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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease. We previously

reported that chromatin remodeler Brg1 is essential for acinar cell-derived PDAC formation

in mice. However, the functional role of Brg1 in established PDAC and its metastasis remains

unknown. Here, we investigated the importance of Brg1 for established PDAC by using a

mouse model with a dual recombinase system. We discovered that Brg1 was a critical player

for the cell survival and growth of spontaneously developed PDAC in mice. Additionally, Brg1

was essential for metastasis of PDAC cells by inhibiting apoptosis in splenic injection and

peritoneal dissemination models. Moreover, cancer stem-like property was compromised in

PDAC cells by Brg1 ablation. Mechanistically, the hypoxia pathway was downregulated in

Brg1-deleted mouse PDAC and BRG1-low human PDAC. Brg1 was essential for HIF-1a to

bind to its target genes to augment the hypoxia pathway, which was important for PDAC cells

to maintain their stem-like properties and to metastasize to the liver. Human PDAC cells with

high BRG1 expression were more susceptible to BRG1 suppression. In conclusion, Brg1

plays a critical role for cell survival, stem-like property and metastasis of PDAC through the

regulation of hypoxia pathway, and thus could be a novel therapeutic target for PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer-related
mortality. Despite many efforts to develop effective therapies over several decades, the 5-
year survival of PDAC patients is approximately 10%, and even worse in patients with distant
metastases. Thus, there is an urgent need for new therapeutic approaches to treat this lethal
disease. To this end, it is crucial to identify the decisive factors that control PDAC initiation
and progression and to understand the underlying molecular mechanisms.

ATP-dependent chromatin remodeling complexes are a group of epigenetic regulators that
control gene expression by altering the chromatin structure making it more accessible to DNA
binding factors using energy generated by hydrolyzing ATP[1, 2]. SWI/SNF complex is a
major family of ATP-dependent chromatin remodeling complexes. Approximately 14% of
human PDAC have mutations in genes encoding subunits of SWI/SNF complex, which are
considered to be one of the ten major categories of PDAC mutations[3]. BRG1, also known
as SMARCA4, encodes a catalytic ATPase subunit of the SWI/SNF complex. It is mutated in
only a few percent of human PDAC but is inactivated in approximately 10-20% of human
PDAC specimens|[4, 5]. Whether BRG1 functions as a tumor driver or as a tumor suppressor
depends on tumor types. BRG1 is frequently absent and/or mutated in several cancer
types[4], suggesting that it has a tumor suppressive role. Other studies have shown that
BRG1 is necessary for cancer cell proliferation in several cancer types[6-8]. In terms of PDAC,
BRG1 expression has been shown to be significantly correlated with higher-stage and higher-
tumor grade[9], which is in conflict with another report of a worse prognosis for patients with
BRG1-deficient PDAC[10]. We previously showed that pancreatic intraepithelial neoplasia
(PanIN), which is pancreatic precancerous lesion, required Brg1 for its formation and also for
its maintenance to avoid apoptosis[5]. However, the function of Brg1 in the progression of

established PDAC is still unknown.
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In PDAC, as well as in other cancer types, stemness promotes each step of metastasis,
from primary tumor to a distant organ. This includes migration from primary lesion and
intravasation[11], as well as colonization and tumor initiation in distant organs[12]. Brg1
supports the maintenance of the stemness in several cancer types as well as in normal
tissue[13-15]. However, the role of Brg1 in cancer metastasis is controversial[16, 17] and its
importance in stemness and metastasis has not been thoroughly explored in PDAC.

Therefore, in this study, we sought to clarify the function of Brg1 in established PDAC
derived from PanIN and metastasis, as well as to determine whether Brg1 may be a

therapeutic target for invasive PDAC.
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Results
Brg1 plays an important role in growth of spontaneously developed invasive PDAC in
mice.

To assess the BRG1 expression in PDAC, we performed immunohistochemistry for Brg1
on PDAC specimens of mouse and human. We found that the BRG1 expression of most
PDAC cells was higher than that of normal acinar cells in both mouse and human
(Supplementary Fig. 1). To determine the effect of Brg1 knockout (KO) on established
invasive PDAC in vivo, we used a genetically engineered mouse model taking advantage of
a novel dual recombinase system[18]. We crossed Pdx7-Flp, KrasFSF-G12Drt; Trp53ft/+;
Rosa26FSF-CreERT2 mice with Brg1/oox mice to generate Pdx7-Flp; KrasFSF-G12D/*: Trp53ft+;
Rosa26rSF-CreERT2: Brgtloxiox (BKPFC) mice (Fig. 1A). In this model, Flp-frt recombinase
system induced expression of mutant KrasG20 allele, Trp53 heterozygous allele, and
tamoxifen-inducible CrefR72 allele in the pancreatic epithelium, which led to the development
of spontaneous PDAC derived from PanIN. Administration of tamoxifen allowed us to
inactivate Brg1 by utilizing the Cre-loxP system after PDAC was established.

We first assessed the effect of Brg1 ablation on the growth of PDAC tumor by ultrasound
scan analysis using this spontaneously developed PDAC mouse model (Fig. 1B); Pdx71-Flp;
KrasfSF-G12Di - Trp53ft+: Brg1loxiox (BKPF) mice as control group and BKPFC mice as Brg1
KO group. Since the knockout efficiency of Brg1 after one-week tamoxifen administration was
varied for each PDAC tumor, we included to the analysis the tumors of Brg1 KO group in
which more than fifty percent of PDAC cells were Brg1-negative for histological evaluation
(Fig. 1C). Comparison of the size of PDACs between before and after the tamoxifen
administration showed that the growth rate of the PDAC tumors in Brg1 KO group was
significantly smaller than that in control group (Fig. 1D, E).

Proliferation and apoptosis in Brg1 KO cells in established PDAC were analyzed by
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immunohistochemistry (Fig. 1F-1). There were significantly fewer Ki67-positive proliferative
PDAC cells (Fig. 1F, G) and more cleaved caspase 3 (CC3)-positive apoptotic PDAC cells
(Fig. 1H, 1) in Brg1 KO tumors than in controls. These results indicated that Brg1 loss
impacted the maintenance of spontaneously developed invasive PDAC in mice through

suppressing both proliferation and survival of PDAC cells.

