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Abstract

Chromatin remodeling proteins are frequently dysregulated in human cancer, yet little is known
about how they control tumorigenesis. Here, we uncover an epigenetic program mediated by the
NAD™*-dependent histone deacetylase Sirtuin 6 (SIRT6) that is critical for suppression of
pancreatic ductal adenocarcinoma (PDAC), one of the most lethal malignancies. SIRT6
inactivation accelerates PDAC progression and metastasis via upregulation of Lin28b, a negative
regulator of the let-7 microRNA. SIRT6 loss results in histone hyperacetylation at the Lin28b
promoter, Myc recruitment, and pronounced induction of Lin28b and downstream let-7 target
genes, HMGAZ2, IGF2BP1 and IGF2BP3. This epigenetic program defines a distinct subset with a
poor prognosis, representing 30-40% of human PDAC, characterized by reduced SIRT6
expression and an exquisite dependence on Lin28b for tumor growth. Thus, we identify SIRT6 as
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an important PDAC tumor suppressor, and uncover the Lin28b pathway as a potential therapeutic
target in a molecularly-defined PDAC subset.

INTRODUCTION

PDAC remains one of the most lethal of all human malignancies and is responsible for
hundreds of thousands of deaths each year. Thus, there is an urgent need to improve our
understanding of the molecular underpinnings that drive PDAC initiation, progression and
metastasis and to leverage that understanding toward better therapeutic options. The current
model proposes that a series of genetic alterations results in a stepwise progression through
increasingly dysplastic precursor lesions, or pancreatic intraepithelial neoplasias (PanINs),
toward invasive and finally metastatic PDAC. Initiating events identified in early PanIN
lesions (PanIN 1) include mutations and/or amplification of the KRAS oncogene and the loss
of the CDKN2A (p16INK4A) tumor suppressor gene, present in >90% and >50% of PDAC/
PanINs respectively (Ryan etal., 2014y igher grade lesions (PanIN 111) and invasive PDAC
may accumulate additional genetic lesions, including inactivation of 7P53and TGFf
pathway components (SMAD4, TGFBRI, and TGAAR2) (RYan etal., 2014y However, this
fundamental model of PDAC pathogenesis, which is recapitulated in genetically engineered
mice, has failed to identify either critical pathways that may be effectively targeted in the
clinic or relevant molecular subsets for improved prognosis and stratification of patients
toward a more effective therapy.

In addition to the above well-characterized genetic aberrations, it is becoming increasingly
apparent that the dysregulation of epigenetic modifiers is central to the initiation and
progression of human PDAC as well as many other tumors. Genomic deletions, mutations,
and rearrangements recurrently targeting genes encoding many components of the SWitch/
Sucrose NonFermentable (SWI/SNF) chromatin remodeling complex have recently been
identified in at least 10-15% of PDAC cases. Additionally, mutations in the histone
methyltransferase mixed-lineage leukemia protein 2 & 3 (MLL2 & MLL3) and the histone
demethylase KDMBA have been identified in 5-10% of PDAC (Ryan etal., 2014y yowever,
since these chromatin-modifying enzymes may simultaneously regulate the transcription of
thousands of genes by altering chromatin structure throughout the genome or may be
involved in other cellular functions such as DNA repair and replication, the mechanisms by
which these proteins control tumorigenesis have been difficult to elucidate. Specifically,
whether these enzymes regulate an individual target gene or set of genes to drive survival,
proliferation, cellular transformation, metabolic adaptations or invasive functions in PDAC is
unknown; yet this understanding is critical to our ability to leverage data from the molecular
profiling of human tumors to identify new therapeutic opportunities in molecularly-defined
subsets of disease.

Sirtuin 6 (SIRTS) is a nicotinamide adenine dinucleotide (NAD)*-dependent histone
deacetylase which removes acetyl groups from histone 3 lysine 9 (H3K9) and histone 3
lysine 56 (H3K56) motifs and has pleiotropic functions including glucose homeostasis,

maintenance of genome stability, and suppression of cellular transformation (Mostoslavsky
etal., 2006; Sebastian et al., 2012; Zhong et al., 2010)_ These functions are exemplified in
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both Sirt6-deficient mice, which exhibit complete loss of subcutaneous fat and lethal
hypoglycemia, as well as SIRT6-deficient cells, which show increased glucose uptake,
enhanced glycolysis, anchorage independent growth and tumor formation in an /n vivo
model of colon cancer (Mostoslavsky etal., 2006. Sebastian et al., 2012)_ Intriguingly, we
observed copy number loss (CNL) of the S/R76locus in ~60% of pancreatic cancer cell
lines, while its expression was downregulated in a dataset of 36 individual cases of human
PDAC compared to their matched normal tissue (Sebastian etal., 2012. Ying et al., 2012
Therefore, the SIRT6 histone deacetylase is a chromatin-modifying enzyme, capable of
directly reprogramming the epigenome in response to nutrient availability, which appears
dysregulated in a large fraction of human PDAC.

These observations prompted us to explore the unique functions of SIRT6 in PDAC biology.
Indeed, we found that SIRT6 acts a potent tumor suppressor in genetically-engineered
mouse models (GEMMSs) of oncogenic Kras-driven PDAC, regardless of p53 status. To our
surprise, loss of SIRT6 did not accelerate PDAC tumorigenesis by enhancing aerobic
glycolysis, as we had seen in colon cancer. Instead, using an unbiased and genome-wide
analysis of chromatin changes in PDAC, we determined that the loss of SIRT6 results in the
reactivation of the oncofetal protein Lin28b in both human and murine PDAC. Importantly,
this de-repression results in the upregulation of numerous let-7 target genes and is critical for
the survival of SIRT6-deficient PDAC. Thus, our findings highlight a paradigm where the
loss of a pleiotropic chromatin-modifying enzyme drives tumorigenic growth through the
dysregulation of a single target gene. Finally, our results define the SIRT6/Lin28b axis as a
major pathway in PDAC carcinogenesis and identify a molecularly defined subset that may
benefit from therapeutic intervention.

