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Abstract 34 

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease. We previously 35 

reported that chromatin remodeler Brg1 is essential for acinar cell-derived PDAC formation 36 

in mice. However, the functional role of Brg1 in established PDAC and its metastasis remains 37 

unknown. Here, we investigated the importance of Brg1 for established PDAC by using a 38 

mouse model with a dual recombinase system. We discovered that Brg1 was a critical player 39 

for the cell survival and growth of spontaneously developed PDAC in mice. Additionally, Brg1 40 

was essential for metastasis of PDAC cells by inhibiting apoptosis in splenic injection and 41 

peritoneal dissemination models. Moreover, cancer stem-like property was compromised in 42 

PDAC cells by Brg1 ablation. Mechanistically, the hypoxia pathway was downregulated in 43 

Brg1-deleted mouse PDAC and BRG1-low human PDAC. Brg1 was essential for HIF-1α to 44 

bind to its target genes to augment the hypoxia pathway, which was important for PDAC cells 45 

to maintain their stem-like properties and to metastasize to the liver. Human PDAC cells with 46 

high BRG1 expression were more susceptible to BRG1 suppression. In conclusion, Brg1 47 

plays a critical role for cell survival, stem-like property and metastasis of PDAC through the 48 

regulation of hypoxia pathway, and thus could be a novel therapeutic target for PDAC. 49 

  50 



Introduction 51 

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer-related 52 

mortality. Despite many efforts to develop effective therapies over several decades, the 5-53 

year survival of PDAC patients is approximately 10%, and even worse in patients with distant 54 

metastases. Thus, there is an urgent need for new therapeutic approaches to treat this lethal 55 

disease. To this end, it is crucial to identify the decisive factors that control PDAC initiation 56 

and progression and to understand the underlying molecular mechanisms.  57 

ATP-dependent chromatin remodeling complexes are a group of epigenetic regulators that 58 

control gene expression by altering the chromatin structure making it more accessible to DNA 59 

binding factors using energy generated by hydrolyzing ATP[1, 2]. SWI/SNF complex is a 60 

major family of ATP-dependent chromatin remodeling complexes. Approximately 14% of 61 

human PDAC have mutations in genes encoding subunits of SWI/SNF complex, which are 62 

considered to be one of the ten major categories of PDAC mutations[3]. BRG1, also known 63 

as SMARCA4, encodes a catalytic ATPase subunit of the SWI/SNF complex. It is mutated in 64 

only a few percent of human PDAC but is inactivated in approximately 10-20% of human 65 

PDAC specimens[4, 5]. Whether BRG1 functions as a tumor driver or as a tumor suppressor 66 

depends on tumor types. BRG1 is frequently absent and/or mutated in several cancer 67 

types[4], suggesting that it has a tumor suppressive role. Other studies have shown that 68 

BRG1 is necessary for cancer cell proliferation in several cancer types[6-8]. In terms of PDAC, 69 

BRG1 expression has been shown to be significantly correlated with higher-stage and higher-70 

tumor grade[9], which is in conflict with another report of a worse prognosis for patients with 71 

BRG1-deficient PDAC[10]. We previously showed that pancreatic intraepithelial neoplasia 72 

(PanIN), which is pancreatic precancerous lesion, required Brg1 for its formation and also for 73 

its maintenance to avoid apoptosis[5]. However, the function of Brg1 in the progression of 74 

established PDAC is still unknown. 75 



   In PDAC, as well as in other cancer types, stemness promotes each step of metastasis, 76 

from primary tumor to a distant organ. This includes migration from primary lesion and 77 

intravasation[11], as well as colonization and tumor initiation in distant organs[12]. Brg1 78 

supports the maintenance of the stemness in several cancer types as well as in normal 79 

tissue[13-15]. However, the role of Brg1 in cancer metastasis is controversial[16, 17] and its 80 

importance in stemness and metastasis has not been thoroughly explored in PDAC.  81 

   Therefore, in this study, we sought to clarify the function of Brg1 in established PDAC 82 

derived from PanIN and metastasis, as well as to determine whether Brg1 may be a 83 

therapeutic target for invasive PDAC. 84 

  85 



Results 86 

Brg1 plays an important role in growth of spontaneously developed invasive PDAC in 87 

mice. 88 

To assess the BRG1 expression in PDAC, we performed immunohistochemistry for Brg1 89 

on PDAC specimens of mouse and human. We found that the BRG1 expression of most 90 

PDAC cells was higher than that of normal acinar cells in both mouse and human 91 

(Supplementary Fig. 1). To determine the effect of Brg1 knockout (KO) on established 92 

invasive PDAC in vivo, we used a genetically engineered mouse model taking advantage of 93 

a novel dual recombinase system[18]. We crossed Pdx1-Flp; KrasFSF-G12D/+; Trp53frt/+; 94 

Rosa26FSF-CreERT2 mice with Brg1lox/lox mice to generate Pdx1-Flp; KrasFSF-G12D/+; Trp53frt/+; 95 

Rosa26FSF-CreERT2; Brg1lox/lox (BKPFC) mice (Fig. 1A). In this model, Flp-frt recombinase 96 

system induced expression of mutant KrasG12D allele, Trp53 heterozygous allele, and 97 

tamoxifen-inducible CreERT2 allele in the pancreatic epithelium, which led to the development 98 

of spontaneous PDAC derived from PanIN. Administration of tamoxifen allowed us to 99 

inactivate Brg1 by utilizing the Cre-loxP system after PDAC was established.  100 

We first assessed the effect of Brg1 ablation on the growth of PDAC tumor by ultrasound 101 

scan analysis using this spontaneously developed PDAC mouse model (Fig. 1B); Pdx1-Flp; 102 

KrasFSF-G12D/+; Trp53frt/+; Brg1lox/lox (BKPF) mice as control group and BKPFC mice as Brg1 103 

KO group. Since the knockout efficiency of Brg1 after one-week tamoxifen administration was 104 

varied for each PDAC tumor, we included to the analysis the tumors of Brg1 KO group in 105 

which more than fifty percent of PDAC cells were Brg1-negative for histological evaluation 106 

(Fig. 1C). Comparison of the size of PDACs between before and after the tamoxifen 107 

administration showed that the growth rate of the PDAC tumors in Brg1 KO group was 108 

significantly smaller than that in control group (Fig. 1D, E).  109 

Proliferation and apoptosis in Brg1 KO cells in established PDAC were analyzed by 110 



immunohistochemistry (Fig. 1F-I). There were significantly fewer Ki67-positive proliferative 111 

PDAC cells (Fig. 1F, G) and more cleaved caspase 3 (CC3)-positive apoptotic PDAC cells 112 