Brg1 is essential for cell proliferation and survival of PDAC cells in vitro.

To further investigate the effect of the Brg1 ablation on PDAC cells, we established PDAC
cell lines from PDAC tumors developed in BKPFC mice and ablated Brg1 by administrating
4-hydroxytamoxifen (4-OHT) in vitro (Fig. 2A). Brg1 expression was almost completely
absent at both the RNA (Fig. 2B) and protein (Fig. 2C) levels. Cell viability assays showed
that Brg1 loss markedly suppressed the growth of PDAC cells in vitro (Fig. 2D, E). Cell cycle
analysis showed that Brg1 ablation significantly reduced the number of S phase PDAC cells
(Fig. 2F, G), indicating that the cell cycle was inhibited. Annexin V assays revealed that Brg1
loss significantly affected the viability of PDAC cells (Fig. 2H).

The effect of Brg1 ablation on the growth of murine PDAC cells was measured by using
a subcutaneous transplantation model (Fig. 2l). Consistent with the data from the
spontaneously developed PDAC mouse model and the in vitro model, Brg1 loss restricted
the PDAC cell growth in the subcutaneous transplantation model (Fig. 2J, K). Histology
revealed significantly fewer Ki67-positive proliferative cells (Fig. 2L, N) and significantly more
CC3-positive apoptotic cells in Brg1-ablated PDAC cells than in control PDAC cells (Fig. 2M,
N). Collectively, Brg1 is essential for both cell proliferation and survival of mouse PDAC cells

through regulation of the cell cycle and inhibition of apoptosis in vitro and in vivo.

Brg1 plays an essential role in metastasis of mouse PDAC cells through inhibiting
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apoptosis.

We next investigated the role of Brg1 for the metastatic potential of mouse PDAC cells
by utilizing an intrasplenic injection model (Fig. 3A). Macroscopically, numerous liver
metastases were formed in mice transplanted with control PDAC cells at 14 days after
intrasplenic injection, whereas liver metastases were rarely formed in mice transplanted with
Brg1 KO PDAC cells (Fig. 3B, C). Immunostaining revealed a dramatically reduced number
of CK19 positive metastatic sites in the liver of mice transplanted with Brg1 KO PDAC cells
compared with control PDAC cells (Fig. 3D, E). Notably, almost all the rare liver metastatic
lesions formed in mice injected with Brg1 KO PDAC cells were composed of Brg1-positive
PDAC cells (Fig. 3F, G), indicating these lesions derived from Brg1-positive “escaper” cells.
These data suggested that Brg1 plays an essential role in liver metastasis of mouse PDAC
cells in vivo.

We next investigated kinetics of Brg1 KO PDAC cells in the liver after splenic injection
by tracing the luciferase signal transfected to cancer cells. Bioluminescence imaging analysis
revealed that control PDAC cells expanded continually in the liver after the splenic injection,
whereas Brg1 KO PDAC cells increased until day 4, then gradually decreased, and finally
disappeared around 6 to 8 days after the injection (Fig. 3H, I). Histological analysis showed
that significantly increased numbers of apoptotic cells were present in Brg1 KO group than in
control group 4 days after transplantation (Fig. 3J, K). These results showed that Brg1 KO
PDAC cells initially colonize the liver parenchyma, then gradually decrease and eventually
disappear due to apoptosis.

To further investigate the importance of Brg1 in advanced stage of tumorigenesis, we
transplanted Brg1 KO PDAC cells into the abdominal cavities of C57BL/6 mice to mimic
peritoneal dissemination (Supplementary Fig. 2A). Numbers of peritoneal dissemination were

observed in mice transplanted with control PDAC cells, whereas peritoneal dissemination
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was not formed in mice transplanted with Brg1 KO PDAC cells (Supplementary Fig. 2B).
Bioluminescence imaging confirmed peritoneal dissemination in mice transplanted with
control PDAC cells, whereas Brg1 KO PDAC cells did not expand and eventually disappeared
(Supplementary Fig. 2C, D). Thus, Brg1 is also essential for peritoneal dissemination of
mouse PDAC cells in vivo.

These results further strengthen the conclusion that Brg1 is required for distant

metastasis of mouse PDAC cells through inhibiting apoptosis in vivo.

Brg1 regulates stem-like properties of PDAC cells.

Given the potential importance of cancer stem cells in metastasis[12], we tested if
cancer stemness property is compromised in Brg1 KO PDAC cells. Expression of the stem
cell markers such a Aldh1a1, Epcam, Nes, and Jag1 was significantly downregulated in Brg1
KO PDAC cells compared to those in control PDAC cells (Fig. 4A). Sphere formation assays
in three-dimensional (3D) conditions showed that Brg1 KO PDAC cells formed significantly
fewer spheres than control PDAC cells both in Matrigel (Fig. 4B) and soft agar (Fig. 4C, D).
In addition, evaluation of apoptosis in a suspension culture, which was known to be enriched
with cancer stem cells, compared to in an adherent culture (Fig. 4E, F) showed that
significantly increased apoptosis was observed in Brg1 KO PDAC cells compared to control
PDAC cells in both culture conditions, although a more prominent difference was seen in
suspension culture (Fig. 4G, H). Thus, these results indicated that Brg1 regulates cancer
stem-like property of mouse PDAC cells and suggested that loss of cancer stem-like property
by Brg1 ablation results in apoptotic cell death and compromised metastatic potentials of

PDAC cells in mice.