Loss of SIRT6 Cooperates with Oncogenic Kras to Accelerate PDAC

To determine the tissue expression pattern of SIRT6 in human PDAC tumors, we generated
tissue microarrays containing 120 pathologist-verified and clinically annotated PDAC
samples. Staining of these samples using a validated antibody for SIRT6 revealed that ~30—
40% of PDAC tumors demonstrated reduced SIRT6 expression compared to normal
pancreas (Figure 1A). Although the prognosis for this disease is already quite poor, patients
who underwent surgical resection of a SIRT6!°% PDAC tumor had an even worse prognosis
in this retrospective analysis, with a median overall survival of 17.5 months compared to 33
months in the SIRT6MI tumors (Figure 1B). We next evaluated the functional role of SIRT6
by knocking down SIRT6 in human pancreatic ductal epithelial (HPDE) cells. These studies
revealed that SIRT6 actively represses both global levels of acetylated H3K56 and cellular
proliferation in pancreatic ductal cells (Figures S1A and S1B), prompting us to further
explore the role of SIRT6 in the pathogenesis of PDAC in a physiologic context.

To determine whether SIRT6 delays the development of PDAC in a genetically engineered
mouse model (GEMM), we crossed Sirt6 conditional knockout mice (Sirt6™f) with mice
harboring a pancreas-specific Cre recombinase (p48-Cre), a floxed p53allele (p537%), and a
lox-STOP-lox (LSL) KrasG12P allele to generate L SL-KrasC12P: p48-Cre mice with specific
loss of one or both Sirt6 and p53alleles in the pancreas. Remarkably, in the context of
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activated Krasin the pancreas, loss of Sirt6 greatly accelerated the development of lethal
pancreatic tumors regardless of p53 status (Figures 1C-H and S1C). In addition to
developing PDAC and high-grade pancreatic intraepithelial neoplasia (PanIN) at an earlier
age (Figures S1D and S1E), Sirt6-deficient tumors had a much greater propensity to
metastasize to the lung, compared to their Sirt6é wild-type (WT) counterparts (Figures 1D-E
and 1G-H). Importantly, these results demonstrate that SIRT6 suppresses both the formation
and metastasic spread of KRASG12D_driven PDAC and establish SIRTS6 as a critical tumor
suppressor in this disease.

SIRT6 Suppresses Proliferation of Established PDAC Though Histone Deacetylation

To understand how the loss of this bioenergetic sensor influences the biology of established
tumor cells, we derived cell lines from Sirt6”:KrasC120. p537* :p48-Cre (SIRT6 KO) and
Sirt6*"*: Kras®120:p537* ,p48-Cre (SIRT6 WT) murine tumors. Interestingly, we noted that
SIRT6 KO PDAC cell lines were highly enriched for tumor sphere forming cells compared
to SIRT6 WT cells grown under restrictive culture conditions, which suggested an enhanced
tumorigenic potential (Figure 2A). In accordance with the role of SIRT6 as a histone
deacetylase and repressor of Myc-mediated transcription (Sebastian etal., 2012y ppac
cells lacking SIRT6 had increased global levels of H3K56Ac as well as increased chromatin-
bound Myc compared to SIRT6 WT cell lines, although total levels of Myc in the whole cell
lysate were similar between the two genotypes (Figures 2B and S1F-G). The direct role of
SIRT6 histone deacetylase activity in regulating these phenotypes was confirmed by the fact
that WT but not catalytically inactive SIRT6 (S6HY) reduced global levels of H3K56Ac,
chromatin-bound Myc, cell proliferation and tumor sphere formation (Figures 2B-D).
Finally, restoration of SIRT6 expression in SIRT6 KO PDAC cells also slowed tumor growth
in vivo (Figure 2E). We next sought to validate our findings in human PDAC. We first
analyzed SIRT®6 levels in a panel of patient-derived PDAC lines. Consistent with our
analysis of human PDAC tissues, we found that SIRT6 protein levels were reduced in 6 out
of 13 (46%) of the human PDAC cell lines we surveyed when compared to HPNE cells
(Figure 2F). Restoration of SIRT6 expression in human PDAC cell lines that exhibit low
levels of SIRT6 (SIRT6!°) reduced H3K9AC and H3K56AC levels, cell cycle progression
and cellular proliferation, while inducing apoptosis and robustly inhibiting tumor sphere
formation in a manner that required SIRT6 deacetylase activity (Figures 2G-J and S1H-I).
Thus, the loss of this NAD*-dependent histone deacetylase leads to hyperacetylation of
chromatin and increased cellular proliferation in both normal pancreatic ductal cells and
PDAC.

We have previously established SIRT6 as a central regulator of glycoytic metabolism
(Sebastian et al., 2012. Zhong et al., 2010) consistent with this finding, knockdown of
SIRT6 in HPDE cells resulted in increased expression of HIF1a target genes involved in
glycolytic metabolism, such as pyruvate dehydrogenase 1 (PDK1), lactate dehydrogenase a
(LDHA), and the glucose transporter (GLUT1) (Figures 2K and 2L). These gene expression
changes corresponded with an increase in uptake of the fluorescently labeled glucose analog
2-(N-7-nitrobenz-2-oxa-1,3,diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) (Figure 2M).
Conversely, when SIRT6 levels were restored in SIRT6!°% PDAC cell lines, glycolytic gene
expression and glucose uptake were all repressed (Figures 2N-P). Likewise, SIRT6 KO
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PDAC cells demonstrated relatively high expression of Pdk1, Lahaand Pfkm as well as 2-
NBDG uptake compared to SIRT6 WT cells (Figures S2A and S2B), and expression of
SIRT6 reduced glycolytic gene expression (Figure S2C). However, despite these increased
levels of glucose uptake and glycolytic gene expression, knocking down PdkZ or Laha, both
central regulators of glycolytic metabolism, had equivalent effects on SIRT6 WT and KO
PDAC cells (Figures S2D-K). In addition, pharmacologic inhibition of PDK1 with the
small-molecule PDK1 inhibitor, dichloroacetate (DCA), inhibited growth of both SIRT6 WT
and KO PDAC cell lines with similar potency (Figure S2L). These results suggested that
lack of SIRT6 does not render PDACs more sensitive to glycolysis inhibition. To fully
evaluate the role of glycolysis in the accelerated formation of SIRT6 KO PDAC, SIRT6 KO
and WT mice were treated with DCA in their drinking water from 4 weeks of age and
monitored for the development of lethal PDAC tumors. Consistent with our /in vitro results,
DCA treatment minimally delayed the onset of SIRT6 KO PDAC (Figure S2M). Overall, our
results indicate that enhanced glycolysis plays a modest role in the increased aggressiveness

