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Introduction
Pancreatic ductal adenocarcinoma (PDA) carries one of the most 
dismal prognoses of all human malignancies (1). To identify strat-
egies for diagnosing and treating PDA during the preinvasive stag-
es, it is essential to improve our understanding of the molecular 
pathogenesis leading to PDA initiation and progression. PDA is 
thought to arise from 3 premalignant lesions, including pancreat-
ic intraepithelial neoplasia (PanIN), intraductal pancreatic muci-
nous neoplasm (IPMN), and mucinous cystic neoplasm (MCN) 
(2), with the majority of PDAs thought to arise from PanIN (1). The 
occurrence of oncogenic KRAS mutations is the earliest genetic 
event in PDA pathogenesis, and these mutations are present in 
over 90% of all human PanIN1A/B (3). The significance of onco-
genic KRAS in PDA initiation and progression has been proven 
using genetically engineered mouse models (4, 5). Furthermore, 
lineage-tracing studies using transgenic mice have demonstrated 
that pancreatic acinar cells possessing the KrasG12D mutation lose 
their acinar differentiation status and acquire a duct-like pheno-
type in a process called acinar-to-ductal metaplasia (ADM) (6–9). 

ADM is thought to evolve into PanIN lesions and eventually prog-
ress into invasive PDA. Thus, ADM is considered to be the initial 
morphological change in PanIN-derived PDA formation.

Recent global genomic studies revealed that human PDAs 
have mutations in 10 core signaling pathways (10). The SWI/SNF 
chromatin remodeling complex, which is part of a family of com-
plexes that permit DNA-protein contacts to regulate gene expres-
sion, is one of these pathways. Approximately 14% of all human 
PDAs have inactivating mutations in components of SWI/SNF 
chromatin remodeling complexes (10). Brahma related gene 1 
(BRG1, human SMARCA4) is 1 of 2 catalytic ATPase subunits of the 
SWI/SNF-chromatin remodeling complexes, and a recent study 
demonstrated that BRG1 inactivation occurs in approximate-
ly 10% of human PDAs (11). Recently, we focused on the role of 
BRG1 in pancreatic tumorigenesis and showed that the pancreas-
specific loss of Brg1 in the presence of oncogenic Kras results in 
the formation of cystic neoplastic lesions that resemble human 
IPMN capable of progressing to PDA (12). Moreover, pancreatic 
duct–specific loss of Brg1 in the presence of oncogenic Kras results 
in IPMN formation, showing that IPMN is derived from pancreatic 
ductal cells. In contrast, not only does loss of Brg1 in pancreatic 
acinar cells in the presence of oncogenic Kras prevent IPMN for-
mation, it also reduces spontaneous PanIN formation. Therefore, 
BRG1 appears to possess cell type–specific roles in KRAS-driven 
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Figure 1. Acinar-specific ablation of Brg1 attenuates oncogenic KRAS-driven ADM and PanIN formation. (A) Immunohistochemistry for BRG1 in 
adult Ptf1a-Cre; KrasG12D; Trp53R172H mice. Scale bars: 50 μm. (B) The genetic strategy for determining the efficiency of acinar cell–specific Brg1 deletion 
following tamoxifen (Tam) induction and the experimental design for tamoxifen administration and analysis. (C) Deletion rate of BRG1 in Ptf1a-CreER; 
Brg1fl/fl mice at 3 weeks after tamoxifen administration. n = 3 mice. Data are shown as mean ± SEM. (D) The genetic strategy used to delete Brg1 and 
activate oncogenic Kras in adult pancreatic acinar cells and the experimental design for tamoxifen administration and analysis. (E) H&E staining and 
immunohistochemistry for BRG1 with Alcian blue and phospho-ERK staining in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice with littermate controls. Scale bars: 
50 μm. (F) Quantification of Alcian blue–negative ADM-like lesions and Alcian blue–positive late ADMs and PanINs in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice 
with littermate controls. Red bars show incidence of BRG1-negative late ADMs and PanINs. n = 3–4 mice per genotype. Data are shown as mean ± SEM.  
*P < 0.05, Student’s t test. (G) Quantification of PanINs in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice with littermate controls. Claudin-18–positive area was 
counted. Red bars show incidence of BRG1-negative PanINs. n = 4 mice per genotype. Data are shown as mean ± SEM. *P < 0.05, Student’s t test.
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Results
Acinar cell–specific ablation of Brg1 drastically attenuates 
KrasG12D-driven spontaneous ADM and PanIN formation. We first 
ascertained the expression pattern for BRG1 in all the lineages 
of mouse PanIN-derived PDAs. Immunohistochemical analysis 
revealed that BRG1 was expressed in adult pancreatic acinar cells 
in WT mice and in the ADMs, PanINs, and PDAs of Ptf1a-Cre; 
KrasG12D; Trp53R172H mice, an established model for PDA in which 1 
allele of the tumor suppressor p53 is mutated through Cre recom-
bination in pancreatic epithelial cells in parallel with expression of 
oncogenic KrasG12D (Figure 1A).