Brg1 has a tumor promotive role in PDAC cells in the context of Trp53 null condition.
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In the lung cancer, previous reports showed that loss of Brg1 concurrently with Trp53
loss increases tumor burden and shortens survival [19]. We next investigated whether loss
of Brg1 in the context of homozygous Trp53 loss might give a different phenotype from that
in the heterozygous Trp53 loss background. To this end, we generated Pdx7-Flp; Kras"SF-
G12D*: Trpb3M/i: Rosa26rSF-CreERT2: Brg1loxiox (BKPhomoFC) mice and established a PDAC cell
line from a PDAC tumor developed in BKPomoFC mice. After confirming that Brg?1 was
efficiently knocked out with 4-OHT treatment in those PDAC cells (Supplementary Fig. 3A),
we found that PDAC cells with Trp53 homozygous deletion represented exactly the same
phenotype as those with Trp53 heterozygous deletion, as determined by cell viability assay,
subcutaneous transplantation experiments, sphere formation assay, and intrasplenic
transplantation experiments (Supplementary Fig. 3B-G). Furthermore, we next evaluated the
Trp53 status of PDAC cells from both BKPFC and BKP"*mFC mice and found that Trp53 wild
type allele was deleted in all three different PDAC cell lines from BKPFC mice
(Supplementary Fig. 3H) and that there was no Trp53 expression in all BKPFC PDAC cells,
as determined by qRT-PCR analysis (Supplementary Fig. 3I). Therefore, Brg1 has a tumor

promotive role in PDAC cells in the context of Trp53 null condition as well.

Brg1 ablation downregulates metabolic pathway, cell cycle, and stemness genes.

To provide insights into the molecular mechanism, we performed unbiased transcriptomic
analysis of Brg1 KO PDAC cells. The gene expression patterns were analogous among three
different Brg1 KO BKPFC PDAC samples (Fig. 5A). Five hundred and seventy-three and 629
genes were upregulated and downregulated in Brg1 KO PDAC cells relative to control PDAC
cells, respectively (Fig. 5B). Gene-set enrichment analysis (GSEA) revealed that there were
much more hallmark gene sets significantly downregulated than upregulated in Brg1 KO

PDAC cells compared with control PDAC cells with only the INTERFERON ALFA
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RESPONSE gene set upregulated (Fig. 5C). Meanwhile, downregulated hallmark gene sets
in Brg1 KO PDAC cells included those associated with the cell cycle (G2M_CHECKPOINT,
E2F_TARGETS) and metabolic pathways (CHOLESTEROL_HOMEOSTASIS, HYPOXIA,
GLYCOLYSIS). This was consistent with our previous result that Brg1 regulates cell-cycle
progression. Moreover, among the curated gene sets, gene sets related to embryonic stem
cells were significantly downregulated in Brg1 KO PDAC cells, consistent with the findings
that the stem-like property was impaired in Brg1 KO PDAC cells (Fig. 5D).

Brg1 and Brm function as mutually exclusive catalytic subunits of the SWI/SNF complex.
To examine whether there was compensatory upregulation of Brm in response to Brg1
deletion, we investigated the expression of the other SWI/SNF subunits in Brg1 KO PDAC
cells by using microarray data (Supplementary Fig. 4A). The expression of Brm was not
increased in Brg1 KO PDAC cells compared to control PDAC cells, indicating that
compensatory upregulation of Brm did not occur in Brg1 KO PDAC cells. On the other hand,
the expression of other SWI/SNF subunits, such as Arid7b and Arid2, was upregulated in
Brg1 KO PDAC cells compared to control PDAC cells, suggesting the possibility that

compensatory upregulation of these subunits was observed in Brg1 KO PDAC cells.

Brg1 functions as a chromatin opener and directly regulates expression of genes
including HIF-1 signaling pathway.

Transcriptomic data contained the genes which were regulated by Brg1 both directly and
indirectly. To identify the genes that Brg1 directly regulates, we performed ChlP-seq analysis
of Brg1, H3K27ac as an open chromatin marker, and H3K27me3 as a closed chromatin
marker. Most genes with Brg1 peaks had Brg1-H3K27ac overlapped peaks (Fig. 5E),
consistent with previous reports showing that the SWI/SNF complex functions as a chromatin

opener[20]. In accordance with this context, few Brg1 peaks overlapped with the H3K27me3
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peaks (Supplementary Fig. 5A). Some of the H3K27ac peaks were significantly decreased
by Brg1 KO (“H3K27ac down” peaks) and more than half of the genes with “H3K27ac down”
peaks were overlapped with the genes which had Brg1 peaks (Fig. 5E), indicating that Brg1
directly regulated their chromatin states. In contrast, none of H3K27me3 peaks were altered
by Brg1 KO, further supporting the notion that the SWI/SNF complex functions as a chromatin
opener.

Next, we analyzed the distribution of the peaks over genomic regions. By comparing the
distribution of Brg1 binding regions with that of Brg1- “H3K27ac down” overlapping regions,
we found that Brg1 directly regulated the chromatin state rather in intergenic regions such as
enhancers than in promoters (Supplementary Fig. 5B). Motif analysis revealed that each AP-
1 component was enriched in Brg1-binding sites and no apparent difference was seen in
Brg1 directly regulating sites (Supplementary Fig. 5C, D). These results are consistent with
the previous study showing that AP-1 binds to enhancers with SWI/SNF complex[21].

To determine the genes that Brg1 directly regulates in PDAC cells, we integrated ChIP-
seq and microarray data to search for genes that had Brg1- “H3K27ac down” overlapping
peaks and were downregulated by Brg1 KO in the same PDAC cells and identified 797 genes
(Fig. 5F). Pathway analysis of these genes identified the potential pathways that Brg1 directly

regulates, including HIF-1 signaling pathway and metabolic pathway (Fig. 5G).

Brg1 directly regulates expression of HIF target genes in PDAC cells.

Given the transcriptomic and ChlP-seq data, we focused on the hypoxia pathway,
because it was commonly seen in the results of both analyses (“‘hypoxia” in GSEA of
microarray data, “HIF-1 signaling pathway” in pathway analysis of Brg1 directly regulated
genes). Expression of HIF target genes such as Bnip3, Vegfa, Trf, and Bcl2/1, was

upregulated in the detached condition in control PDAC cells, which was in agreement with
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the previous report[22] (Fig. 6A, B). In Brg1 KO PDAC cells, the expression of those HIF
target genes was significantly reduced in both the attached and detached conditions
compared to controls. These results suggested that Brg1 regulates the hypoxia pathway,
which is upregulated in stem cells.