(Fig. 1H, I) in Brg1 KO tumors than in controls. These results indicated that Brg1 loss 113 

impacted the maintenance of spontaneously developed invasive PDAC in mice through 114 

suppressing both proliferation and survival of PDAC cells. 115 

 116 

Brg1 is essential for cell proliferation and survival of PDAC cells in vitro. 117 

To further investigate the effect of the Brg1 ablation on PDAC cells, we established PDAC 118 

cell lines from PDAC tumors developed in BKPFC mice and ablated Brg1 by administrating 119 

4-hydroxytamoxifen (4-OHT) in vitro (Fig. 2A). Brg1 expression was almost completely 120 

absent at both the RNA (Fig. 2B) and protein (Fig. 2C) levels. Cell viability assays showed 121 

that Brg1 loss markedly suppressed the growth of PDAC cells in vitro (Fig. 2D, E). Cell cycle 122 

analysis showed that Brg1 ablation significantly reduced the number of S phase PDAC cells 123 

(Fig. 2F, G), indicating that the cell cycle was inhibited. Annexin V assays revealed that Brg1 124 

loss significantly affected the viability of PDAC cells (Fig. 2H).  125 

The effect of Brg1 ablation on the growth of murine PDAC cells was measured by using 126 

a subcutaneous transplantation model (Fig. 2I). Consistent with the data from the 127 

spontaneously developed PDAC mouse model and the in vitro model, Brg1 loss restricted 128 

the PDAC cell growth in the subcutaneous transplantation model (Fig. 2J, K). Histology 129 

revealed significantly fewer Ki67-positive proliferative cells (Fig. 2L, N) and significantly more 130 

CC3-positive apoptotic cells in Brg1-ablated PDAC cells than in control PDAC cells (Fig. 2M, 131 

N). Collectively, Brg1 is essential for both cell proliferation and survival of mouse PDAC cells 132 

through regulation of the cell cycle and inhibition of apoptosis in vitro and in vivo. 133 

 134 

Brg1 plays an essential role in metastasis of mouse PDAC cells through inhibiting 135 



apoptosis. 136 

We next investigated the role of Brg1 for the metastatic potential of mouse PDAC cells 137 

by utilizing an intrasplenic injection model (Fig. 3A). Macroscopically, numerous liver 138 

metastases were formed in mice transplanted with control PDAC cells at 14 days after 139 

intrasplenic injection, whereas liver metastases were rarely formed in mice transplanted with 140 

Brg1 KO PDAC cells (Fig. 3B, C). Immunostaining revealed a dramatically reduced number 141 

of CK19 positive metastatic sites in the liver of mice transplanted with Brg1 KO PDAC cells 142 

compared with control PDAC cells (Fig. 3D, E). Notably, almost all the rare liver metastatic 143 

lesions formed in mice injected with Brg1 KO PDAC cells were composed of Brg1-positive 144 

PDAC cells (Fig. 3F, G), indicating these lesions derived from Brg1-positive “escaper” cells. 145 

These data suggested that Brg1 plays an essential role in liver metastasis of mouse PDAC 146 

cells in vivo.  147 

We next investigated kinetics of Brg1 KO PDAC cells in the liver after splenic injection 148 

by tracing the luciferase signal transfected to cancer cells. Bioluminescence imaging analysis 149 

revealed that control PDAC cells expanded continually in the liver after the splenic injection, 150 

whereas Brg1 KO PDAC cells increased until day 4, then gradually decreased, and finally 151 

disappeared around 6 to 8 days after the injection (Fig. 3H, I). Histological analysis showed 152 

that significantly increased numbers of apoptotic cells were present in Brg1 KO group than in 153 

control group 4 days after transplantation (Fig. 3J, K). These results showed that Brg1 KO 154 

PDAC cells initially colonize the liver parenchyma, then gradually decrease and eventually 155 

disappear due to apoptosis. 156 

To further investigate the importance of Brg1 in advanced stage of tumorigenesis, we 157 

transplanted Brg1 KO PDAC cells into the abdominal cavities of C57BL/6 mice to mimic 158 

peritoneal dissemination (Supplementary Fig. 2A). Numbers of peritoneal dissemination were 159 

observed in mice transplanted with control PDAC cells, whereas peritoneal dissemination 160 



was not formed in mice transplanted with Brg1 KO PDAC cells (Supplementary Fig. 2B). 161 

Bioluminescence imaging confirmed peritoneal dissemination in mice transplanted with 162 

control PDAC cells, whereas Brg1 KO PDAC cells did not expand and eventually disappeared 163 

(Supplementary Fig. 2C, D). Thus, Brg1 is also essential for peritoneal dissemination of 164 

mouse PDAC cells in vivo. 165 

These results further strengthen the conclusion that Brg1 is required for distant 166 

metastasis of mouse PDAC cells through inhibiting apoptosis in vivo. 167 

 168 

Brg1 regulates stem-like properties of PDAC cells. 169 

Given the potential importance of cancer stem cells in metastasis[12], we tested if 170 

cancer stemness property is compromised in Brg1 KO PDAC cells. Expression of the stem 171 

cell markers such a Aldh1a1, Epcam, Nes, and Jag1 was significantly downregulated in Brg1 172 

KO PDAC cells compared to those in control PDAC cells (Fig. 4A). Sphere formation assays 173 

in three-dimensional (3D) conditions showed that Brg1 KO PDAC cells formed significantly 174 

fewer spheres than control PDAC cells both in Matrigel (Fig. 4B) and soft agar (Fig. 4C, D). 175 

In addition, evaluation of apoptosis in a suspension culture, which was known to be enriched 176 

with cancer stem cells, compared to in an adherent culture (Fig. 4E, F) showed that 177 

significantly increased apoptosis was observed in Brg1 KO PDAC cells compared to control 178 

PDAC cells in both culture conditions, although a more prominent difference was seen in 179 

suspension culture (Fig. 4G, H). Thus, these results indicated that Brg1 regulates cancer 180 

stem-like property of mouse PDAC cells and suggested that loss of cancer stem-like property 181 

by Brg1 ablation results in apoptotic cell death and compromised metastatic potentials of 182 

PDAC cells in mice. 183 

 184 

Brg1 has a tumor promotive role in PDAC cells in the context of Trp53 null condition.  185 



In the lung cancer, previous reports showed that loss of Brg1 concurrently with Trp53 186 

loss increases tumor burden and shortens survival [19]. We next investigated whether loss 187 

of Brg1 in the context of homozygous Trp53 loss might give a different phenotype from that 188 

in the heterozygous Trp53 loss background. To this end, we generated Pdx1-Flp; KrasFSF-189 