A previous study showed that acinar-specific loss of Brg1 in 
an oncogenic Kras background reduces spontaneous PanIN for-
mation (12). To confirm this and to investigate whether Brg1 dele-
tion affects acinar cell–derived ADM formation, we generated 
Ptf1a-CreER; KrasG12D; Brg1fl/fl mice. In these animals, Brg1 is deleted 
and oncogenic Kras is expressed exclusively in adult pancreatic 
acinar cells upon tamoxifen induction of Cre activity. To deter-

pancreatic tumorigenesis: inhibition of IPMN formation from 
ductal cells and promotion of PanIN formation from acinar cells 
(12). Furthermore, we recently showed that BRG1 suppresses 
IPMN formation by inhibiting the dedifferentiation of ductal cells, 
whereas BRG1 promotes tumorigenesis in full-blown IPMN-PDA 
by supporting a mesenchymal-like transcriptional landscape (13). 
However, the precise role of BRG1 in the formation of acinar cell–
derived PanIN and PanIN-derived PDA is not fully understood.

Here, we investigate the contribution of BRG1 to the forma-
tion of PanIN and PanIN-derived PDA. For this purpose, we used 
genetically engineered mouse models and ex vivo acinar cell cul-
ture experiments. We provide evidence that BRG1 plays a critical 
role in acinar cell–derived Kras-induced ADM and PanIN forma-
tion through regulation of Sox9 expression in mice. Furthermore, 
we showed that BRG1 is critical for maintenance of established 
PanIN by using an inducible dual recombinase system in mice. 
In summary, our data highlight cell type–specific, context-depen-
dent roles for BRG1 in the initiation and progression of PDA.

Figure 2. Acinar-specific abla-
tion of Brg1 attenuates acute 
pancreatitis–induced PanIN 
formation in an oncogenic 
KRAS background. (A) Sche-
matic showing experimental 
design for tamoxifen adminis-
tration and caerulein-induced 
acute pancreatitis in Ptf1a-
CreER; KrasG12D; Brg1fl/fl mice. (B) 
H&E and Alcian blue staining 
and immunohistochemistry 
for BRG1 and phospho-ERK in 
Ptf1a-CreER; KrasG12D; Brg1fl/fl mice 
and littermate controls at 21 
days after caerulein induction. 
Scale bars: 50 μm. (C) Immu-
nohistochemistry for BRG1 in 
Ptf1a-CreER; KrasG12D; Brg1fl/fl 
mice at 21 days after caerulein 
induction. Representative 
BRG1-positive and BRG1-nega-
tive PanINs. Scale bars: 50 μm. 
(D) Quantification of Alcian 
blue–positive area in Ptf1a-
CreER; KrasG12D; Brg1fl/fl mice with 
littermate controls. Red bars 
show incidence of BRG1-nega-
tive late ADMs and PanINs. n = 
4 mice per genotype. Data are 
shown as mean ± SEM. *P < 
0.05, Student’s t test.
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late ADMs and PanINs decreased significantly in Ptf1a-CreER; 
KrasG12D; Brg1fl/fl mice 21 days after caerulein-induced pancreatitis 
compared with those in Ptf1a-CreER; KrasG12D; Brg1fl/+ mice (Figure 
2, B and D). Furthermore, BRG1 staining revealed that most of the 
Alcian blue–positive areas that developed in Ptf1a-CreER; KrasG12D; 
Brg1fl/fl mice following acute pancreatitis retained BRG1 expres-
sion (Figure 2, C and D). Indeed, BRG1-negative Alcian blue–pos-
itive areas constituted only 28% of the total Alcian blue–positive 
areas present (Figure 2D). These data indicate that, under inflam-
matory conditions, PanINs develop predominately from cells that 
escaped Brg1 deletion. Thus, BRG1 function is critical in pancreati-
tis-induced PanIN formation.