of these SIRT6-deficient tumors, in contrast to what we previously observed in colon cancer
(Sebastian et al., 2012y

SIRT6 Suppresses Expression of the Oncofetal Protein Lin28b in Human and Murine PDAC

The lack of differential sensitivity of SIRT6 WT and KO PDAC cells to Pdk1 and Ldha
knockdown and the failure to reverse the SIRT6 KO phenotype with DCA treatment
prompted us to investigate alternative pathways regulated by SIRT6 that could limit the
growth of PDAC cells. Since expression of WT but not catalytically inactive SIRT6 slowed
the growth of both human and murine PDAC cells, we hypothesized that these pathways
would be regulated by the histone deacetylase activity of SIRT6. We therefore sought to
identify novel genes regulated by SIRT6 histone deacetylase activity by performing
chromatin immunoprecipitation (ChlP) of H3K56Ac marks (the main chromatin substrate of
SIRT®6) followed by next generation sequencing (ChiP-seq) on SIRT6 WT and SIRT6 KO
murine PDAC cells, as well as SIRT6 KO cells engineered to express WT SIRT6 (SIRT6 KO
+ SIRT6 WT). In SIRT6 KO cells, we identified a total of 12,049 genes that were decorated
with H3K56Ac within 1 kilobase (kb) of their transcription start site. To identify genes that
were dynamically regulated by SIRT6, we isolated genes which were only marked in SIRT6
KO cells but not SIRT6 WT cells, and which lost this mark upon reexpression of SIRT6
(Figure 3A). We then ranked the remaining 184 gene promoters based on fold change of
H3K56Ac in SIRT6 KO compared to SIRT6 WT cells. Intriguingly, the RNA-binding
protein Lin28b was the top candidate in this list (Figure 3B; Table S1).

Although highly expressed in embryonic tissues, Lin28b is fully silenced during
differentiation and in healthy adult cells (M0ss and Tang, 2003. Rybak et al., 2008. Yang

and Moss, 2003) pyt may be aberrantly reactivated in a variety of human cancers (!liopoulos
etal., 2009. Thornton and Gregory, 2012. Viswanathan et al., 2009)_ While Lin28b has been
correlated with advanced disease and poor prognosis (King etal., 2011. Luetal., 2009,
Viswanathan et al., 2009y jts functional role and mechanism of reactivation in human cancer
remain poorly understood. Furthermore, neither Lin28b expression, its regulation nor its
functional role in PDAC have previously been explored. Although the Myc transcription
factor can bind to consensus sequences within the L7286 promoter (Chang etal., 2009y
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overexpression of Myc does not seem sufficient to drive its expression, suggesting that
additional cofactors or epigenetic modifications are required (Viswanathan and Daley, 2010y
The high levels of H3K56Ac over the L/n28b gene promoter in SIRT6 KO PDAC cells
prompted us to explore whether loss of the epigenetic modifier SIRT6 may be one such
mechanism of reactivation and whether the expression of Lin28b may drive the growth of a
specific subset of PDAC.

Strikingly, all SIRT6 KO PDAC mouse lines analyzed exhibited far higher Lin28b
expression than SIRT6 WT PDAC lines, both at the RNA and protein level (Figures 3C and
3D). Similar differences were seen /n vivo, as PDAC tumors from SIRT6 KO mice were also
universally positive for LIN28B, while SIRT6 WT PDAC tumors demonstrated only
background levels of staining for LIN28B by immunohistochemistry (Figure S3A).
Remarkably, expression of S/RT6and L/N28B were also inversely correlated in human
PDAC cell lines by quantitative real-time PCR (qRT-PCR) (Figures 3E and 3F). To define
the physiological significance of these observations, we analyzed expression of LIN28B
directly in our panel of 120 human PDAC patient samples. Consistently, tumors with low or
undetectable levels of SIRT6 exhibited robust staining for LIN28B (Figures 3G and S3B).
Lastly, ectopic expression of WT, but not catalytically inactive SIRT6, suppressed
expression of LIN28B in Panc3.27 cells (Figures 3H and 3I) and in 2 independent murine
SIRT6 KO PDAC lines (Figure 3J) confirming that loss of SIRT6 leads to the reactivation of
Lin28b in both human and murine PDAC. Interestingly, SIRT6 may also regulate Lin28b
expression in non-epithelial tissues as restoration of SIRT6 reversed the elevated levels of
Lin28b expression observed in an immortalized murine embryonic fibroblast (MEF) cell line
(Mostoslavsky etal., 2006) (Figures S3C and S3D).