G12D/+; Trp53frt/frt; Rosa26FSF-CreERT2; Brg1lox/lox (BKPhomoFC) mice and established a PDAC cell 190 

line from a PDAC tumor developed in BKPhomoFC mice. After confirming that Brg1 was 191 

efficiently knocked out with 4-OHT treatment in those PDAC cells (Supplementary Fig. 3A), 192 

we found that PDAC cells with Trp53 homozygous deletion represented exactly the same 193 

phenotype as those with Trp53 heterozygous deletion, as determined by cell viability assay, 194 

subcutaneous transplantation experiments, sphere formation assay, and intrasplenic 195 

transplantation experiments (Supplementary Fig. 3B-G).  Furthermore, we next evaluated the 196 

Trp53 status of PDAC cells from both BKPFC and BKPhomoFC mice and found that Trp53 wild 197 

type allele was deleted in all three different PDAC cell lines from BKPFC mice 198 

(Supplementary Fig. 3H) and that there was no Trp53 expression in all BKPFC PDAC cells, 199 

as determined by qRT-PCR analysis (Supplementary Fig. 3I). Therefore, Brg1 has a tumor 200 

promotive role in PDAC cells in the context of Trp53 null condition as well. 201 

 202 

Brg1 ablation downregulates metabolic pathway, cell cycle, and stemness genes. 203 

To provide insights into the molecular mechanism, we performed unbiased transcriptomic 204 

analysis of Brg1 KO PDAC cells. The gene expression patterns were analogous among three 205 

different Brg1 KO BKPFC PDAC samples (Fig. 5A). Five hundred and seventy-three and 629 206 

genes were upregulated and downregulated in Brg1 KO PDAC cells relative to control PDAC 207 

cells, respectively (Fig. 5B). Gene-set enrichment analysis (GSEA) revealed that there were 208 

much more hallmark gene sets significantly downregulated than upregulated in Brg1 KO 209 

PDAC cells compared with control PDAC cells with only the INTERFERON ALFA 210 



RESPONSE gene set upregulated (Fig. 5C). Meanwhile, downregulated hallmark gene sets 211 

in Brg1 KO PDAC cells included those associated with the cell cycle (G2M_CHECKPOINT, 212 

E2F_TARGETS) and metabolic pathways (CHOLESTEROL_HOMEOSTASIS, HYPOXIA, 213 

GLYCOLYSIS). This was consistent with our previous result that Brg1 regulates cell-cycle 214 

progression. Moreover, among the curated gene sets, gene sets related to embryonic stem 215 

cells were significantly downregulated in Brg1 KO PDAC cells, consistent with the findings 216 

that the stem-like property was impaired in Brg1 KO PDAC cells (Fig. 5D). 217 

Brg1 and Brm function as mutually exclusive catalytic subunits of the SWI/SNF complex. 218 

To examine whether there was compensatory upregulation of Brm in response to Brg1 219 

deletion, we investigated the expression of the other SWI/SNF subunits in Brg1 KO PDAC 220 

cells by using microarray data (Supplementary Fig. 4A). The expression of Brm was not 221 

increased in Brg1 KO PDAC cells compared to control PDAC cells, indicating that 222 

compensatory upregulation of Brm did not occur in Brg1 KO PDAC cells. On the other hand, 223 

the expression of other SWI/SNF subunits, such as Arid1b and Arid2, was upregulated in 224 

Brg1 KO PDAC cells compared to control PDAC cells, suggesting the possibility that 225 

compensatory upregulation of these subunits was observed in Brg1 KO PDAC cells. 226 

 227 

Brg1 functions as a chromatin opener and directly regulates expression of genes 228 

including HIF-1 signaling pathway. 229 

Transcriptomic data contained the genes which were regulated by Brg1 both directly and 230 

indirectly. To identify the genes that Brg1 directly regulates, we performed ChIP-seq analysis 231 

of Brg1, H3K27ac as an open chromatin marker, and H3K27me3 as a closed chromatin 232 

marker. Most genes with Brg1 peaks had Brg1-H3K27ac overlapped peaks (Fig. 5E), 233 

consistent with previous reports showing that the SWI/SNF complex functions as a chromatin 234 

opener[20]. In accordance with this context, few Brg1 peaks overlapped with the H3K27me3 235 



peaks (Supplementary Fig. 5A). Some of the H3K27ac peaks were significantly decreased 236 

by Brg1 KO (“H3K27ac down” peaks) and more than half of the genes with “H3K27ac down” 237 

peaks were overlapped with the genes which had Brg1 peaks (Fig. 5E), indicating that Brg1 238 

directly regulated their chromatin states. In contrast, none of H3K27me3 peaks were altered 239 

by Brg1 KO, further supporting the notion that the SWI/SNF complex functions as a chromatin 240 

opener.  241 

Next, we analyzed the distribution of the peaks over genomic regions. By comparing the 242 

distribution of Brg1 binding regions with that of Brg1- “H3K27ac down” overlapping regions, 243 

we found that Brg1 directly regulated the chromatin state rather in intergenic regions such as 244 

enhancers than in promoters (Supplementary Fig. 5B). Motif analysis revealed that each AP-245 

1 component was enriched in Brg1-binding sites and no apparent difference was seen in 246 

Brg1 directly regulating sites (Supplementary Fig. 5C, D). These results are consistent with 247 

the previous study showing that AP-1 binds to enhancers with SWI/SNF complex[21].  248 

To determine the genes that Brg1 directly regulates in PDAC cells, we integrated ChIP-249 

seq and microarray data to search for genes that had Brg1- “H3K27ac down” overlapping 250 

peaks and were downregulated by Brg1 KO in the same PDAC cells and identified 797 genes 251 

(Fig. 5F). Pathway analysis of these genes identified the potential pathways that Brg1 directly 252 

regulates, including HIF-1 signaling pathway and metabolic pathway (Fig. 5G). 253 

 254 

Brg1 directly regulates expression of HIF target genes in PDAC cells. 255 

Given the transcriptomic and ChIP-seq data, we focused on the hypoxia pathway, 256 

because it was commonly seen in the results of both analyses (“hypoxia” in GSEA of 257 

microarray data, “HIF-1 signaling pathway” in pathway analysis of Brg1 directly regulated 258 

genes).  Expression of HIF target genes such as Bnip3, Vegfa, Trf, and Bcl2l1, was 259 

upregulated in the detached condition in control PDAC cells, which was in agreement with 260 



the previous report[22] (Fig. 6A, B).  In Brg1 KO PDAC cells, the expression of those HIF 261 

target genes was significantly reduced in both the attached and detached conditions 262 

compared to controls. These results suggested that Brg1 regulates the hypoxia pathway, 263 

which is upregulated in stem cells.  264 

On the other hand, there were no differences in HIF-1α expression between control and 265 

Brg1 KO PDAC cells at both the mRNA and protein levels. To investigate the discrepancy of 266 

the expression change between HIF-1α and its target genes, we examined HIF-1α binding to 267 

its regulatory elements. According to the ChIP-seq data, Brg1- “H3K27ac down” overlapping 268 

peaks were enriched with the hypoxia responsive element (HRE) motif (Fig. 6C), which was 269 

considered to be the HIF binding site, suggesting that Brg1 is involved in HIF binding to the 270 