On the other hand, there were no differences in HIF-1a expression between control and
Brg1 KO PDAC cells at both the mRNA and protein levels. To investigate the discrepancy of
the expression change between HIF-1a and its target genes, we examined HIF-1a binding to
its regulatory elements. According to the ChiP-seq data, Brg1- “H3K27ac down” overlapping
peaks were enriched with the hypoxia responsive element (HRE) motif (Fig. 6C), which was
considered to be the HIF binding site, suggesting that Brg1 is involved in HIF binding to the
HRE sites of HIF target genes. ChlIP assay for HIF-1a in several HRE sites showed that HIF-
1a binding to the HRE sites of target genes was significantly reduced in Brg1 KO PDAC cells
compared to controls (Fig. 6D), indicating that Brg1 facilitates HIF-1a binding to the HRE
sites of HIF target genes in order to directly regulate their expression.

Histological analysis of liver metastases 4 days after the splenic injection, when Brg1 KO
PDAC cells started to disappear, showed that HIF-1a was expressed in both control and Brg1
KO PDAC cells, but in contrast, the expression of HIF target genes, including Bnip3 and Bcl-
xL, was downregulated in Brg1 KO PDAC cells (Fig. 6E). These IHC results further confirmed
our in vitro findings described above (Fig. 6A, B).

Collectively, these data demonstrated that Brg1 regulates HIF-1a binding to the HRE

sites of HIF target genes in order to directly regulate their expression in PDAC cells in mice.

Brg1 plays a critical role in cell survival, stem-like property, and metastasis of PDAC

cells through regulating the hypoxia pathway.
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We hypothesized that Brg1 promotes proliferation, cancer stem-like property, and
metastasis of PDAC cells through activating the hypoxia pathway. To test this hypothesis, we
next evaluated the effect of suppressing the hypoxia pathway on cell proliferation, cancer
stem-like property, and metastasis of PDAC cells by silencing Hif1a. We introduced shHif1a
into the mouse PDAC cells described above (Fig. 6F). No significant difference in proliferation
was observed between Hif1a-silenced PDAC cells and controls (Fig. 6G). In contrast, the
sphere-forming ability of PDAC cells was significantly attenuated in Hif1a-silenced PDAC
cells compared to controls (Fig. 6H, 1). Moreover, intrasplenic injection experiments revealed
significant reduction of liver metastases in Hif1a silenced PDAC cells compared to controls
(Fig. 6J-M). These results indicated that cancer stem-like property and metastasis are
impaired by Hif1a suppression.

Collectively, we concluded that Brg1 plays a critical role for cancer stem-like property and

metastasis of PDAC cells, at least in part, through regulating the hypoxia pathway.

Expression level of BRG1 correlates with the tumor-suppressive effect of BRG1
suppression on proliferation and stem-like property in human PDAC cells.

The human PDAC transcriptomic data from the Cancer Genome Atlas (TCGA) database
were used to compare the specimens with low and high BRG1 expression. In good
agreement with the mouse data, GSEA showed that the similar gene sets were
downregulated in human PDAC with low BRG1 expression compared to high BRG1
expression, including gene sets associated with cell cycle, metabolic pathways, stemness,
and hypoxia pathway (Fig. 7A-C), supporting the notion that BRG1 is important for
augmenting the hypoxia pathway in human PDAC.

The effect of BRG1 suppression on proliferation and stem-like property in human PDAC

cells was investigated using nine human PDAC cell lines with BRG1 suppression by an RNA
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interference method using pooled siRNA (Supplementary Fig. 6A). Proliferation and stem-
like property were impaired by BRG1 suppression in multiple human PDAC cell lines (Fig.
7D, E), consistent with the mouse data. To further confirm this finding, we ablated BRG1 in
MIAPaCa-2, AsPC-1, and Panc-1 cells using the CRISPR/Cas9-encoding adenovirus and
found that BRG1 ablation suppressed proliferation and stem-like property in those cells, as
was observed in BRG1 knockdown (Supplementary Fig. 6B, C). Further, the degree of
proliferation and stem-like property inhibition by BRG1 suppression differed among them (Fig.
7F, G). To determine whether these differences were correlated with the protein expression
levels of BRG1 and HIF-1a in each PDAC cell, we examined these protein expressions of
each PDAC cell (Fig. 7H, I).

Initially, Panc-1, Capan-2, and KP4 cells had no observable BRG1 protein expression by
western blotting, with only minor expression of BRG1 mRNA (Fig. 7J), consistent with a
previous report[23]. However, we demonstrated BRG1 protein expression in those PDAC
cells by immunoblotting using a highly sensitive substrate (Supplementary Fig. 6D).
Furthermore, in order to validate on-target activity of siRNAs, we performed the same
experiments by using three different single siRNAs on Panc-1 and Capan-2 (Supplementary
Fig. 6E) and obtained the same results as those using pooled siRNAs. In addition, the
expression of possible off-target genes of those single siRNAs was not changed by
administration of those siRNAs in Panc-1 and Capan-2 cells, as determined by g-PCR
analysis (Supplementary Fig. 7). We also confirmed that BRG1 overexpression rescued the
effect of BRG1 suppression on viability and sphere formation in Panc-1 and KP4 cells
(Supplementary Fig. 6F-1). BRG1 ablation by CRISPR/Cas9 also suppressed the growth of
Panc-1 cells (Supplementary Fig. 6B, C). We validated the frequencies of off-target effect of
adenoviruses bearing sgRNA against BRG1 by sequencing the region downstream of the

target sequences or possible off-target sites and found that off-target effect was extremely
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low (Supplementary Fig. 8). The level of BRG1 expression significantly correlated with the
inhibitory effect of BRG1 suppression on proliferation and sphere formation in human PDAC
cells, whereas that was not the case with HIF-1a expression (Fig. 7K, L). The inhibitory effect
of BRG1 suppression did not appear to be related to the mutations of the major tumor
suppressor genes, including CDKN2A, TRP53, and SMAD4. (Supplementary Fig. 6J).

In good agreements with our mouse data, BRG1 suppression inhibits proliferation and
stem-like property of human PDAC cells and expression levels of BRG1 are correlated with
the tumor suppressive effect of BRG1 suppression on proliferation and stem-like property in

human PDAC cells.
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Discussion

In this study, to clarify the functions of Brg1 in established PDAC, we developed a
genetically engineered mouse model using a dual recombinase system, which enabled us to
inactivate Brg1 upon tamoxifen administration after PDAC developed in vivo. We established
PDAC cells from these mouse tumors and evaluated the role of Brg1 in proliferation and
metastasis by deleting Brg1, both in vitro and in vivo. We demonstrated for the first time that
Brg1 regulates the cell survival and growth of spontaneously developed PDAC and
metastasis through the control of the cancer stem-like property of PDAC cells in mice. These
data indicate that Brg1 is a promising therapeutic target for PDAC.