SIRT6 Co-represses Myc-driven Transcription of Lin28b Through Histone Deacetylation

We have previously shown that SIRT6 represses Myc-dependent transcription by
deacetylating histone marks, resulting in an inaccessible chromatin structure (Sebastian et
al., 2012). Therefore, we decided to use chromatin immunoprecipitation (ChlP) assays to
interrogate whether SIRT6 may co-repress Myc at the Lin28b locus. Interestingly, SIRT6
KO cells had significantly increased levels of H3K56Ac and H3K9Ac compared to SIRT6
WT cells at two known Myc binding sites within the L/n28b promoter, suggesting an open
and permissive chromatin conformation (Figures 4A-C). Direct binding of SIRT6 to these
Myc binding sites within the Lin28b promoter was confirmed in SIRT6 KO MEFs
transfected with either WT SIRT6 or S6HY, whereas only WT SIRT6 could remove
H3K56Ac and H3K9Ac marks in this region (Figures S3E-G). Furthermore, we found that
this was a dynamic and constitutive process in human PDAC cells with high levels of SIRT6
(SIRT6MIN), such as COLO357 cells, where acute loss of SIRT6 by shRNA-mediated
knockdown resulted in increased H3K9 and H3K56 acetylation in a homologous region of
the human L/N28B promoter (Figures S3H-J). We then confirmed the critical role of Myc in
driving Lin28b expression in PDAC by knocking down Myec in three independent SIRT6 KO
murine and SIRT6!°Y human PDAC cell lines, which resulted in a proportional reduction in
Lin28b expression (Figures 4D and 4E). Consistent with their antagonistic relationship, Myc
knockdown phenocopied restoration of SIRT6 expression in both SIRT6 KO murine and
SIRT6!9" human PDAC cells, where we observed reduced cellular proliferation rates and
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tumor sphere formation (Figures 4F-J). Taken together, these data strongly support a
mechanism by which SIRT6 actively co-represses Myc-dependent transcription in both
human and murine PDAC specifically at the £/n28b locus, through deacetylation of H3K56
and H3K9 chromatin marks.

SIRT6/!°W PDAC Cells are Addicted to Lin28b

We next examined the functional role of Lin28b in SIRT6 KO murine PDAC cells and
SIRT6!°% human PDAC cells. Knocking down £in28b with both shRNA and siRNA resulted
in potent suppression of cell proliferation and tumor sphere formation in two independent
murine SIRT6 KO cell lines, while two independent SIRT6 WT PDAC lines were
completely insensitive to the same treatment (Figures S4A-F). More importantly, both
shRNA and siRNA against L/N28B also markedly reduced the proliferation, tumor sphere
forming ability and /7 vivo xenograft growth of several human SIRT6!°% PDAC lines
without any discernable effect on the growth of human PDAC lines with normal levels of
SIRT6 (SIRT6MIN) (Figures 5A—-H and S4G-1). As with restoration of SIRT6 expression,
knockdown of Lin28b led to both G1 cell cycle arrest and induction of apoptosis in two
independent SIRT6!9W lines (Figures S4J-M). Thus, LIN28B is both upregulated and
critically required for the growth and survival of this subset of PDAC cancers, as defined by
loss of SIRT6 expression.

Let-7 suppresses Igf2bps and Hmga2 expression and PDAC cell growth

The most well-characterized function of Lin28b is to inhibit the biogenesis of a family of 12
tumor suppressor microRNAs (miRNAS), collectively referred to as let-7 (Heo etal., 2008,
Newman et al., 2008 Pasquinelli et al., 2000 Rybak et al., 2008 Viswanathan et al., 2008)
Mature let-7 mlRNAs are found in a re(:lprocal pattern with L|n28b, suppressed in
embryonic tissues and highly expressed in normal adult cells (BUssing et al., 2008. Moss
and Tang, 2003; Rybak et al., 2008; Yang and Moss, 2003), where it can promote the
degradation of a number of targets involved in carcinogenesis (*ohnson et al., 2005. Mayr et
al., 2007, Sampson et al., 2007 jnclyding Insulin Growth Factor 2 Binding Proteins
(IGF2BPs) and High Mobility Group AT-Hook 2 (HMGA?) (Boyerinas et al., 2008. Mayr et
al., 2007. Nguyen et al., 2014. Park et al., 2007. Polesskaya et al., 2007). To determine
whether Lin28b may drive the growth and survival of PDAC cells through the inhibition of
let-7, we measured the levels of let-7 miRNA family members following Lin28b knockdown
in our human SIRT6!°% PDAC cells. Indeed, the expression of almost all let-7 family
members increased following Lin28b knockdown (Figures S5A; Table S2). To assess the
functional significance of this let-7 reactivation, we transfected exogenous mimetics of the
let-7c and let-7d family members into human PDAC cells and found that they specifically
inhibited the growth of the SIRT6!°W cell lines BxPc3 and Panc-1 without any significant
effect on the growth of the SIRT6M9N cell line COLO357 (Figures S5B and S5C). We also
obtained a miRNA which mimics let-7g, but has been altered so that it is unable to be bound
and degraded by Lin28b (Piskounova et al., 2008) 'Ectopic expression of this let-7g mimetic
(7S21L) potently inhibited both proliferation and tumor sphere forming ability of SIRT6!OW
PDAC cell lines (Figures SSD-F). Importantly, growth inhibition following ectopic
expression of let-7 mimetics was also accompanied by a reduction in the expression of let-7
target genes, IGF2BP1, IGF2BP3, and HMGAZ2 as well as LIN28B, which is also directly
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inhibited by let-7 as a part of a feedback loop (RYbak etal., 2008y (rigyres S5G-1). Thus,
multiple let-7 family members potently and selectively inhibit the growth of SIRT6!OW
PDAC cells, potentially through the suppression of let-7 target genes.