HRE sites of HIF target genes. ChIP assay for HIF-1α in several HRE sites showed that HIF-271 

1α binding to the HRE sites of target genes was significantly reduced in Brg1 KO PDAC cells 272 

compared to controls (Fig. 6D), indicating that Brg1 facilitates HIF-1α binding to the HRE 273 

sites of HIF target genes in order to directly regulate their expression.  274 

Histological analysis of liver metastases 4 days after the splenic injection, when Brg1 KO 275 

PDAC cells started to disappear, showed that HIF-1α was expressed in both control and Brg1 276 

KO PDAC cells, but in contrast, the expression of HIF target genes, including Bnip3 and Bcl-277 

xL, was downregulated in Brg1 KO PDAC cells (Fig. 6E). These IHC results further confirmed 278 

our in vitro findings described above (Fig. 6A, B).  279 

Collectively, these data demonstrated that Brg1 regulates HIF-1α binding to the HRE 280 

sites of HIF target genes in order to directly regulate their expression in PDAC cells in mice. 281 

 282 

Brg1 plays a critical role in cell survival, stem-like property, and metastasis of PDAC 283 

cells through regulating the hypoxia pathway. 284 



We hypothesized that Brg1 promotes proliferation, cancer stem-like property, and 285 

metastasis of PDAC cells through activating the hypoxia pathway. To test this hypothesis, we 286 

next evaluated the effect of suppressing the hypoxia pathway on cell proliferation, cancer 287 

stem-like property, and metastasis of PDAC cells by silencing Hif1a. We introduced shHif1a 288 

into the mouse PDAC cells described above (Fig. 6F). No significant difference in proliferation 289 

was observed between Hif1a-silenced PDAC cells and controls (Fig. 6G). In contrast, the 290 

sphere-forming ability of PDAC cells was significantly attenuated in Hif1a-silenced PDAC 291 

cells compared to controls (Fig. 6H, I). Moreover, intrasplenic injection experiments revealed 292 

significant reduction of liver metastases in Hif1a silenced PDAC cells compared to controls 293 

(Fig. 6J-M).  These results indicated that cancer stem-like property and metastasis are 294 

impaired by Hif1a suppression. 295 

 Collectively, we concluded that Brg1 plays a critical role for cancer stem-like property and 296 

metastasis of PDAC cells, at least in part, through regulating the hypoxia pathway. 297 

 298 

Expression level of BRG1 correlates with the tumor-suppressive effect of BRG1 299 

suppression on proliferation and stem-like property in human PDAC cells.  300 

The human PDAC transcriptomic data from the Cancer Genome Atlas (TCGA) database 301 

were used to compare the specimens with low and high BRG1 expression. In good 302 

agreement with the mouse data, GSEA showed that the similar gene sets were 303 

downregulated in human PDAC with low BRG1 expression compared to high BRG1 304 

expression, including gene sets associated with cell cycle, metabolic pathways, stemness, 305 

and hypoxia pathway (Fig. 7A-C), supporting the notion that BRG1 is important for 306 

augmenting the hypoxia pathway in human PDAC.  307 

The effect of BRG1 suppression on proliferation and stem-like property in human PDAC 308 

cells was investigated using nine human PDAC cell lines with BRG1 suppression by an RNA 309 



interference method using pooled siRNA (Supplementary Fig. 6A). Proliferation and stem-310 

like property were impaired by BRG1 suppression in multiple human PDAC cell lines (Fig. 311 

7D, E), consistent with the mouse data.  To further confirm this finding, we ablated BRG1 in 312 

MIAPaCa-2, AsPC-1, and Panc-1 cells using the CRISPR/Cas9-encoding adenovirus and 313 

found that BRG1 ablation suppressed proliferation and stem-like property in those cells, as 314 

was observed in BRG1 knockdown (Supplementary Fig. 6B, C). Further, the degree of 315 

proliferation and stem-like property inhibition by BRG1 suppression differed among them (Fig. 316 

7F, G). To determine whether these differences were correlated with the protein expression 317 

levels of BRG1 and HIF-1α in each PDAC cell, we examined these protein expressions of 318 

each PDAC cell (Fig. 7H, I).  319 

Initially, Panc-1, Capan-2, and KP4 cells had no observable BRG1 protein expression by 320 

western blotting, with only minor expression of BRG1 mRNA (Fig. 7J), consistent with a 321 

previous report[23]. However, we demonstrated BRG1 protein expression in those PDAC 322 

cells by immunoblotting using a highly sensitive substrate (Supplementary Fig. 6D). 323 

Furthermore, in order to validate on-target activity of siRNAs, we performed the same 324 

experiments by using three different single siRNAs on Panc-1 and Capan-2 (Supplementary 325 

Fig. 6E) and obtained the same results as those using pooled siRNAs. In addition, the 326 

expression of possible off-target genes of those single siRNAs was not changed by 327 

administration of those siRNAs in Panc-1 and Capan-2 cells, as determined by q-PCR 328 

analysis (Supplementary Fig. 7). We also confirmed that BRG1 overexpression rescued the 329 

effect of BRG1 suppression on viability and sphere formation in Panc-1 and KP4 cells 330 

(Supplementary Fig. 6F-I). BRG1 ablation by CRISPR/Cas9 also suppressed the growth of 331 

Panc-1 cells (Supplementary Fig. 6B, C). We validated the frequencies of off-target effect of 332 

adenoviruses bearing sgRNA against BRG1 by sequencing the region downstream of the 333 

target sequences or possible off-target sites and found that off-target effect was extremely 334 



low (Supplementary Fig. 8). The level of BRG1 expression significantly correlated with the 335 

inhibitory effect of BRG1 suppression on proliferation and sphere formation in human PDAC 336 

cells, whereas that was not the case with HIF-1α expression (Fig. 7K, L). The inhibitory effect 337 

of BRG1 suppression did not appear to be related to the mutations of the major tumor 338 

suppressor genes, including CDKN2A, TRP53, and SMAD4. (Supplementary Fig. 6J). 339 

In good agreements with our mouse data, BRG1 suppression inhibits proliferation and 340 

stem-like property of human PDAC cells and expression levels of BRG1 are correlated with 341 

the tumor suppressive effect of BRG1 suppression on proliferation and stem-like property in 342 

human PDAC cells. 343 

 344 

 345 

  346 



Discussion 347 

In this study, to clarify the functions of Brg1 in established PDAC, we developed a 348 

genetically engineered mouse model using a dual recombinase system, which enabled us to 349 

inactivate Brg1 upon tamoxifen administration after PDAC developed in vivo. We established 350 