Brg1 is required for PanIN and PDA formation in the presence 
of mutant p53. We previously reported that expression levels 
of tumor-suppressor genes, such as p16 and p53, are altered in 
Brg1-depleted IPMN lesions (12). Therefore, we examined the 
expression levels of p16 and p53 in Brg1-depleted PanINs. Immu-
nohistochemical analysis revealed that expression levels of p16 
and p53 were reduced in BRG1-depleted PanINs (Supplemental 
Figure 1, A and B; supplemental material available online with this 
article; https://doi.org/10.1172/JCI94287DS1). Although these 
genes were suppressed, loss of BRG1 in acinar cells resulted in 
decreased PanIN formation. These data suggest that BRG1 plays 
a critical role in PanIN formation independently of p16 and WT 
p53. Mutant p53 is known to not only suppress WT p53 function, 
but also to have additional oncogenic roles (15). Furthermore, 
p53 mutations are the second most frequent mutations found in 
human PDAs (16). A previous study has demonstrated that mice 
expressing oncogenic Kras and mutant p53 during embryogene-
sis develop PanINs that eventually progress to lethal PDAs within 
their first 4 to 5 months of life (5). Therefore, we generated Ptf1a-
CreER; KrasG12D; Trp53R172H; Brg1fl/fl mice carrying a commonly found 
p53 mutation in human PDA and assessed PanIN formation 8 
weeks after tamoxifen injection in 4-week-old animals with litter-
mate Ptf1a-CreER; KrasG12D; Trp53R172H; Brg1fl/+ mice as controls (Fig-
ure 3A). We identified PanINs by H&E and Alcian blue staining 
(Figure 3B). Phospho-ERK and p53 immunostaining confirmed 
Kras and mutant p53 activity, respectively (Figure 3B). We found 
that the Alcian blue–positive areas of late ADMs and PanINs, sim-
ilarly to those of transgenic mice with WT p53, were significantly 
decreased in Ptf1a-CreER; KrasG12D; p53R172H; Brg1fl/fl mice compared 
with those in Ptf1a-CreER; KrasG12D; p53R172H; Brg1fl/+ controls (Figure 
3, B and D). BRG1 staining likewise revealed that most of the Alcian 
blue–positive lesions in Ptf1a-CreER; KrasG12D; Trp53R172H; Brg1fl/fl  
mice retained BRG1 expression (Figure 3, C and D). Indeed, the 
BRG1-negative Alcian blue–positive area accounted for only 12% of 
the total Alcian blue–positive area (Figure 3D). As observed for the 
p53 WT mice, we also found that claudin-18–positive PanINs were 
significantly reduced in Ptf1a-CreER; KrasG12D; Trp53R172H; Brg1fl/fl  
mice compared with those in Ptf1a-CreER; KrasG12D; p53R172H; Brg1fl/+ 
mice (Figure 3E). Again, most of the claudin-18–positive PanINs in 
Ptf1a-CreER; KrasG12D; Trp53R172H; Brg1fl/fl mice were BRG1 positive, 
and the grade of all of the few BRG1-negative PanINs was PanIN1. 
These data support the notion that BRG1-positive PanINs in Ptf1a-
CreER; KrasG12D; Trp53R172H; Brg1fl/fl mice have escaped Brg1 deletion 
and that Brg1 deletion markedly attenuates KRAS-driven ADM 
and PanIN formation in the mutant p53 background.

mine the efficiency of Brg1 deletion following tamoxifen induc-
tion, we quantified the number of BRG1-deficient acinar cells in 
Ptf1a-CreER; Brg1fl/fl mice 3 weeks after subcutaneous tamoxifen 
injection (Figure 1B) and found that BRG1 protein expression 
was lost in 45% of all pancreatic acinar cells via quantification of 
immunohistochemical analysis (Figure 1C). Next, we assessed 
ADM and PanIN formation 8 weeks after 3 consecutive subcuta-
neous tamoxifen injections in 4-week-old Ptf1a-CreER; KrasG12D; 
Brg1fl/fl mice and littermate control Ptf1a-CreER; KrasG12D; Brg1fl/+ 
mice (Figure 1D). We used both Brg1fl/+ and Brg1+/+ mice as con-
trols because we previously had not observed any differences in 
histology and overall survival between Ptf1a-Cre; KrasG12D; Brg1fl/+ 
and Ptf1a-Cre; KrasG12D; Brg1+/+ mice (12). We examined ADM and 
PanIN formation by H&E and Alcian blue staining, respectively, 
to assess intestinal mucin production (Figure 1E). Phosphorylated 
ERK (phospho-ERK), one of the downstream targets of KRAS, was 
detected by immunohistochemistry to confirm Kras activation 
(Figure 1E). The number of Alcian blue–negative ADM-like lesions 
and the areas of Alcian blue–positive staining of late ADMs and 
PanINs were significantly reduced in Ptf1a-CreER; KrasG12D; Brg1fl/fl  
mice compared with those in Ptf1a-CreER; KrasG12D; Brg1fl/+ mice 
(Figure 1, E and F). Importantly, costaining for BRG1 and Alcian 
blue revealed that most of the ADMs and PanINs that developed 
in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice had escaped Brg1 recombi-
nation and thus retained BRG1 expression (Figure 1E). Indeed, 
BRG1-negative ADM-like lesions and Alcian blue–positive areas 
constituted only 18.5% and 22% of the total ADM-like lesions and 
Alcian blue–positive areas, respectively (Figure 1F). Furthermore, 
we performed staining for claudin-18 as a PanIN-specific mark-
er. We found that claudin-18–positive PanINs were significantly 
reduced in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice compared with those 
in Ptf1a-CreER; KrasG12D; Brg1fl/+ mice (Figure 1G). Most of the clau-
din-18–positive PanINs in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice were 
BRG1 positive, and the grade of all of the few BRG1-negative 
PanINs was PanIN1. These data indicate that the BRG1-positive 
ADMs and PanINs that developed in Ptf1a-CreER; KrasG12D; Brg1fl/fl 
mice arose from acinar cells, which had recombined the KrasG12D 
allele, but had escaped Brg1 deletion. Therefore, acinar cell–spe-
cific ablation of Brg1 drastically attenuated KRAS-driven sponta-
neous ADM and PanIN formation at both stages, indicating that 
BRG1 is critical for acinar cell–derived spontaneous KRAS-driven 
ADM and PanIN formation in mice.