SIRT6!9W PDAC are dependent on let-7 target genes for growth

Interestingly, high expression of 1gf2bp1 and Igf2bp3, which are both directly inhibited by
let-7, is correlated with increased agressiveness and metastasis in pancreatic tumors (Thakur
etal., 2008, Yantiss et al., 2005) ang in support of a causal role in transformation,
transgenic overexpression of murine 1gf2bp3 (IMP3/KOC) leads to increased cell
proliferation and metaplasia of pancreatic acinar cells (agner etal., 2003y goth 1gf2bp1
and Igf2bp3 were highly upregulated in our SIRT6 KO cells relative to SIRT6 WT cells
(Figure S6A) and in our human SIRT6!°% PDAC cells (Figures 6A and S6B). In addition,
HMGAZ2 is another let-7 target gene that is associated with advanced tumor grade and lymph
node metastasis in PDAC (Piscuoglio etal., 2012y ang strikingly, was universally expressed
in SIRT6' lines, but almost completely absent in all SIRT6MIN [ines analyzed (Figure 6A).
Restoration of WT but not catalytically inactive SIRT6 in SIRT6 KO murine and SIRT6!OW
human PDAC cells reduced expression of both Lin28b and let-7 target genes (Figures S6C—
E), confirming the direct role of SIRT6 in regulating this pathway. While these findings are
consistent with a model whereby SIRT6 acts upstream of the Lin28b/let-7 axis to suppress
Lin28b expression, enhance let-7 levels and inhibit expression of let-7 target genes, the
functional role of each of these let-7 target genes in driving the growth of PDAC cells has
not yet been clearly established. Therefore, we knocked down either HMGAZ2 or IGF2BP3
in a panel of human PDAC cell lines. Remarkably, although the Lin28b/let-7 pathway has
many known targets, knock-down of either HMGAZ2, IGF2BP1 or IGF2BP3 was sufficient
to inhibit both proliferation and tumor sphere formation in SIRT6!°% PDAC cells without
any discernable effect on SIRT6MI" PDAC cells (Figures 6B—H and S6F-1). Further, knock-
down of 1gf2bp3 with siRNA (Figure S6J) specifically slowed growth of SIRT6 KO cells but
had no effect on SIRT6 WT murine PDAC cells (Figures S6K and S6L). Thus, multiple let-7
target genes may cooperate to drive the growth of SIRT6!°% PDAC.

Increased expression of LIN28B and let-7 target genes correlates with poor survival in

PDAC

These observations prompted us to investigate the relevance of this pathway to the human
disease. As shown previously, loss of SIRT6 expression in human PDAC tumors defined a
subset of patients with a worse prognosis (Figure 1B). Strikingly, elevated expression of
LIN28B also correlated with poor prognosis in the same cohort of 120 patient samples
(Figure 7A). Moreover, gene set enrichment analysis (GSEA) comparing PDAC tumors
(Badea etal., 2008; Biankin et al., 2012; Pei et al., 2009; Perez-Mancera et al., 2012; Zhang
etal., 2012y anq cell lines (Barretina etal., 2012y (tapje $3) with high versus low expression
of LIN28B revealed that LIN28BN9" tumors were strongly enriched for the expression of
Myc targets (Figure S7A), as well as for let-7 targets, curated in three independent gene sets
(Figure 7B). This finding was further validated in the CCLE dataset (Figure 7C). More
specifically, the oncofetal targets of let-7, which includes the /GF2BPsand HMGAZ, were
upregulated in LIN28BM9" tumors in three independent datasets (Figure 7D). Accordingly,
loss of let-7 expression, as measured by in-situ hybridization (ISH) for let-7a, also

Cell. Author manuscript; available in PMC 2017 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kugel et al.

Page 9

corresponded to a shorter overall survival (Figure S7B). Finally, expression of these
oncofetal targets IGF2BP3 and HMGAZ2 correlated both with each other and a worse
prognosis in the cancer genome atlas (TCGA) dataset (Figures 7E and 7F). Taken together,
our findings are consistent with a model whereby loss of SIRT6 in PDAC allows for aberrant
hyperacetylation of the Lin28b promoter, enhancing Myc-driven transcription of Lin28b,
which then inhibits the let-7 family of miRNA. This allows for the reactivation of let-7 target
genes such as HMGAZ2 and IGF2BPs, which serve to drive the growth and survival of a
highly aggressive form of pancreatic cancer (Figure 7G).

DISCUSSION

Alterations in epigenetic control are an important hallmark of cancer. Such alterations are
thought to endow cells with the plasticity to override normal differentiation and growth
control programs. Due to their poor vascularity and dense stroma, PDAC cells must acquire
multiple metabolic adaptations to grow in a hypoperfused microenvironment. SIRT6 is a
nutrient sensor and histone deacetylase that reprograms the epigenome in response to
nutrient stress. We show that SIRT6 is downregulated in PDAC relative to normal tissue and
that loss of SIRT6 leads to dysregulation of the PDAC epigenome to drive its growth. By
developing novel GEMMs, we demonstrate that ablation of SIRT6 potently cooperates with
activated Kras (which is mutated in >90% of human PDAC) to accelerate PDAC onset and
promote metastasis. Mechanistically, loss of SIRT6 results in hyperacetylation of H3K9 and
H3K56 at the promoter of the L/N28B gene, creating a more permissive chromatin state and
allowing for the Myc transcription factor to drive its expression. We further show that this
aberrant Lin28b expression is required for the growth of SIRT6-deficient tumor cells, thus
identifying Lin28b as an oncogenic driver in this distinct subset, representing ~ 30-40% of
human PDAC.

The Lin28/let-7 axis is now recognized as central to maintaining proper cell fate and
coordinating proliferation, growth, and energy utilization at the cellular level, as well as
growth, developmental timing, tissue homeostasis and metabolism in whole organisms
(Thornton and Gregory, 2012y \while Lin28b is silenced during embryonic development
(Moss and Tang, 2003. Rybak et al., 2008. Yang and Moss, 2003)’ it may be aberrantly
reactivated in a variety of human cancers (/liopoulos et al., 2009 Thornton and Gregory,
2012. Viswanathan et al., 2009y by mechanisms that remain poorly understood. We recently
identified eight loss-of-function tumor-associated SIRT6 point mutations, several of which
specifically abrogated SIRT6 deacetylase activity, and we had previously found that many
human cancer cell lines demonstrate copy number loss of the SIRT6 locus (Kugel etal.,
2015). Thus, our findings that loss of SIRT6 allows for the reactivation of Lin28b in PDAC
may have important implications for other cancers as well. In addition, future studies will be
needed to determine what role SIRT6 plays in the silencing of Lin28b during embryonic
development and whether Lin28b expression may contribute to the early post-natal lethality
observed in SIRT6 KO mice (Mostoslavsky et al., 2006y