PDAC cells from these mouse tumors and evaluated the role of Brg1 in proliferation and 351 

metastasis by deleting Brg1, both in vitro and in vivo. We demonstrated for the first time that 352 

Brg1 regulates the cell survival and growth of spontaneously developed PDAC and 353 

metastasis through the control of the cancer stem-like property of PDAC cells in mice. These 354 

data indicate that Brg1 is a promising therapeutic target for PDAC. 355 

     In this study, we found that Brg1 plays a critical role for progression of established PDAC 356 

derived from acinar cell-originated PanIN. Regarding PDAC initiation, our previous report 357 

showed that Brg1 is essential for formation of acinar cell-originated PanIN and PanIN-derived 358 

PDAC, which was mediated by direct regulation of Sox9 by Brg1[5]. As for duct cell-derived 359 

PDAC, Brg1 suppresses formation of duct cell-originated IPMN and IPMN-derived PDAC[10]. 360 

Thus, cell of origin is a critical factor that determines the role of Brg1 in PDAC initiation. In 361 

contrast, regarding progression of established PDAC, another report showed that Brg1 has 362 

a tumor-promoting effect in duct cell-originating IPMN-derived PDAC by supporting a 363 

mesenchymal-like transcriptional landscape[24]. Brg1 re-expression into duct cell-originating 364 

IPMN-derived Brg1 null PDAC cells increased anchorage-independent cell growth and 365 

proliferation, indicating that Brg1 re-expression into Brg1 null PDAC cells enhances 366 

tumorigenicity[24]. In this current study, we showed that Brg1 plays a tumor promoting role 367 

for established PanIN-derived PDAC. Furthermore, the current study for the first time 368 

revealed that Brg1 is essential for metastasis of PDAC cells, which was, mediated, at least 369 

in part, by direct regulation of the hypoxia pathway by Brg1.Therefore, our data together with 370 

the previous reports demonstrate that BRG1 plays a tumor-promotive role for progression of 371 



established PDAC regardless of its cellular origin and premalignant lesion. These data 372 

highlight cell type-specific and context-dependent roles of Brg1 in PDAC initiation and 373 

progression at different stages.  374 

We demonstrated that Brg1 is essential for metastasis of PDAC cells by using splenic 375 

injection and intraperitoneal dissemination models. Furthermore, we showed that the 376 

mechanistic reason why Brg1-negative PDAC cells could only rarely form metastatic lesions 377 

was neither because they were disappeared in the blood stream nor because they could not 378 

anchor to the liver, but because they could not form metastatic lesions after colonization due 379 

to apoptosis. The role of Brg1 in cancer metastasis was ambiguous in previous knockdown 380 

studies with one showing that Brg1 is important for gastric cancer metastasis, whereas 381 

another showed the opposite in colorectal cancer. These differences may result from different 382 

mechanisms in each cancer types, knockdown efficiency of target genes, or from differing 383 

periods between transduction of shRNAs and the transplantation into mice. In our knockout 384 

model, Brg1 was completely deleted in each PDAC cell and Brg1-negative PDAC cells were 385 

established in a short period of time. Thus, we clearly demonstrated that Brg1 is required for 386 

cell survival and metastasis of PDAC cells in vivo. 387 

  We also showed that the cancer stem-like property was compromised in PDAC cells by 388 

Brg1 ablation, consistent with the notion that cancer stemness is a critical factor for 389 

metastasis. Previous studies have demonstrated the importance of BRG1 on cancer stem-390 

cell maintenance in liver cancer[13, 14] and colon cancer[17]. In the current study, we showed 391 

for the first time that Brg1 plays acritical role for the stem-like property of PDAC, as 392 

determined by three different sphere formation assays including Matrigel, soft agar sphere 393 

formation assays, and suspension culture. In terms of the suspension culture experiment, we 394 

cannot completely rule out the possibility that Brg1 ablation might impair the sphere formation 395 

by inhibiting cell aggregation, but not by inhibiting stem-like property. However, we concluded 396 



that Brg1 is critical for stem-like property, because cell aggregation did not affect the results 397 

of the other two sphere formation assays.  398 

We found that Brg1 activates the hypoxia pathway through supporting HIF-1α binding to 399 

the hypoxia responsive elements of HIF target genes based on transcriptomic and ChIP 400 

analyses of mouse PDAC cells. We discovered that the hypoxia pathway is a mediator of 401 

Brg1 in mouse PDAC and that Hif1a silencing partially phenocopied mouse Brg1 KO PDAC 402 

cells. Increased expression of HIF-1α or HIF-2α has been reported in many types of cancer 403 

including PDAC[25], and the expression of both genes increased in cancer stem cells. Each 404 

HIF-α subunit is necessary for cancer stemness in several types of cancer, including 405 

PDAC[25, 26]. In this study, Hif1a silencing did not produce a complete phenocopy, probably 406 

because HIF-2α may play an important role in the proliferation, stemness, and metastasis of 407 

mouse PDAC cells. As a limitation of this study, we did not investigate the correlative 408 

relationship between the hypoxia pathway and cell viability or inhibition of cell death. Future 409 

study is needed to clarify how Brg1 regulates stem-like property and metastasis through the 410 

hypoxia pathway in more detail. 411 

We found that Brg1 plays an important role in PDAC growth by supporting cell-cycle 412 

progression and cell survival in both in vivo and in vitro experiments. Previous studies showed 413 

that BRG1 is involved in proliferation in association with TOPIIa[27, 28], cell-cycle related 414 

genes[29, 30], and phosphoinositide-3-kinase-protein kinase B/AKT (PI3K/AKT) pathway[31-415 

33] by in vitro studies. In this work, the precise mechanism of Brg1 regulation of cell-cycle 416 

progression was unclear, however, transcriptomic analysis suggested that the MYC pathway 417 

could be a mediator, since it has long been known to be associated with proliferation; 418 

moreover, gene sets of MYC targets were downregulated both in Brg1 KO mouse PDAC cells 419 

and in human PDAC samples with low Brg1 expression.  420 



We showed that BRG1 expression was positively correlated with the hypoxia pathway and 421 

that BRG1 was also essential for proliferation and stem-like property of both human PDAC 422 

and mouse PDAC cells. Given that Brg1 is expressed in around 80% of human PDAC[5] , we 423 

have provided novel and significant insights that suggest therapeutic approaches. Moreover, 424 

the expression levels of BRG1was significantly correlated with the inhibitory effect of BRG1 425 

suppression on proliferation and stem-like property in human PDAC cells. Future study is 426 

needed to determine if the BRG1 is an effective therapeutic target in BRG1-expressing 427 

human PDAC, as well as whether the expression level of BRG1 provide suitable biomarkers 428 

