal cell line. All immunofluorescence images have a scale
bar of 25 um. Data are representative of at least two independent experiments. *~< 0.05 and
**P<0.01 (two-tailed unpaired Student’s ztest).
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(A) Western blots for GADD34, p-elF2a, total elF2a,, CC3, and p-ACTIN in two

basal PDAC lines transfected with control or GADD34-specific siRNAs and treated with
increasing doses of THZ1. (B) Western blots for GADD34, ATF4, p-elF2a, total elF2a,
PARP, and B-ACTIN in a classical PDAC line transduced with either an empty vector or
GADD34 overexpression and treated with increasing doses of THZ1. (C) Western blots

for ATF4, CC3, and B-ACTIN ina

classical PDAC line transfected with either control

or ATF4-specific sSiRNAs and treated with increasing doses of THZ1. (D) Western blots
for ATF4, p-elF2a, total elF2a, PARP, CC3, and B-ACTIN in basal (red) compared with
classical (black) PDAC cell lines treated with increasing doses of THZ1 (20 nM to 5
UM). (E) Western blots for ATF4, p-elF2a,, total elF2a,, PARP, CC3, and B-ACTIN in
basal (red) compared with classical (black) PDAC cell lines treated with increasing doses
of flavopiridol (20 nM to 5 pM). (F) Puromycin incorporation and Western blotting for
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TUBULIN, p-elF2a, total elF2a, ATF4, and B-ACTIN in basal PDAC cell lines treated
with increasing doses of THZ1. (G) qRT-PCRs of ATF4and CHOP in basal lines treated
with tunicamycin only, tunicamycin with THZ1, and tunicamycin with flavopiridol. Total
treatment time for tunicamycin was 5 hours, and total treatment time for THZ1 and
flavopiridol was 16 hours. (H) Western blots for SIRT6, ATF4, p-elF2a, total elF2a.,
GADD34, ASNS, SESN2, PARP, CC3, and B-ACTIN in SUIT2 PDAC cells transfected
with nonspecific or S/RT6-specific sSiRNAs and treated with 250 or 500 nM THZ1 for 20
hours. (I) Western blots for ATF4, p-elF2a,, total elF2a, PARP, CC3, and B-ACTIN in
basal BT549 and MDA-MB-231 (red) compared with luminal ZR75.1 (black) breast cancer
cell lines treated with increasing doses of THZ1 (20 nM to 5 uM). Error bars represent
+SEM between technical duplicates. Data are representative of at least two independent
experiments. *£< 0.05; **£< 0.01 (two-tailed unpaired Student’s ftest).
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Fig. 7. SIRT6 expression correlates with basal PDAC status and flavopiridol sensitivity in vivo.
(A) Tumor volume of organoid xenografts derived from S/R76 KO and S/RT6 WT mice

after treatment with once-daily flavopiridol (5 mg/kg) (red) compared with DMSQO control
(black) for 21 days (DMSO n = 3, flavopiridol n= 3). (B) Hematoxylin and eosin staining
showing comparison between original tumor and organoid-derived tumor from the same
source for S/IRT6 KO and S/RT6 WT. (C) PDAC subtype—specific expression of S/IR76in
patient-derived xenografts (PDXs) from the NCI. (D and E) Tumor volume of NCI PDX
463931 (basal) (D) and NCI PDX 885724 (classical) (E) xenografts after treatment with
once-daily flavopiridol (5 mg/kg) (red) compared with DMSO control (black) for 21 days
(DMSO n =10, flavopiridol 7= 10). (F) Whole-body weights of mice implanted with

NCI PDX 885724 (classical) and NCI PDX 463931 (basal) xenografts after treatment with
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once-daily flavopiridol (5 mg/kg) (red) compared with DMSO control (black) for 21 days.
*P<0.05and **P< 0.01 (two-tailed unpaired Student’s ftest).
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