In this study, we found that Brg1 plays a critical role for progression of established PDAC
derived from acinar cell-originated PanIN. Regarding PDAC initiation, our previous report
showed that Brg1 is essential for formation of acinar cell-originated PanIN and PanIN-derived
PDAC, which was mediated by direct regulation of Sox9 by Brg1[5]. As for duct cell-derived
PDAC, Brg1 suppresses formation of duct cell-originated IPMN and IPMN-derived PDACI[10].
Thus, cell of origin is a critical factor that determines the role of Brg1 in PDAC initiation. In
contrast, regarding progression of established PDAC, another report showed that Brg1 has
a tumor-promoting effect in duct cell-originating IPMN-derived PDAC by supporting a
mesenchymal-like transcriptional landscape[24]. Brg1 re-expression into duct cell-originating
IPMN-derived Brg1 null PDAC cells increased anchorage-independent cell growth and
proliferation, indicating that Brg1 re-expression into Brg1 null PDAC cells enhances
tumorigenicity[24]. In this current study, we showed that Brg1 plays a tumor promoting role
for established PanIN-derived PDAC. Furthermore, the current study for the first time
revealed that Brg1 is essential for metastasis of PDAC cells, which was, mediated, at least
in part, by direct regulation of the hypoxia pathway by Brg1.Therefore, our data together with

the previous reports demonstrate that BRG1 plays a tumor-promotive role for progression of
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established PDAC regardless of its cellular origin and premalignant lesion. These data
highlight cell type-specific and context-dependent roles of Brg1 in PDAC initiation and
progression at different stages.

We demonstrated that Brg1 is essential for metastasis of PDAC cells by using splenic
injection and intraperitoneal dissemination models. Furthermore, we showed that the
mechanistic reason why Brg1-negative PDAC cells could only rarely form metastatic lesions
was neither because they were disappeared in the blood stream nor because they could not
anchor to the liver, but because they could not form metastatic lesions after colonization due
to apoptosis. The role of Brg1 in cancer metastasis was ambiguous in previous knockdown
studies with one showing that Brg1 is important for gastric cancer metastasis, whereas
another showed the opposite in colorectal cancer. These differences may result from different
mechanisms in each cancer types, knockdown efficiency of target genes, or from differing
periods between transduction of shRNAs and the transplantation into mice. In our knockout
model, Brg1 was completely deleted in each PDAC cell and Brg1-negative PDAC cells were
established in a short period of time. Thus, we clearly demonstrated that Brg1 is required for
cell survival and metastasis of PDAC cells in vivo.

We also showed that the cancer stem-like property was compromised in PDAC cells by
Brg1 ablation, consistent with the notion that cancer stemness is a critical factor for
metastasis. Previous studies have demonstrated the importance of BRG1 on cancer stem-
cell maintenance in liver cancer[13, 14] and colon cancer[17]. In the current study, we showed
for the first time that Brg1 plays acritical role for the stem-like property of PDAC, as
determined by three different sphere formation assays including Matrigel, soft agar sphere
formation assays, and suspension culture. In terms of the suspension culture experiment, we
cannot completely rule out the possibility that Brg1 ablation might impair the sphere formation

by inhibiting cell aggregation, but not by inhibiting stem-like property. However, we concluded
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that Brg1 is critical for stem-like property, because cell aggregation did not affect the results
of the other two sphere formation assays.

We found that Brg1 activates the hypoxia pathway through supporting HIF-1a binding to
the hypoxia responsive elements of HIF target genes based on transcriptomic and ChIP
analyses of mouse PDAC cells. We discovered that the hypoxia pathway is a mediator of
Brg1 in mouse PDAC and that Hif7a silencing partially phenocopied mouse Brg1 KO PDAC
cells. Increased expression of HIF-1a or HIF-2a has been reported in many types of cancer
including PDACI25], and the expression of both genes increased in cancer stem cells. Each
HIF-a subunit is necessary for cancer stemness in several types of cancer, including
PDACI|25, 26]. In this study, Hif1a silencing did not produce a complete phenocopy, probably
because HIF-2a may play an important role in the proliferation, stemness, and metastasis of
mouse PDAC cells. As a limitation of this study, we did not investigate the correlative
relationship between the hypoxia pathway and cell viability or inhibition of cell death. Future
study is needed to clarify how Brg1 regulates stem-like property and metastasis through the
hypoxia pathway in more detail.

We found that Brg1 plays an important role in PDAC growth by supporting cell-cycle
progression and cell survival in both in vivo and in vitro experiments. Previous studies showed
that BRG1 is involved in proliferation in association with TOPIlla[27, 28], cell-cycle related
genes[29, 30], and phosphoinositide-3-kinase-protein kinase B/AKT (PI3K/AKT) pathway[31-
33] by in vitro studies. In this work, the precise mechanism of Brg1 regulation of cell-cycle
progression was unclear, however, transcriptomic analysis suggested that the MYC pathway
could be a mediator, since it has long been known to be associated with proliferation;
moreover, gene sets of MYC targets were downregulated both in Brg1 KO mouse PDAC cells

and in human PDAC samples with low Brg1 expression.
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We showed that BRG1 expression was positively correlated with the hypoxia pathway and
that BRG1 was also essential for proliferation and stem-like property of both human PDAC
and mouse PDAC cells. Given that Brg1 is expressed in around 80% of human PDAC[5] , we
have provided novel and significant insights that suggest therapeutic approaches. Moreover,
the expression levels of BRG1was significantly correlated with the inhibitory effect of BRG1
suppression on proliferation and stem-like property in human PDAC cells. Future study is
needed to determine if the BRG1 is an effective therapeutic target in BRG1-expressing
human PDAC, as well as whether the expression level of BRG1 provide suitable biomarkers
for BRG1-targeted therapy.