Brg1 is required for PanIN formation after pancreatic injury in 
the presence of mutant Kras. Chronic pancreatitis is known to be 
a risk factor in humans for developing PDA (1). Previous studies 
have demonstrated that caerulein-induced acute or chronic pan-
creatitis significantly accelerates PanIN formation in mutant Kras 
backgrounds (6, 14). Therefore, we tested to determine whether 
Brg1 deletion also affects PanIN formation in the context of acute 
pancreatitis. We induced caerulein-mediated acute pancreatitis 2 
weeks after tamoxifen injection in 4-week-old Ptf1a-CreER; KrasG12D; 
Brg1fl/fl mice with the littermate control Ptf1a-CreER; KrasG12D; Brg1fl/+ 
mice. PanIN formation was assessed 21 days after caerulein injec-
tion (Figure 2A). We identified PanIN formation using H&E and 
Alcian blue staining (Figure 2B). BRG1 and phospho-ERK immu-
nostainings confirmed BRG1 deletion and Kras activation, respec-
tively (Figure 2B). We found that the areas of Alcian blue–positive 
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ifen administration (Supplemental Figure 2A). We found that 1 of 3 
Ptf1a-CreER; KrasG12D; Trp53R172H; Brg1fl/fl mice developed PDA, where-
as 3 of 3 Ptf1a-CreER; KrasG12D; Trp53R172H; Brg1fl/+ mice developed PDA 
(Supplemental Figure 2B). Notably, the 1 PDA that was formed in 1 

Next, to investigate whether BRG1 remains essential for devel-
opment of acinar-derived PDA, 4-week-old Ptf1aCreER; KrasG12D; 
TP53R172H; Brg1fl/+ and Ptf1aCreER; KrasG12D; TP53R172H; Brg1fl/fl mice 
were administered tamoxifen and analyzed 6 months after tamox-

Figure 3. Acinar-specific ablation of Brg1 attenuates spontaneous PanIN formation in a background of oncogenic KRAS and mutant p53. (A) The genetic 
strategy used to delete Brg1 and activate oncogenic Kras and mutant p53 in adult pancreatic acinar cells in addition to experimental design for tamoxifen 
administration and analysis. (B) H&E and Alcian blue staining and immunohistochemistry for phospho-ERK and p53 in Ptf1a-CreER; KrasG12D; Trp53R172H; 
Brg1fl/fl mice and littermate controls. Scale bars: 50 μm. (C) Immunohistochemistry for BRG1 in Ptf1a-CreER; KrasG12D; Trp53R172H; Brg1fl/fl mice. Representa-
tive BRG1-positive and BRG1-negative PanINs. Scale bars: 50 μm. (D) Quantification of Alcian blue–positive late ADMs and PanINs in Ptf1a-CreER; KrasG12D; 
Trp53R172H; Brg1fl/fl mice with littermate controls. Red bars show incidence of BRG1-negative late ADMs and PanINs. n = 3 mice per genotype. Data are shown 
as mean ± SEM. *P < 0.05, Student’s t test. (E) Quantification of claudin-18–positive PanIN area in Ptf1a-CreER; KrasG12D; Trp53R172H; Brg1fl/fl mice with litter-
mate controls. Red bars show incidence of BRG1-negative PanINs. n = 3 mice per genotype. Data are shown as mean ± SEM. *P < 0.05, Student’s t test.
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of 3 Ptf1a-CreER; KrasG12D; Trp53R172H; Brg1fl/fl mice was BRG1 positive, 
indicating that PDA developed from acinar cells that had escaped 
Brg1 deletion. Furthermore, we also induced caerulein pancreatitis 
to Ptf1a-CreER; KrasG12D; Trp53R172H; Brg1fl/fl mice and assessed PDA for-

mation 4 months after caerulein injection. One of three mice carried 
PDA, and this PDA was likewise BRG1 positive (Supplemental Fig-
ure 2C). Therefore, these results suggest that BRG1 is critical for the 
formation of PanIN-derived PDA that originates from acinar cells.