for BRG1-targeted therapy.  429 

The role of SWI/SNF complex in cancer is context dependent and each subunit functions 430 

differently. As for BRG1, as described above, Brg1 has an opposite function in PDAC initiation 431 

and progression depending on its stage and cell type: Brg1 inhibits formation of duct cell-432 

originated IPMN-derived PDAC initiation, whereas Brg1 plays a critical role for PDAC 433 

progression. In lung cancer and cancer of unknown primary site, BRG1 loss is associated 434 

with poor prognosis for survival in non-small cell lung cancer, indicating that BRG1 has a 435 

tumor-suppressive role in these cancer types[34]. In contrast, BRG1 suppression reduces 436 

proliferation in other cancer types[6-8] . These findings underscore the context-dependent 437 

role of BRG1 in cancer depending on cancer cell types. The role of BRM, a mutually exclusive 438 

subunit of BRG1, also differs between cancer types. Loss of BRM leads to worse prognosis 439 

in lung cancer[35], which is opposite of pancreatic cancer[9]. BRM suppression reduces 440 

proliferation in several cancer types[36, 37]. ARID1A, the most mutated subunit in the 441 

SWI/SNF complex in cancer, also has a context-dependent role in several cancer types. In 442 

PDAC, we previously reported that Arid1a suppresses duct cell-originated IPMN-derived 443 

PDAC formation similarly to Brg1[38]. Other group showed that Arid1a also suppresses 444 

PanIN-derived PDAC formation[39, 40], which is the opposite function to Brg1 in terms of 445 



initiation of PanIN-derived PDAC. Arid1a also has the context-dependent roles in 446 

hepatocellular carcinoma[41]. Arid1a promotes initiation of hepatocellular carcinoma, 447 

whereas its loss promoted progression and metastasis of liver tumors. Collectively, the 448 

function of subunits of the SWI/SNF complex in cancer differs depending on cancer cell types, 449 

stage of carcinogenesis. Thus, targeting SWI/SNF complex for cancer therapy may be 450 

complicated.  451 

 For developing therapy targeting BRG1, investigation of its effect on the normal tissues 452 

cannot be avoided. Brg1 is dispensable for pancreatic development[10], however, we 453 

previously showed that Brg1 is essential for intestinal stem cells and intestinal crypt-villous 454 

formation[42]. BRG1 is also required for hematopoietic stem cells and neural stem cells[43] 455 

as well as liver regeneration[44]. Therefore, BRG1 inhibition can affect the normal tissues. 456 

Careful assessment of the effect of BRG1 inhibition on normal tissues is needed for 457 

developing therapy targeting BRG1. 458 

In conclusion, we demonstrated that Brg1 plays a crucial role for cell survival and growth 459 

of spontaneously developed PDAC. We also showed that Brg1 is essential for metastasis 460 

and the cancer stem-like property of PDAC cells in mice partially by regulating HIF-1α binding 461 

to the hypoxia responsive elements of HIF-1α target genes to directly regulate their 462 

expression. Therefore, BRG1 may be a novel therapeutic target for PDAC. 463 

464 



Materials & Methods 465 

Detailed methods are described in Supplementary Materials and Methods. Primer sequences 466 

are described in Supplementary Table 1, 2, 3, and 4. Primer antibodies are listed in 467 

Supplementary Table 5. 468 

 469 

Mice. 470 

The following strains were used: Brg1lox (a gift from David Reisman, University of Florida, 471 

Gainesville, Florida, USA, with permission from Pierre Chambon, University of Strasbourg 472 

Institute for Advanced Study, Strasbourg, France)[45], Pdx1-Flp, KrasFSF-G12D, and R26FSF-473 

CreERT2 [18]. Mice were crossed in a mixed background, with no selection for a specific sex. 474 

Tamoxifen (Sigma-Aldrich, St. Louis, MO) was dissolved in corn oil (20 mg/ml) and 475 

administered intraperitoneally, with each mouse receiving 2 mg in each injection. All animal 476 

experiments were approved by the animal research committee of Kyoto University and 477 

performed in accordance with Japanese government regulations. 478 

 479 

RNA isolation and quantitative real-time PCR (qRT-PCR) analysis. 480 

RNA was isolated using the RNeasy Kit (QIAGEN, Venlo, Nederland). Complementary DNA 481 

was synthesized using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). Quantitative 482 

PCR (qPCR) was performed with a SYBR Green–based gene-expression assay using a 483 

LightCycler 96 System (Roche, Basel, Switzerland). Expression levels were normalized using 484 

Actb (mouse) or ACTB (human) as a reference gene. Primer sequences for the analyzed 485 

genes are listed in Supplementary Tables 2 and 3. All reactions were performed in duplicate 486 

or triplicate. 487 

 488 

Histology and immunostaining. 489 



Mouse tissue was fixed in 4% w/v paraformaldehyde in PBS for 2 days at 4°C, dehydrated 490 

into 70% v/v ethanol, embedded in paraffin, and cut into 5 μm thick sections. Paraffin-491 

embedded sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin 492 

(H&E) or used for immunostaining. For immunostaining, sections were incubated with 3% v/v 493 

H2O2 for 10 min to quench endogenous peroxidases, incubated with citric acid buffer (pH 6.0) 494 

or EDTA buffer (pH 8.0) for 15 min at 98°C for antigen retrieval, and blocked using blocking 495 

solution (Dako) for 30 minutes at RT. Incubation with primary antibodies were either overnight 496 

at 4°C or for 2 h at RT. Secondary antibody incubation was for 1 h at RT using biotinylated 497 

secondary antibody (Vector Laboratories, Burlingame, CA). Slides were developed using the 498 

VECTASTAIN ABC Kit (Vector Laboratories) and Liquid DAB+ Substrate Chromogen System 499 

(Dako), followed by counterstaining with hematoxylin. For immunofluorescence staining, 500 

antigen retrieval, blocking, and primary antibody incubation were performed as described 501 

above. Sections were then incubated with fluorescence-conjugated secondary antibody 502 

(Thermo Fisher Scientific, Waltham, MA) for 1 h at RT, followed by staining with Hoechst 503 

solution to visualize nuclei.  504 

Dilutions of primary antibody are listed in Supplementary Table 5. 505 

Cytokeratin 19 (CK19) positive areas were measured using Image J software (NIH Image). 506 

 507 

Human PDACs specimens. 508 

Surgically resected specimens of human pancreatic cancer tissues were obtained from 509 

patients who had been admitted to Kyoto University Hospital. The study protocol (#G1200-1, 510 

R2904) was approved by the Ethics Committee of Kyoto University Hospital. 511 

 512 

Statistical analysis. 513 

In vitro and in vivo data are presented as means ± standard errors of the mean (SEM). 514 



All statistical analyses were performed using either GraphPad Prism (version 6.0) or 515 