Given the critical roles for Lin28b in stem cell pluripotency, one can speculate that
overexpression of oncofetal proteins reactivate programs of embryonic growth to promote a
more “undifferentiated” and thereby aggressive form of pancreatic cancer. Consistently,
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upregulated genes downstream of Lin28b, includes the oncofetal RNA-binding proteins
Igf2bpl & 3 that have been associated with poorly differentiated PDAC. Expression of
lgf2bps increase progressively with PDAC tumor stage (Yantiss etal., 2005y anq high levels
of Igf2bps in PDAC correlate with increased metastasis and extremely poor survival
outcome (Schaeffer et al., 2010. Taniuchi et al., 2014y |, this context, we observed signs of
both accelerated initiation (increased number of PanIN) as well as increased metastatic
potential in mice expressing high levels of Lin28b and Igf2bps. Igf2bps also have functions
in binding and stabilizing IGF2 and Myc transcripts, thus increasing their translation (Bell et
al., 2013. Nielsen et al., 2004. Noubissi et al., 2006). Reinforcing Myc signaling and
increasing IGF2 signaling could both serve to encourage proliferation and survival of our
PDAC cells. Strikingly, knockdown of 1gf2bp3 in multiple independent SIRT6!°Y and SIRT6
KO cell lines was sufficient to significantly inhibit their growth, while having no effect on
the growth of SIRT69" and SIRT6 WT lines. Similarly, elevated protein expression of
HMGAZ2 in PDAC has been associated with a more advanced tumor grade, epithelial to
mesenchymal transition, and lymph node metastases, and this protein also promoted the
growth of SIRT6!°W but not SIRT6MYN PDAC cells. Thus, we propose a model whereby
Lin28b drives the growth of SIRT6-deficient PDAC through the inhibition of multiple let-7
isoforms, resulting in a coordinated upregulation of a large number of Lin28b/let-7 target
genes, including oncofetal proteins like IGF2BPs and HMGAZ2 (Figure 7G).

There is some evidence that reactivation of Lin28b may be the result of a more general
mechanism that follows loss of epigenetic barriers. When human embryonic stem cells were
used to model pediatric gliomas with H3.3K27M histone mutations, the gene that was
reactivated to the highest extent in response to global H3K27 hypomethylation was LIN28B
(Funato et al., 2014y - aqditionally, prolonged inhibition of the methyltransferase EZH2 in
glioblastoma lead to upregulation of Lin28b expression (d€ Vries etal., 2015y £7p2 acts
mainly through trimethylation of histone H3 lysine27, which is associated with
transcriptional repression, thus loss of H3K27 trimethylation in two different contexts lead
to upregulation of Lin28b expression. The activity of SIRT6 may provide a previously
unrecognized epigenetic barrier, suppressing the expression of Lin28b specifically in PDAC.
The H3K9 and H3K56 hyperacetylation of the Lin28b gene in response to SIRT6 loss may
function to inhibit the reciprocal methylation of this histone residue, preventing H3K9Me3-
mediated gene silencing, thereby licensing the aberrant re-expression of Lin28b to drive this
fatal disease.

Therapeutic strategies for Kras-driven cancers such as PDAC have been limited by a failure
to identify pathways that are specifically required in cancer cells but dispensable in normal
tissues. Oncofetal proteins represent attractive targets for such strategies, as they are highly
expressed in embryonic tissues but silenced in normal adult cells. Thus, our critical findings
highlight Lin28b as a novel oncogene in PDAC and identify a clinically-relevant and
molecularly-defined subset of PDAC, which may benefit from therapeutic approaches aimed
at targeting components of the Lin28b/let-7 pathway and provide new insights into the
epigenetic mechanisms governing the reactivation of these developmental programs in
cancer.
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EXPERIMENTAL PROCEDURES

All experimental procedures are described in detail in the Supplemental Experimental
Procedures.

Mice
Mice were housed in pathogen-free animal facilities. All experiments were conducted under
protocol 2007N000200 approved by the Subcommittee on Research Animal Care at
Massachusetts General Hospital. Mice were maintained on a mixed 129SV/C57BL/6
background. Data presented include both male and female mice. All mice included in the
survival analysis were euthanized when criteria for disease burden were reached.

Sirt61ox/ox conditional strain (Sebastian etal., 2012 were crossed with the p48-Cre strain
(Kawaguchi etal., 2002), the conditional p53ﬂ"xstrain (Marino etal., 2000) and the LSL -
Kras®12D strain (Yackson et al., 2001y yhich consists of a mutant A7as6222 allele knocked
into the endogenous Kras locus, preceded by an LSL cassette.

Tumor Sphere Assay

Cells were plated as single-cell suspension in ultralow attachment 24-well plates (Corning)
and grown in DMEM/F12 medium (serum free) supplemented with 20 pl mI~1 B27
(Invitrogen), 20 ng mI~1 EGF and 20 ng mI~1 bFGF. Fresh media (300 pl) was added every 3
days. Tumor spheres were counted and photographed at day 10. Tumor sphere assays were
performed in triplicate, and are represented as mean + s.e.m. between three independent
experiments.

Xenografts

For murine PDAC xenografts 2x10% cells were injected subcutaneously into the flanks of
Severe Combined Immunodeficiency (SCID) mice (Charles River). For human PDAC
xenografts 5x10° cells in a 1:1 mixture of PBS:Matrigel (Corning) were injected
subcutaneously into the flanks of SCID mice (Charles River) For both models, mice were
checked for the appearance of tumors twice per week, and the tumors were harvested when
they reached ~100 mm in diameter.