Figure 4. BRG1 promotes Sox9 expression in murine ADMs and PanINs. (A) ChIP qPCR of isolated acinar cells from WT mice on the Sox9 promoter regions. 
n = 3 mice per genotype. Relative fold enrichment of BRG1 over IgG control on the Sox9 promoter regions. Numbers in primer names denote distance from 
transcription start site (TSS) of the Sox9 gene. Data are shown as mean ± SEM. *P < 0.05, Student’s t test. (B) ChIP qPCR of isolated acinar cells from WT 
and Ptf1a-CreER; Brg1fl/fl mice that were treated with tamoxifen (KO). n = 3–4 mice per genotype. Relative fold enrichment of PDX1 over IgG control on the 
Sox9 promoter and enhancer. Numbers in primer names denote distance from TSS of the Sox9 gene. Data are shown as mean ± SEM. *P < 0.05, Student’s 
t test. (C) Immunohistochemistry of serial sections for BRG1 and SOX9. Left: BRG1-positive and BRG1-negative ADMs in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice at 
2 months after tamoxifen administration. Right: BRG1-positive and BRG1-negative PanINs in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice at 2 months after tamoxifen 
administration. Scale bars: 50 μm. (D) Quantification of the relationship between expression of BRG1 and SOX9 in ADM and PanIN in Ptf1a-CreER; KrasG12D; 
Brg1fl/fl mice. BRG1-positive ADMs or PanINs and SOX9-positive ADMs or PanINs are defined as the lesions in which more than half of the cells are positive 
for BRG1 and SOX9, respectively. n = 4 mice. ***P < 0.001, Fisher’s exact test.
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Brg1 is required for ADM formation ex vivo. To gain further 
insights into the underlying molecular mechanisms controlling the 
role of BRG1 in acinar cell–derived KRAS-driven tumorigenesis, we 
next performed ex vivo acinar cell culture experiments (17). First, 
we isolated primary acinar cell explants from Ptf1a-Cre; Brg1fl/fl and 
WT pancreata. These acinar cell explants were cultured under 3D 
conditions for 5 days. Then, ADM formation was assessed with or 
without TGF-α treatment, which is known to induce ADMs and 
PanINs (17, 18). ADM formation in Ptf1a-Cre; Brg1fl/fl acini was sig-
nificantly attenuated compared with that in WT acini with or with-
out TGF-α administration ex vivo, indicating that BRG1 is required 
for ADM formation in this context (Supplemental Figure 3A).

Acinar cell identity is compromised in Brg1-depleted acinar cells. 
To examine transcriptional changes in Brg1-depleted versus WT 

acini during the acinar-to-ductal metaplastic conversion, we 
next performed reverse transcriptase PCR (RT-PCR) on isolated 
acini for genes important for pancreatic development and main-
tenance of pancreatic differentiation. We found that expression 
levels of multiple genes involved in acinar cell identity, including 
Cpa1, Amy2a4, Gata6, were significantly downregulated in acini 
isolated from Ptf1a-Cre; Brg1fl/fl mice (Supplemental Figure 3B). 
We also found a strong, but not statistically significant, downreg-
ulation in the expression levels of Ptf1a and Nr5a2. Ptf1a, Nr5a2, 
and Cpa1 are expressed in multipotent progenitor cells during 
pancreatic development and in adult acinar cells (19–22). Gata6 is 
required for the differentiation and maintenance of acinar cells, 
and it is expressed in adult acinar cells (23). Notably, expression 
of Sox9, which is commonly expressed in multipotent progenitors 