The role of SWI/SNF complex in cancer is context dependent and each subunit functions
differently. As for BRG1, as described above, Brg1 has an opposite function in PDAC initiation
and progression depending on its stage and cell type: Brg1 inhibits formation of duct cell-
originated IPMN-derived PDAC initiation, whereas Brg1 plays a critical role for PDAC
progression. In lung cancer and cancer of unknown primary site, BRG1 loss is associated
with poor prognosis for survival in non-small cell lung cancer, indicating that BRG1 has a
tumor-suppressive role in these cancer types[34]. In contrast, BRG1 suppression reduces
proliferation in other cancer types[6-8] . These findings underscore the context-dependent
role of BRG1 in cancer depending on cancer cell types. The role of BRM, a mutually exclusive
subunit of BRG1, also differs between cancer types. Loss of BRM leads to worse prognosis
in lung cancer[35], which is opposite of pancreatic cancer[9]. BRM suppression reduces
proliferation in several cancer types[36, 37]. ARID1A, the most mutated subunit in the
SWI/SNF complex in cancer, also has a context-dependent role in several cancer types. In
PDAC, we previously reported that Arid1a suppresses duct cell-originated IPMN-derived
PDAC formation similarly to Brg1[38]. Other group showed that Arid1a also suppresses

PanIN-derived PDAC formation[39, 40], which is the opposite function to Brg1 in terms of
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initiation of PanlIN-derived PDAC. Arid1a also has the context-dependent roles in
hepatocellular carcinoma[41]. Arid1a promotes initiation of hepatocellular carcinoma,
whereas its loss promoted progression and metastasis of liver tumors. Collectively, the
function of subunits of the SWI/SNF complex in cancer differs depending on cancer cell types,
stage of carcinogenesis. Thus, targeting SWI/SNF complex for cancer therapy may be
complicated.

For developing therapy targeting BRG1, investigation of its effect on the normal tissues
cannot be avoided. Brg1 is dispensable for pancreatic development[10], however, we
previously showed that Brg1 is essential for intestinal stem cells and intestinal crypt-villous
formation[42]. BRG1 is also required for hematopoietic stem cells and neural stem cells[43]
as well as liver regeneration[44]. Therefore, BRG1 inhibition can affect the normal tissues.
Careful assessment of the effect of BRG1 inhibition on normal tissues is needed for
developing therapy targeting BRG1.

In conclusion, we demonstrated that Brg1 plays a crucial role for cell survival and growth
of spontaneously developed PDAC. We also showed that Brg1 is essential for metastasis
and the cancer stem-like property of PDAC cells in mice partially by regulating HIF-1a binding
to the hypoxia responsive elements of HIF-1a target genes to directly regulate their

expression. Therefore, BRG1 may be a novel therapeutic target for PDAC.
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Materials & Methods
Detailed methods are described in Supplementary Materials and Methods. Primer sequences
are described in Supplementary Table 1, 2, 3, and 4. Primer antibodies are listed in

Supplementary Table 5.

Mice.

The following strains were used: Brg1/°x (a gift from David Reisman, University of Florida,
Gainesville, Florida, USA, with permission from Pierre Chambon, University of Strasbourg
Institute for Advanced Study, Strasbourg, France)[45], Pdx1-Flp, KrasSF-G12D and R26FSF-
CreERT2118]. Mice were crossed in a mixed background, with no selection for a specific sex.
Tamoxifen (Sigma-Aldrich, St. Louis, MO) was dissolved in corn oil (20 mg/ml) and
administered intraperitoneally, with each mouse receiving 2 mg in each injection. All animal
experiments were approved by the animal research committee of Kyoto University and

performed in accordance with Japanese government regulations.

RNA isolation and quantitative real-time PCR (qRT-PCR) analysis.

RNA was isolated using the RNeasy Kit (QIAGEN, Venlo, Nederland). Complementary DNA
was synthesized using the ReverTra Ace gPCR RT Kit (Toyobo, Osaka, Japan). Quantitative
PCR (gqPCR) was performed with a SYBR Green—based gene-expression assay using a
LightCycler 96 System (Roche, Basel, Switzerland). Expression levels were normalized using
Actb (mouse) or ACTB (human) as a reference gene. Primer sequences for the analyzed
genes are listed in Supplementary Tables 2 and 3. All reactions were performed in duplicate

or triplicate.

Histology and immunostaining.
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Mouse tissue was fixed in 4% w/v paraformaldehyde in PBS for 2 days at 4°C, dehydrated
into 70% v/v ethanol, embedded in paraffin, and cut into 5 ym thick sections. Paraffin-
embedded sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin
(H&E) or used for immunostaining. For immunostaining, sections were incubated with 3% v/v
H202 for 10 min to quench endogenous peroxidases, incubated with citric acid buffer (pH 6.0)
or EDTA buffer (pH 8.0) for 15 min at 98°C for antigen retrieval, and blocked using blocking
solution (Dako) for 30 minutes at RT. Incubation with primary antibodies were either overnight
at 4°C or for 2 h at RT. Secondary antibody incubation was for 1 h at RT using biotinylated
secondary antibody (Vector Laboratories, Burlingame, CA). Slides were developed using the
VECTASTAIN ABC Kit (Vector Laboratories) and Liquid DAB+ Substrate Chromogen System
(Dako), followed by counterstaining with hematoxylin. For immunofluorescence staining,
antigen retrieval, blocking, and primary antibody incubation were performed as described
above. Sections were then incubated with fluorescence-conjugated secondary antibody
(Thermo Fisher Scientific, Waltham, MA) for 1 h at RT, followed by staining with Hoechst
solution to visualize nuclei.

Dilutions of primary antibody are listed in Supplementary Table 5.

Cytokeratin 19 (CK19) positive areas were measured using Image J software (NIH Image).

Human PDACs specimens.
Surgically resected specimens of human pancreatic cancer tissues were obtained from
patients who had been admitted to Kyoto University Hospital. The study protocol (#G1200-1,

R2904) was approved by the Ethics Committee of Kyoto University Hospital.

Statistical analysis.