Microsoft Excel 2016. 516 

 517 
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Figure Legends 711 

Figure 1. Brg1 plays an important role in the growth of spontaneously developed 712 

invasive PDAC in mice. 713 

(A) Genetic strategy to ablate Brg1 upon tamoxifen administration in established PDAC in 714 

Pdx1-Flp; KrasFSF-G12D/+; Trp53frt/+; Rosa26FSF-CreERT2; Brg1lox/lox (BKPFC or Brg1 KO) mice. 715 

(B) Experimental design of sonographic analysis and tamoxifen administration. Tamoxifen 716 

was administered intraperitoneally (2 mg per mouse) for 7 d. 717 

(C) Percentage of Brg1-positive PDAC cells after one-week tamoxifen administration in 718 

BKPFC (Brg1 KO) mice. n = 6. 719 

(D) Rate of PDAC volume change analyzed by ultrasound scan in BKPF (control) mice (n = 720 

10) and BKPFC (Brg1 KO) mice (n = 6) after one-week tamoxifen administration. 721 

(E) Representative sonographic images of PDAC tumors before and after tamoxifen 722 

administration. 723 

(F) Fluorescence micrographs of PDAC after one-week tamoxifen administration for Brg1 724 

(green), cytokeratin (CK) (red), Ki67 (white), and the merged image. Scale bar, 100 µm. 725 

(G) Quantification of Ki67-positive PDAC cells in control mice (all PDAC cells were Brg1-726 

positive) (n = 5) and of Brg1-negative PDAC cells in Brg1 KO mice (n = 6). 727 

(H) Representative histology of PDAC after one-week tamoxifen administration stained with 728 

haematoxilin and eosin (H&E) and stained to detect cytokeratin 19 (CK19), Brg1, and 729 

cleaved-caspase 3 (CC3). Scale bar, 100 µm. 730 

(I) Quantification of CC3-positive cells in PDAC of control (n = 5) and Brg1 KO mice (n = 6). 731 

All data are stated as mean ± SEM. *p < 0.05, Student’s t-test. 732 

 733 

Figure 2. Brg1 is critical for cell proliferation and survival of PDAC cells in vitro. 734 

(A) Experimental design of 4-OHT administration preceding assays shown in (B)-(H). 4-OHT 735 



was administered in the Brg1 KO group and methanol (MeOH) was administered in the 736 

control (control) group both at 1µM. Scale bar, 100 µm. 737 

(B, C) Efficiency of Brg1 knockout with 4-OHT administration on mRNA levels (B) and protein 738 

levels (C). 739 

(D) Representative images of the clonogenic assay. 4-OHT was administered after seeding 740 

of PDAC cells onto 6-well plates. 741 

(E) Sequential quantification of PDAC cell viability of control and Brg1 KO groups. 4-OHT 742 

was administered day 1 ,2, and 3.  743 

(F, G) Cell cycle analysis with EdU and propidium iodide (PI). Representative images (F) and 744 

percentages of EdU-positive S phase PDAC cells (G). n=3. 745 

(H) Percentage of Annexin V-positive PDAC cells. n = 3. 746 

(I) Experimental design for subcutaneous transplantation of PDAC cells and tamoxifen 747 

administration. Tamoxifen was administered intraperitoneally 5 d per week 14 d after 748 

transplantation. 749 

(J) Subcutaneous tumors on day 25 after transplantation.  750 

(K) Volume of subcutaneous tumors on the indicated days after transplantation.  751 

(L) Quantification of Ki67-positive PDAC cells in the subcutaneous tumors of the control (n = 752 

6) and Brg1 KO (n = 10) groups. 753 

(M) Quantification of CC3-positive PDAC cells in the subcutaneous tumors of the control (n 754 

= 6) and Brg1 KO (n = 10) groups. 755 

(N) Representative images of subcutaneous tumors stained with H&E and for Brg1, CK19, 756 

Ki67, and CC3. Scale bar, 100 µm. 757 

All data are shown as mean ± SEM. *p < 0.05, Student’s t-test. 758 

 759 



Figure 3. Brg1 plays an essential role for liver metastasis of mouse PDAC cells by 760 

inhibiting apoptosis in vivo. 761 

(A) Experimental design for 4-OHT administration to PDAC cells in vitro and intrasplenic 762 

injection. 4-OHT and methanol were administered daily for 3 d at 1 µM with splenic injection 763 

performed on day 4. 764 

(B) Representative images of liver metastases 14 d after splenic injection. 765 

(C) Percentage of liver weight to body weight 14 d after splenic injection in the control (n = 3) 766 

and Brg1 KO (n = 5) groups. 767 

(D) Representative images of CK19 staining of liver metastases.  768 

(E) Percentage of CK19-positive area determined by combining five independent sections 769 

together in the control (n = 3) and Brg1 KO (n = 5) groups. 770 

(F) Representative images of liver metastases stained with H&E and immunostained for 771 

CK19, Brg1. Scale bar, 100 µm. 772 

(G) Percentage of Brg1-positive PDAC cells in each metastatic lesion in the liver of Brg1 KO 773 

group. n = 10. 774 

(H) Representative bioluminescence imaging of PDAC cells in the liver after intrasplenic 775 

injection. 776 

(I) Bioluminescence plot of liver metastases at indicated time points after intrasplenic injection 777 

in the control (n = 5) and Brg1 KO (n = 4) groups.  778 

(J) Representative images of liver metastases 4 d after intrasplenic injection stained with H&E, 779 

and immunostained for Brg1, CK and CC3 in combination with Hoechst 33342 for nuclear 780 

staining. Scale bar, 100 µm. 781 

(K) Percentage of CC3-positive cells to CK-positive metastatic PDAC cells.  782 

All data are shown as mean ± SEM. *p < 0.05, Student’s t test. 783 

 784 



Figure 4. Brg1 is critically important for cancer stem-like property of PDAC cells. 785 

(A) Relative mRNA levels of indicated genes related to PDAC stem cells as determined by 786 

qRT-PCR in PDAC cells treated with methanol (control) or 4-OHT (Brg1 KO) daily for 3 d. n 787 

= 3. 788 

(B) Representative images of Matrigel limiting dilution assays and table showing numbers of 789 

sphere-containing wells per 5 wells. PDAC cells were seeded in Matrigel after treated with 790 

methanol (control) or 4-OHT (Brg1 KO) daily for 3 d. Scale bar, 200 µm. 791 

(C) Representative images of soft agar colony formation assays. Scale bar, 500 µm. 792 

(D) Quantification of colonies in soft agar colony formation assays. n = 3. 793 

(E) Experimental design for Annexin V analysis on attached (att) and detached (det) 794 

conditions. PDAC cells were seeded on adherent culture plates and treated with methanol 795 