Figure 5. Sox9 overexpression cancels 
the decrease in KRAS-driven PanIN 
formation following Brg1 deletion in 
mice. (A) The genetic strategy used to 
delete Brg1 and activate oncogenic Kras 
and Sox9 expression in adult pancreat-
ic acinar cells in addition to the exper-
imental design of tamoxifen adminis-
tration and analysis. (B) H&E staining 
and immunohistochemistry for BRG1 
with Alcian blue staining, SOX9, and 
the HA-tag in Ptf1a-CreER; KrasG12D; 
Sox9OE; Brg1fl/fl mice and Ptf1a-CreER; 
KrasG12D; Sox9OE; Brg1fl/fl mice. Scale 
bars: 50 μm. (C) Quantification of 
PanINs in Ptf1a-CreER; KrasG12D; Sox9OE; 
Brg1fl/+ mice and Ptf1a-CreER; KrasG12D; 
Sox9OE; Brg1fl/fl mice. Red bars show 
incidence of BRG1-negative PanINs. n = 3 
per genotype. Data are shown as mean ± 
SEM. Student’s t test.
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to the heterozygosity of the Ptf1a allele, as reported previously 
(26). Furthermore, acini from Ptf1a-Cre; KrasG12D; Brg1fl/fl mice 
could not be analyzed because acinar tissues were significantly 
reduced and replaced by cystic IPMN lesions (12). To solve these 
problems, we performed cell-culture experiments using acini 
from Brg1fl/fl, KrasG12D, and KrasG12D; Brg1fl/fl mice infected with Cre 
recombinase–expressing adenovirus (Ad-Cre), which can initiate 
genetic recombination of the loxP sites at the Kras and Brg1 loci 
by infection. We found that ex vivo ADM formation was markedly 
reduced in acinar cell explants of KrasG12D; Brg1fl/fl mice compared 
with those in KrasG12D mice (Supplemental Figure 3C). To explore 

during pancreatic development (24, 25) and transiently expressed 
during acinar-to-ductal metaplastic transformation (6), was also 
downregulated in Brg1-depleted dedifferentiated acinar cells. 
These results suggest that acinar cell identity is compromised in 
Brg1-depleted acinar cells.

KrasG12D; Brg1fl/fl acini display a transcriptional signature distinct 
from that of KrasG12D acini during the acinar-to-ductal conversion. 
While the results from our ex vivo experiments of acini isolated 
from Ptf1a-Cre; Brg1fl/fl mice were instructive, such an analysis did 
harbor some limitations. In particular, Ptf1a expression in Ptf1a-
Cre mice was downregulated compared with that in WT mice due 

Figure 6. BRG1 is required for PanIN maintenance. (A) The genetic strategy used to activate oncogenic Kras at the embryonic stage and delete Brg1 at a 
subsequent adult stage and experimental design for tamoxifen administration and analysis. (B) H&E and Alcian blue staining and immunohistochemistry 
for BRG1 and SMA in Pdx1-Flp; FSF-KrasG12D and Pdx1-Flp; FSF-KrasG12D; FSF-R26CAG-CreERT2; Brg1fl/fl mice. Scale bars: 200 μm (H&E, Alcian blue, and SMA): 50 
μm (BRG1). (C) Quantification of PanINs in Pdx1-Flp; FSF-KrasG12D (green; n = 7) and Pdx1-Flp; FSF-KrasG12D; FSF-R26CAG-CreERT2; Brg1fl/fl (red; n = 6) mice. Data 
are shown as mean ± SEM. ***P < 0.001, Student’s t test. (D) Quantification of BRG1-positive/negative PanINs in Pdx1-Flp; FSF-KrasG12D; FSF-R26 CAG-CreERT2; 
Brg1fl/fl mice. n = 22 mice.
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ure 3D). These data suggest that loss of BRG1 in dedifferentiated 
acinar cells acutely changes the expression of pancreatic develop-
mental genes, including Sox9.

BRG1 directly binds to the Sox9 promoter and is critical for recruit-
ment of PDX1 to the Sox9 promoter and enhancer in acinar cells. Given 
that SOX9 has been identified as a critical factor for PanIN forma-
tion (32–34), downregulation of Sox9 expression in Brg1-depleted 
dedifferentiated acinar cells prompted us to examine the possibility 
that BRG1 directly regulates Sox9 expression in acinar cells during 
ADM/PanIN formation. To this end, we next performed ChIP 
experiments. We found that BRG1 binds to evolutionary conserved 
regions within the promoter of Sox9 (12) in murine isolated acinar 
cells, as determined by ChIP experiments (Figure 4A). These results 
were consistent with our previous finding that BRG1 binds to the 
Sox9 promoter in PanIN-derived mouse PDA cell lines (12). There-
fore, these results suggest that BRG1, at least in part, directly regu-
lates Sox9 expression in acinar cells during ADM/PanIN formation.