Chromatin Immunoprecipitation
ChIP and gRTPCR were performed as previously described (Ponner etal., 2007y petajls
are listed in Extended Experimental Procedures. The antibodies used were anti-H3K9Ac
(Millipore 07-352), anti-H3K56Ac (ab76307) and the primers’ sequences for all the
gRTPCRs are included in Table S4. Quantitative RTPCR for ChIP analyses were performed
in duplicate and are represented as mean + s.e.m. between two independent experiments.

GEO Accession Numbers

The GEO number for the ChIP-Seq and small RNA-Seq data sets in this manuscript is
GSE79505.
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For gRTPCR analysis, proliferation assays, glucose uptake, tumor sphere formation, and
tumor size, significance was analyzed using 2-tailed Student’s ztest. A p-value of less than
0.05 was considered statistically significant. A log-rank test was used to determine
significance for Kaplan-Meier analyses. Fisher’s exact ¢test was performed for comparison
of metastatic disease burdens.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of SIRT6 Cooperates with Oncogenic Kras to Accelerate PDAC
A, Immunohistochemistry of SIRT6 in human PDAC samples (left & center) compared to

normal pancreas (right) and quantification of IHC scoring (bottom right). B, Kaplan—-Meier
analysis of the indicated PDAC patient samples based on SIRT6 IHC score (n=120). C,
Kaplan—Meier analysis of the indicated genetically engineered mouse models (GEMMSs)
showing time until signs of illness necessitated euthanasia. All animals euthanized had
pancreatic tumors. D, Necropsy of Sirt6”f:KrasG12P: p537* p48-Cre (SIRT6 KO) GEMM
euthanized at 13 weeks. 7op /eft, Image of abdominal contents showing pancreatic mass and
splenomegaly. 7op middle, extracted SIRT6 KO tumor. Upper right, haematoxylin and eosin
(H&E) staining showing PDAC histology. Botfom left, Gross image of liver with metastases.
Bottom middle, H&E stain of liver metastasis. Bottom right, H&E stain of lung metastasis.
E, Quantification of the metastatic potential of SIRT6 KO and Sirt6*/* :KrasC12P. p537* :p48-
Cre (SIRT6 WT) GEMMs from the Kaplan-Meier analysis in Fig. 1C to the livers or the
lungs. F, Kaplan—Meier analysis of the indicated genetically engineered mouse models
(GEMMs) showing time until signs of illness necessitated euthanasia. All animals
euthanized had pancreatic tumors. G, Necropsy of Sirt6”-KrasC12P: p53** p48-Cre GEMM
euthanized at 55 weeks. 7op /eft, Image of abdominal contents showing pancreatic mass and

Cell. Author manuscript; available in PMC 2017 June 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kugel et al.

Page 17

splenomegaly. Top midale, extracted Sirt6”":KrasG120: p53*/*;p48-Cre pancreatic tumor
with spleen attached. Upper right, haematoxylin and eosin (H&E) staining showing PDAC
histology. Bottom left, H&E of liver metastasis. Bottom right, H&E stain of lung metastasis.
H, Quantification of the metastatic potential of Sirt6"”"Kras®20: p53*/*,p48-Cre and
Sirt6**;KrasC120: p53*/*:p48-Cre GEMMs from the Kaplan-Meier analysis in Fig. 1F to the
livers or the lungs. Scale bars, black 50 um, blue 20 um. * p < 0.05; ** p< 0.01; ***p <
0.001. See also Fig S1.
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Figure 2. SIRT6 Suppresses Proliferation of Established PDAC Though Histone Deacetylation
A, Murine PDAC cells were grown under restrictive, nonadherent conditions to induce

tumor sphere formation, photomicrographs (left) and quantified (right). Two independent
cell lines are represented. B-E, Murine PDAC cells were engineered to express empty vector
(vector), SIRT6 WT (S6 WT) or the SIRT6 HY (S6HY) catalytically inactive mutant. B,
Immunoblot (IB) of chromatin extract and whole cell lysate (WCL). C, Growth curve of a
representative SIRT6 KO PDAC line. D, Quantification of tumor spheres formed by two
independent SIRT6 KO PDAC lines and grown as in A. E, Tumor weights (left) and gross
image of SIRT6 KO PDAC cell line grown for 3 weeks as a subcutaneous xenograft. F, IB of
WCL in human PDAC cell lines with quantification of SIRT6/actin ratios below. G-J,
Panc3.27 and Panc-1 cells were engineered to express Vector, SBWT or S6HY under a
doxycycline (Dox)-inducible system. G, IB of chromatin extract. H, IB of chromatin extract
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from Panc3.27 cells treated with Dox for the indicated times. The partial effect of S6HY on
H3K56Ac levels after 4 days of overexpression likely relates to its partial catalytic activity.
I, Proliferation was quantified by trypan blue exclusion assay. J. Photomicrographs (left)
and quantification of Panc3.27 tumor spheres. K—-M, HPDE cells were engineered to express
empty vector (shCtl) and shSIRT6 under a Dox-inducible system. K, 1B of WCL, please see
Figure S1A for SIRT6 levels. L, Quantitative polymerase chain reaction with reverse
transcription (QRTPCR) analysis of S/R76and glycolytic genes. M, FDG-Glucose uptake in
HPDE cells. N-P, Panc3.27 and Panc-1 cells were engineered to express empty Vector,
S6WT or S6HY under a Dox-inducible promoter. N, IB of WCL. O, qRTPCR analysis of
glycolytic genes in Panc3.27 cells. P, FDG-Glucose uptake in Panc3.27 cells after treatment
with dox for the indicated times. * p < 0.05; ** p <0.01; *** p < 0.001. See also Fig S1 and
S2.
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Figure 3. SIRT6 Suppresses Expression of the Oncofetal Protein Lin28b in Human and Murine