In vitro and in vivo data are presented as means + standard errors of the mean (SEM).
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All statistical analyses were performed using either GraphPad Prism (version 6.0) or

Microsoft Excel 2016.
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Figure Legends

Figure 1. Brg1 plays an important role in the growth of spontaneously developed
invasive PDAC in mice.

(A) Genetic strategy to ablate Brg1 upon tamoxifen administration in established PDAC in
Pdx1-Flp; KrasFSF-G12D/: Trp53*; Rosa26FSF-CreERT2: Brg1loxiox (BKPFC or Brg1 KO) mice.
(B) Experimental design of sonographic analysis and tamoxifen administration. Tamoxifen
was administered intraperitoneally (2 mg per mouse) for 7 d.

(C) Percentage of Brg1-positive PDAC cells after one-week tamoxifen administration in
BKPFC (Brg1 KO) mice. n = 6.

(D) Rate of PDAC volume change analyzed by ultrasound scan in BKPF (control) mice (n =
10) and BKPFC (Brg1 KO) mice (n = 6) after one-week tamoxifen administration.

(E) Representative sonographic images of PDAC tumors before and after tamoxifen
administration.

(F) Fluorescence micrographs of PDAC after one-week tamoxifen administration for Brg1
(green), cytokeratin (CK) (red), Ki67 (white), and the merged image. Scale bar, 100 pm.

(G) Quantification of Ki67-positive PDAC cells in control mice (all PDAC cells were Brg1-
positive) (n = 5) and of Brg1-negative PDAC cells in Brg1 KO mice (n = 6).

(H) Representative histology of PDAC after one-week tamoxifen administration stained with
haematoxilin and eosin (H&E) and stained to detect cytokeratin 19 (CK19), Brg1, and
cleaved-caspase 3 (CC3). Scale bar, 100 um.

(I) Quantification of CC3-positive cells in PDAC of control (n = 5) and Brg1 KO mice (n = 6).

All data are stated as mean = SEM. *p < 0.05, Student’s t-test.

Figure 2. Brg1 is critical for cell proliferation and survival of PDAC cells in vitro.

(A) Experimental design of 4-OHT administration preceding assays shown in (B)-(H). 4-OHT
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was administered in the Brg1 KO group and methanol (MeOH) was administered in the
control (control) group both at 1uM. Scale bar, 100 pm.

(B, C) Efficiency of Brg1 knockout with 4-OHT administration on mRNA levels (B) and protein
levels (C).

(D) Representative images of the clonogenic assay. 4-OHT was administered after seeding
of PDAC cells onto 6-well plates.

(E) Sequential quantification of PDAC cell viability of control and Brg1 KO groups. 4-OHT
was administered day 1,2, and 3.

(F, G) Cell cycle analysis with EdU and propidium iodide (Pl). Representative images (F) and
percentages of EdU-positive S phase PDAC cells (G). n=3.

(H) Percentage of Annexin V-positive PDAC cells. n = 3.

(I) Experimental design for subcutaneous transplantation of PDAC cells and tamoxifen
administration. Tamoxifen was administered intraperitoneally 5 d per week 14 d after
transplantation.

(J) Subcutaneous tumors on day 25 after transplantation.

(K) Volume of subcutaneous tumors on the indicated days after transplantation.

(L) Quantification of Ki67-positive PDAC cells in the subcutaneous tumors of the control (n =
6) and Brg1 KO (n = 10) groups.

(M) Quantification of CC3-positive PDAC cells in the subcutaneous tumors of the control (n
= 6) and Brg1 KO (n = 10) groups.

(N) Representative images of subcutaneous tumors stained with H&E and for Brg1, CK19,
Ki67, and CC3. Scale bar, 100 pm.

All data are shown as mean + SEM. *p < 0.05, Student’s t-test.
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Figure 3. Brg1 plays an essential role for liver metastasis of mouse PDAC cells by
inhibiting apoptosis in vivo.

(A) Experimental design for 4-OHT administration to PDAC cells in vitro and intrasplenic
injection. 4-OHT and methanol were administered daily for 3 d at 1 yM with splenic injection
performed on day 4.

(B) Representative images of liver metastases 14 d after splenic injection.

(C) Percentage of liver weight to body weight 14 d after splenic injection in the control (n = 3)
and Brg1 KO (n = 5) groups.

(D) Representative images of CK19 staining of liver metastases.

(E) Percentage of CK19-positive area determined by combining five independent sections
together in the control (n = 3) and Brg1 KO (n = 5) groups.

(F) Representative images of liver metastases stained with H&E and immunostained for
CK19, Brg1. Scale bar, 100 pm.

(G) Percentage of Brg1-positive PDAC cells in each metastatic lesion in the liver of Brg1 KO
group. n = 10.

(H) Representative bioluminescence imaging of PDAC cells in the liver after intrasplenic
injection.

(I) Bioluminescence plot of liver metastases at indicated time points after intrasplenic injection
in the control (n = 5) and Brg1 KO (n = 4) groups.

(J) Representative images of liver metastases 4 d after intrasplenic injection stained with H&E,
and immunostained for Brg1, CK and CC3 in combination with Hoechst 33342 for nuclear
staining. Scale bar, 100 pym.

(K) Percentage of CC3-positive cells to CK-positive metastatic PDAC cells.

All data are shown as mean * SEM. *p < 0.05, Student’s t test.
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Figure 4. Brg1 is critically important for cancer stem-like property of PDAC cells.

(A) Relative mRNA levels of indicated genes related to PDAC stem cells as determined by
gRT-PCR in PDAC cells treated with methanol (control) or 4-OHT (Brg1 KO) daily for 3 d. n
= 3.

(B) Representative images of Matrigel limiting dilution assays and table showing numbers of
sphere-containing wells per 5 wells. PDAC cells were seeded in Matrigel after treated with
methanol (control) or 4-OHT (Brg1 KO) daily for 3 d. Scale bar, 200 pm.

(C) Representative images of soft agar colony formation assays. Scale bar, 500 um.

(D) Quantification of colonies in soft agar colony formation assays. n = 3.

(E) Experimental design for Annexin V analysis on attached (att) and detached (det)
conditions. PDAC cells were seeded on adherent culture plates and treated with methanol
(control) or 4-OHT (Brg1 KO) daily for 3 d. Cells were analyzed on day 4 for attached condition
and passaged to cell-repellent culture plates on day 3 and analyzed on day 4 for detached
condition.