To gain further insight into the mechanisms by which BRG1 
regulates Sox9 expression, we performed RT-PCR analysis of 
genes that are known to regulate Sox9 expression in the pan-

transcriptional changes acutely after Brg1 deletion, microarray 
analyses were performed on KrasG12D and KrasG12D; Brg1fl/fl acinar 
cell explants 24 hours after adenovirus infection. At this point, aci-
nar cell explants underwent dedifferentiation (27). Notably, 6,321 
genes were differentially expressed using 1.5-fold change. (Sup-
plemental Table 1). Pathway enrichment analyses of Gene Ontol-
ogy using the software program DAVID 6.8 (https://david.ncifcrf.
gov/) identified 32 biological processes that were significantly 
enriched between Brg1-depleted and Brg1-WT dedifferentiated 
acinar cell explants with oncogenic Kras (FDR set at 0.05). These 
processes included transcription, phosphorylation, chromatin 
modification, cell cycle, apoptotic process, angiogenesis, ubiquiti-
nation, cell migration, embryo development, and cell differentia-
tion (Supplemental Table 2). We next focused on the expression of 
genes important for pancreatic development and maintenance of 
pancreatic differentiation. We found that the expression of some 
genes regulating acinar cell identity, including Ptf1a and Xbp1 
(28), and some genes important for progenitor potential, includ-
ing Sox9, Foxo1 (29, 30), and Glis3 (31), were acutely compromised 
in Brg1-depleted dedifferentiated acinar cells (Supplemental Fig-

Figure 7. BRG1 expression correlates with 
SOX9 expression in human PDAs. (A) 
Immunohistochemistry for BRG1 in human 
PanINs and PDAs. Scale bars: 50 μm. (B) 
BRG1 immunohistochemistry score from 
patient samples with PanINs (n = 26) and 
PanIN-derived PDAs (n = 27). PDA samples 
containing PanINs are selected and BRG1 
expression is scored using an IHC score 
ranging from 0 to 8 (low to high). Means 
are shown. (C) Quantification of SOX9 
expression in BRG1lo or BRG1hi human PDA 
samples. The cut-off IHC score is 0 to 6 
for low and 7 to 8 for high expression. 
Left: PanIN (n = 26); right: PDA (n = 27). 
**P < 0.01, Fisher’s exact test. (D) Plots 
of mRNA expression of BRG1 and SOX9 
from a cohort of 150 patients in the TCGA 
data set. (E) The box-and-whisker plot 
demonstrates the differential expression 
for SOX9 between the BRG1hi (n = 112, the 
higher 75%) and BRG1lo groups (n = 38, the 
lower 25%) from a cohort of 150 patients in 
the TCGA data set. In the box-and-whisker 
plots, horizontal bars indicate the medi-
ans, boxes indicate 25th to 75th percen-
tiles, and whiskers indicate minimum to 
maximum without outlier. ***P < 0.001, 
Student’s t test.
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overexpression is capable of promoting formation of KRAS-driven 
PanINs from acinar cells that have lost BRG1 expression. There-
fore, Sox9 overexpression offsets the reduction of PanIN forma-
tion by Brg1 deletion. These results provide evidence that Sox9 is a 
key downstream effecter of Brg1 in acinar cell–derived KRAS-driv-
en PanIN formation in mice.

BRG1 ablation in formed PanIN resulted in regression of the 
lesions. One caveat of the above-mentioned in vivo experiments is 
that the activation of oncogenic KRAS and deletion of Brg1 hap-
pens simultaneously. Therefore, we decided to test to determine 
whether BRG1 deletion in an established PanIN has any adverse 
consequences on the neoplastic lesion. To address this question, 
we used the recently developed 2-hit mouse model, which per-
mits independent temporal modification of 2 alleles using the Flp 
and Cre recombinases (38) (Figure 6A). For example, we activat-
ed oncogenic KRAS using the Flp recombinase directed by the 
mouse Pdx1 promoter. To delete BRG1 in Flp-recombined cells 
via Cre recombinase at a later time point of our choice, we used 
a tamoxifen-inducible CreERT2 allele silenced by an FRT-STOP-
FRT cassette in the Rosa26 locus. Tamoxifen treatment induced 
the expression of the CreERT2 allele, which in turn prompted 
recombination of the LoxP site at the Brg1 locus. We aged Pdx1-Flp; 
FSF-KrasG12D animals up to 8 to 16 weeks to ensure PanIN forma-
tion and then deleted Brg1 via tamoxifen administration. Two or 
eight weeks after tamoxifen administration, we euthanized these 
animals and analyzed their pancreata. At the 2-week time point, 
control (Pdx1-Flp; FSF-KrasG12D) animals had developed ADM and 
PanINs, whereas Brg1-deleted mice exhibited significantly less 
disease burden (Figure 6B). More pronounced differences were 
observed at the 8-week time point. Whereas control animals dis-
played abundant PanIN formation, deletion of Brg1 ablated for-
mation of neoplasia, which was evident in the H&E and Alcian 
blue stainings. Quantification revealed 8 times less PanIN burden 
in Brg1-depleted animals (Figure 6C). When assessed for BRG1 
expression in these PanINs developed in Brg1-floxed animals, 
80% of lesions were BRG1 positive, clearly indicating that PanINs 
require BRG1 expression for maintenance (Figure 6D). We further 
interrogated why BRG1 expression is critical for the maintenance 
of established PanINs. To address this question, 8- to 16-week-old 
Pdx1-Flp; FSF-KrasG12D; FSF-Rosa26CreER; Brg1fl/fl mice were admin-
istered tamoxifen and analyzed 3 days after tamoxifen adminis-
tration (Supplemental Figure 6A). We found that deletion of Brg1 
resulted in widespread apoptosis of PanIN cells (Supplemental 
Figure 6B). These data indicate that BRG1 is critical for the main-
tenance and progression of established PanINs and acts by inhib-
iting apoptosis.