PDAC

A, Venn diagram of gene promoters decorated by H3K56Ac in SIRT6 WT, SIRT6 KO and
SIRT6 KO PDAC cells engineered to express SIRT6 WT as determined by Chromatin
immunoprecipitation (ChIP) sequencing (Seq). B, Integrative genomics viewer track of
H3K56Ac levels along the Lin28b promoter of the indicated murine PDAC cell lines. C,
Expression of Lin28bin four independent SIRT6 WT and SIRT6 KO murine PDAC cell
lines as measured by qRTPCR; data are presented as mean + s.e.m. between three
independent experiments. D, IB of chromatin and WCL from individual SIRT6 WT and
SIRT6 KO PDAC cell lines. E,F gRTPCR analysis for expression of L/N28Band S/RT6in
human PDAC cell lines displayed as a bar graph (E) and scatter plot (F) demonstrating an
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inverse correlation; data represent mean * s.e.m. between three independent experiments. G,
Immunohistochemistry of LIN28B and SIRT6 in human PDAC samples (left) compared to
normal pancreas (right). H, I, LIN28B levels in Panc3.27 expressing empty vector, SGWT or
the S6HY catalytically inactive mutant as measured by gRTPCR (H) and IB (). J, Lin28b
levels in two independent SIRT6 KO murine PDAC cells lines expressing empty vector,
S6WT or S6HY. Scale bars, black 50 um. * p < 0.05; ** p < 0.01; *** p < 0.001. See also
Fig S3.
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Figure 4. SIRT6 Co-represses Myc-driven Transcription of Lin28b Through Histone

Deacetylation

A, Schematic representation of the human genomic region near the transcription start site of
LINZB. Putative Myc binding sites are indicated (CACGTG or CATGTG); both sites are
conserved between human and mouse. B,C, ChIP of H3K56Ac (B) and H3K9Ac (C) marks
followed by amplification of the regions surrounding the Myc binding sites in the L/N28B
promoter. D,F&I Analysis of three independent SIRT6 KO murine PDAC cell lines
expressing the either shMyc or control hairpins for expression of Myc (left) and Lin28b
(right) by gRT-PCR (D), cell proliferation (F) and tumor sphere forming ability (1).
E,G,H&J Analysis of three independent SIRT6!°Y PDAC cell lines expressing the either
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shMyc or control hairpins for expression of MYC (left) and L/N28B (right) by qRT-PCR
(E), IB of MYC knockdown (G), cell proliferation (H) and tumor sphere forming ability (J).
For E, H&J, data are representated as mean +std'between triplicates. * p < 0.05; ** p <
0.01; *** p < 0.001. See also Fig S3.
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Figure 5. SIRT6!°% Human PDAC cells are Addicted to Lin28b
A-H, Human PDAC cell lines with either high or low levels of SIRT6 expression were

treated with shLIN28B versus a control hairpin. A, IB of WCL for SIRT6 and LIN28B. B,
Number (left) and size (right) of tumor spheres. C, Photo-micrographs of tumor spheres.
D,F, Growth curve of SIRT6!W (D) and SIRT6M9" (F) human PDAC cells, quantified by
MTT assay. E&G, show visualization of day 6 results in SIRT6!°% (E) and SIRT6"9" (G)
human PDAC cells. H, Tumor weights of SIRT6!%% and SIRT6M9" PDAC lines grown as
subcutaneous xenografts (n=5). * p < 0.05; ** p < 0.01; *** p < 0.001. See also Fig S4 and

SS.
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Figure 6. Lin28b Decreases let-7 Levels and Increases 1gf2bp1/3 and Hmga2 Levels in PDAC
A, IB of WCL and chromatin of human PDAC cell lines. SIRT6 and ACTIN have been

reproduced from Figure 2F for comparison as these are from the same blot. B-E, SIRT6!°W
and SIRT6N9" human PDAC cells treated with either shtHMGA2 or control hairpin.
Confirmation of HMGA2 knockdown by gRTPCR (B) and IB (C). D, Growth curves of
SIRT6!W (Panc3.27, BxPc3 and Su86.86) and SIRT6MIN (COLO357) human PDAC cell
lines. E, Quantification of sphere diameter of SIRT6!° (Panc3.27 and BxPc3) and
SIRT6NIN (COLO357) human PDAC cell lines (left) and representative photo
pictomicrographs (right). F—H, SIRT6!°% and SIRT6M9" human PDAC cells treated with

Cell. Author manuscript; available in PMC 2017 June 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kugel et al.

Page 26

either shIGF2BP3 or control hairpins. F, Confirmation of IGF2BP3 knockdown by gRTPCR.
G, Growth curves of SIRT6!%% (Panc3.27, BxPc3 and Su86.86) and SIRT6MI (SUIT2)
human PDAC cell lines. H, Quantification of sphere diameter and number of SIRT6!OW
(Panc3.27 and BxPc3) and SIRT6MI" (COLO357) human PDAC cell lines (left) and
representative photo pictomicrographs (right). For B & D-H, data are representated as mean
+std between triplicates. * p < 0.05; ** p < 0.01; *** p < 0.001. See also Fig S6.
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Figure 7. Increased expression of LIN28B and let-7 target genes correlates with poor survival in
PDAC

A, Kaplan—Meier analysis of the indicated PDAC patient samples based on LIN28B IHC
score (n=120). B-C, Gene Set Enrichment Analysis (GSEA) plots showing that human
PDAC tumors (B) and PDAC cell lines from the Cancer Cell line Encyclopedia (CCLE) (C)
with high levels of LIN28B (LIN28B"i9") overexpress many of the genes that are regulated
by let-7. D, GSEA plots showing that human LIN28B"9" PDAC tumors overexpress targets
of let-7 which are oncofetal genes. E, Correlation of HMGA2 and IGF2BP3 RNA
expression in human PDAC samples from the TCGA pancreatic cancer dataset. F, Kaplan-
Meier survival curves based on expression of HMGAZ2 (left) and IGF2BP3 (right) in human
pancreatic cancer datasets from the TCGA. G, Model for SIRT6 loss in PDAC pathogenesis.
*p<0.05; ** p<0.01; *** p<0.001. See also Fig S7.
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