(control) or 4-OHT (Brg1 KO) daily for 3 d. Cells were analyzed on day 4 for attached condition 796 

and passaged to cell-repellent culture plates on day 3 and analyzed on day 4 for detached 797 

condition. 798 

(F) Representative images of PDAC cells in suspension culture on day 4. Scale bar, 200 µm. 799 

(G) Annexin V-FITC and ethidium homodimer III assays.  800 

(H) Percentages of Annexin V-positive PDAC cells. n = 3.  801 

All data are shown as mean ± SEM. *p < 0.05, Student’s t-test. 802 

 803 

Figure 5.  Brg1 plays a critical role for metastasis and cancer stem-like property of 804 

PDAC cells through directly regulating the expression of HIF target genes. 805 

(A) Heatmap visualization of differentially expressed genes with hierarchical clustering 806 

analysis. 807 

(B) Volcano plot of transcriptomic data. Genes downregulated in Brg1 KO PDAC cells with 808 

fold change < 0.5 and p-value < 0.05 were colored with blue and genes upregulated in Brg1 809 



KO group with fold change > 2.0 and p-value < 0.05 colored with red. 810 

(C) Hallmark gene sets significantly downregulated in Brg1 KO PDAC cells. 811 

(D) Significantly downregulated gene sets associated with stemness in Brg1 KO PDAC cells. 812 

(E) Venn diagram of genes with Brg1 peaks, genes with H3K27ac peaks, and genes with 813 

H3K27ac peaks which were significantly reduced when Brg1 was knocked out (“H3K27ac 814 

down”). Genes in the intersections of different circles had overlapping regions of both peaks. 815 

(F) Venn diagram of genes with overlapping peaks between Brg1 and “H3K27ac down” and 816 

genes whose mRNA expression were downregulated with fold change < 0.7 in Brg1 KO 817 

PDAC cells in the transcriptomic data. 818 

(G) Pathway analysis of the genes which is common to both regions shown in (F). 819 

 820 

Figure 6. Brg1 directly regulates the expression of HIF target genes in PDAC cells. 821 

(A, B) PDAC cells were treated as indicated in Fig. 4E. 822 

(A) Relative mRNA levels of Hif1a and HIF target genes determined by qRT-PCR. n = 3. 823 

(B) Immunoblot for Brg1, HIF-1α, HIF target gene Bnip3, CC3, and β-Actin.  824 

(C) Enrichment of HRE motifs in Brg1 and “H3K27ac down” overlapping lesion based on 825 

ChIP-seq data. 826 

(D) ChIP-qPCR of HIF-1α at the representative HRE regions in control and Brg1 KO PDAC 827 

cells. Relative fold enrichment of HIF-1α over IgG on the HRE regions of indicated HIF target 828 

genes. n = 5. 829 

(E) Representative images of liver metastases 4 d after intrasplenic injection immunostained 830 

for Brg1; HIF target genes Bnip3 and Bcl-xL; and HIF-1α. Images stained for Brg1, Bnip3, 831 

and Bcl-xL were serial sections in control and Brg1 KO groups, respectively. Arrowheads 832 

indicate Brg1-deleted PDAC cells. Scale bar, 100 µm. 833 

(F) Efficiency of Hif1a knockdown by shHif1a lentivirus transduction in mouse PDAC cells. 834 



Two different shHif1a constructs were used. 835 

(G) Quantification of PDAC cell viability of control and Hif1a knockdown PDAC cells. n = 3. 836 

(H, I) Matrigel sphere formation assay of control and Hif1a knockdown PDAC cells. (J) 837 

Representative images of spheres. Scale bar, 200 µm. (K) Sphere formation rates. n = 4. 838 

(J-M) Liver metastases after intrasplenic injection of control and Hif1a knockdown PDAC cells. 839 

(J) Bioluminescence images on day 6. (K) Sequential plot of bioluminescence signal 840 

intensities of liver metastases at indicated time points after intrasplenic injection. (L) 841 

Representative images of liver metastases on day 8 after intrasplenic injection. (M) 842 

Percentage of liver weight to body weight on day 8 after intrasplenic injection in control (n = 843 

4) and Hif1a knockdown (shHif1a #1, n = 3; shHif1a #2, n = 3) groups. 844 

All data are shown as mean ± SEM. *p < 0.05, Student’s t-test. 845 

 846 

Figure 7. Brg1 expression is a predictive determinant of BRG1 knockdown efficacy of 847 

suppression of human PDAC cell proliferation and stem-like property. 848 

(A) Hallmark gene sets significantly downregulated in human PDAC samples with low Brg1 849 

expression. RNA-seq data obtained from TCGA database and samples with Brg1 expression 850 

in the top quartile and bottom quartile were compared by GSEA. 851 

(B) Gene sets associated with stemness significantly downregulated in low Brg1 expression 852 

group in GSEA of human PDAC samples. 853 

(C) Gene sets associated with the hypoxia pathway significantly downregulated in low Brg1 854 

expression group in GSEA of human PDAC samples. 855 

(D) Viability of human PDAC cell lines on day 1, 3 and 5 treated with siCtrl or siBRG1 on day 856 

1. MIA PaCa-2, n = 3; BxPC3, CFPAC-1, n = 5; the others, n = 4. 857 

(E) Matrigel sphere formation assays of human PDAC cell lines treated with siCtrl or siBRG1. 858 

PDAC cells treated with siRNA for 24 h were embedded in Matrigel and analyzed on day 5. 859 



n = 3. 860 

(F) Relative viability of human PDAC cells treated with siBRG1 compared to siCtrl on day 5 861 

shown in (D).  862 

(G) Relative sphere formation rate of human PDAC cells treated with siBRG1 compared to 863 

siCtrl shown in (E). 864 

(H) Immunoblotting of extracts from each human PDAC cell line for BRG1 and HIF-1α. 865 

(I) Relative quantification of the band density of BRG1 and HIF-1α calculated by dividing with 866 

the β-Actin from panel (H). n = 3. 867 

(J) Relative mRNA levels of BRG1 by qRT-PCR in human PDAC cells. n = 3. 868 

(K) Correlation between the relative viability calculated in (F) and BRG1 and HIF-1α protein 869 

expression in each human PDAC cell line. Scatter plot represents the correlation between 870 

the relative viability and BRG1 protein expression. X-axis represents relative BRG1 871 

expression of each human PDAC cell line to that of BxPC3. 872 

(L) Correlation between the relative sphere forming rate calculated in (G) and BRG1 and HIF-873 

1α protein expression in each human PDAC cell line. Scatter plot represents the correlation 874 

between the relative sphere forming rate and BRG1 protein expression. X-axis represents 875 

relative BRG1 expression of each human PDAC cell line to that of BxPC3. 876 

All data are shown as mean ± SEM. *p < 0.05. Student’s t-test. 877 
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