(F) Representative images of PDAC cells in suspension culture on day 4. Scale bar, 200 ym.
(G) Annexin V-FITC and ethidium homodimer Il assays.

(H) Percentages of Annexin V-positive PDAC cells. n = 3.

All data are shown as mean + SEM. *p < 0.05, Student’s t-test.

Figure 5. Brg1 plays a critical role for metastasis and cancer stem-like property of
PDAC cells through directly regulating the expression of HIF target genes.

(A) Heatmap visualization of differentially expressed genes with hierarchical clustering
analysis.

(B) Volcano plot of transcriptomic data. Genes downregulated in Brg1 KO PDAC cells with

fold change < 0.5 and p-value < 0.05 were colored with blue and genes upregulated in Brg1
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(C) Hallmark gene sets significantly downregulated in Brg1 KO PDAC cells.

(D) Significantly downregulated gene sets associated with stemness in Brg1 KO PDAC cells.
(E) Venn diagram of genes with Brg1 peaks, genes with H3K27ac peaks, and genes with
H3K27ac peaks which were significantly reduced when Brg1 was knocked out (“H3K27ac
down”). Genes in the intersections of different circles had overlapping regions of both peaks.
(F) Venn diagram of genes with overlapping peaks between Brg1 and “H3K27ac down” and
genes whose mRNA expression were downregulated with fold change < 0.7 in Brg1 KO
PDAC cells in the transcriptomic data.

(G) Pathway analysis of the genes which is common to both regions shown in (F).

Figure 6. Brg1 directly regulates the expression of HIF target genes in PDAC cells.

(A, B) PDAC cells were treated as indicated in Fig. 4E.

(A) Relative mRNA levels of Hif1a and HIF target genes determined by qRT-PCR. n = 3.

(B) Immunoblot for Brg1, HIF-1a, HIF target gene Bnip3, CC3, and B-Actin.

(C) Enrichment of HRE motifs in Brg1 and “H3K27ac down” overlapping lesion based on
ChlP-seq data.

(D) ChIP-gPCR of HIF-1a at the representative HRE regions in control and Brg1 KO PDAC
cells. Relative fold enrichment of HIF-1a over IgG on the HRE regions of indicated HIF target
genes.n =5,

(E) Representative images of liver metastases 4 d after intrasplenic injection immunostained
for Brg1; HIF target genes Bnip3 and Bcl-xL; and HIF-1a. Images stained for Brg1, Bnip3,
and Bcl-xL were serial sections in control and Brg1 KO groups, respectively. Arrowheads
indicate Brg1-deleted PDAC cells. Scale bar, 100 pm.

(F) Efficiency of Hif1a knockdown by shHif1a lentivirus transduction in mouse PDAC cells.



835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

Two different shHif1a constructs were used.

(G) Quantification of PDAC cell viability of control and Hif1a knockdown PDAC cells. n = 3.
(H, 1) Matrigel sphere formation assay of control and Hifia knockdown PDAC cells. (J)
Representative images of spheres. Scale bar, 200 um. (K) Sphere formation rates. n = 4.
(J-M) Liver metastases after intrasplenic injection of control and Hif1a knockdown PDAC cells.
(J) Bioluminescence images on day 6. (K) Sequential plot of bioluminescence signal
intensities of liver metastases at indicated time points after intrasplenic injection. (L)
Representative images of liver metastases on day 8 after intrasplenic injection. (M)
Percentage of liver weight to body weight on day 8 after intrasplenic injection in control (n =
4) and Hif1a knockdown (shHif1a #1, n = 3; shHif1a #2, n = 3) groups.

All data are shown as mean + SEM. *p < 0.05, Student’s t-test.

Figure 7. Brg1 expression is a predictive determinant of BRG1 knockdown efficacy of
suppression of human PDAC cell proliferation and stem-like property.

(A) Hallmark gene sets significantly downregulated in human PDAC samples with low Brg1
expression. RNA-seq data obtained from TCGA database and samples with Brg1 expression
in the top quartile and bottom quartile were compared by GSEA.

(B) Gene sets associated with stemness significantly downregulated in low Brg1 expression
group in GSEA of human PDAC samples.

(C) Gene sets associated with the hypoxia pathway significantly downregulated in low Brg1
expression group in GSEA of human PDAC samples.

(D) Viability of human PDAC cell lines on day 1, 3 and 5 treated with siCtrl or siBRG1 on day
1. MIA PaCa-2, n = 3; BxPC3, CFPAC-1, n = 5; the others, n = 4.

(E) Matrigel sphere formation assays of human PDAC cell lines treated with siCtrl or siBRG1.

PDAC cells treated with siRNA for 24 h were embedded in Matrigel and analyzed on day 5.
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n=3.

(F) Relative viability of human PDAC cells treated with siBRG1 compared to siCtrl on day 5
shown in (D).

(G) Relative sphere formation rate of human PDAC cells treated with siBRG1 compared to
siCtrl shown in (E).

(H) Immunoblotting of extracts from each human PDAC cell line for BRG1 and HIF-1a.

(I Relative quantification of the band density of BRG1 and HIF-1a calculated by dividing with
the B-Actin from panel (H). n = 3.

(J) Relative mRNA levels of BRG1 by gRT-PCR in human PDAC cells. n = 3.

(K) Correlation between the relative viability calculated in (F) and BRG1 and HIF-1a protein
expression in each human PDAC cell line. Scatter plot represents the correlation between
the relative viabilty and BRG1 protein expression. X-axis represents relative BRG1
expression of each human PDAC cell line to that of BxPC3.

(L) Correlation between the relative sphere forming rate calculated in (G) and BRG1 and HIF-
1a protein expression in each human PDAC cell line. Scatter plot represents the correlation
between the relative sphere forming rate and BRG1 protein expression. X-axis represents
relative BRG1 expression of each human PDAC cell line to that of BxPC3.

All data are shown as mean + SEM. *p < 0.05. Student’s t-test.
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Figure 7
A GSEA on human TCGA data

downregulated in low Brg1 expression group
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