BRG1 expression correlated with SOX9 expression in human PDA. 
Finally, to determine whether a BRG1/SOX9 axis is observed in 
human PanIN-derived PDAs, we performed immunohistochem-
istry on 27 PanIN-derived PDA samples that had no evidence of 
IPMN and had surrounding PanINs (Figure 7A). BRG1 was highly 
expressed in 21 of 26 PanINs and 22 of 27 PDAs (Figure 7B). This 
finding supported the notion that BRG1 is important for PanIN-de-
rived PDA formation.

To determine whether genomic alterations were present in 
human PDA cases, we performed targeted sequencing of 5 BRG1lo 
samples. In total, 20 somatic mutations were identified, and TP53 

creas. Specifically, Pdx1 and Sox9 generate a feed-forward loop 
during foregut differentiation (35), Notch signaling regulates Sox9 
expression positively in pancreatic development (36), and Onecut1 
regulates Sox9 expression in ADM (37). RT-PCR analyses revealed 
that none of these upstream regulators of Sox9 in the pancreas 
were significantly changed in their expression in either Brg1-de-
pleted acini (Supplemental Figure 3B and Supplemental Figure 
4A). However, loss of BRG1 compromised the binding of PDX1 to 
the Sox9 promoter and enhancer, as determined by ChIP analysis 
of isolated acini from WT mice compared with Brg1-depleted aci-
ni from Ptf1a-CreER; Brg1fl/fl mice that were treated with tamoxifen 
(Figure 4B). These data suggest that BRG1 is critical for recruit-
ment of upstream regulators, including PDX1, to the Sox9 promot-
er and enhancer to promote its expression in acinar cells during 
ADM/PanIN formation.

BRG1 regulates Sox9 expression during ADM/PanIN formation 
in vivo. To determine whether BRG1 promotes Sox9 expression in 
vivo, we next performed immunohistochemical staining of SOX9 
and BRG1 in ADMs and PanINs in serial sections from Ptf1a-CreER; 
KrasG12D; Brg1fl/fl mice 2 months after tamoxifen injection. Quantifi-
cation revealed a significant positive correlation between expres-
sion of BRG1 and SOX9 in ADM and PanIN (Figure 4, C and D). Of 
note, SOX9 expression was markedly downregulated in the rarely 
observed BRG1-negative ADM/PanINs compared with BRG1-pos-
itive ADM/PanINs in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice. Therefore, 
these data suggest that BRG1 positively regulates Sox9 expression 
during KRAS-driven ADM/PanIN formation in mice.

Sox9 overexpression rescues the reduction of KRAS-driven PanIN 
formation by Brg1 deletion in mice. Given that SOX9 expression 
was markedly downregulated in BRG1-depleted acini during 
KRAS-driven ADM/PanIN formation in mice, we hypothesized 
that Sox9 overexpression might rescue the reduction of PanIN for-
mation in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice. To test this hypothesis, 
we generated Ptf1a-CreER; KrasG12D; Brg1fl/fl; Sox9OE mice. In these 
animals, Sox9 was constitutively overexpressed in pancreatic aci-
nar cells and Brg1 was concomitantly deleted in the presence of 
mutant Kras upon tamoxifen injection. Four-week-old Ptf1a-CreER; 
KrasG12D; Brg1fl/fl; Sox9OE mice were administered tamoxifen, ana-
lyzed 8 weeks after tamoxifen administration, and compared with 
control Ptf1a-CreER; KrasG12D; Brg1fl/+; Sox9OE mice (Figure 5A). 
Strikingly, normal acinar cells were lost and numerous PanINs 
were observed in both Ptf1a-CreER; KrasG12D; Brg1fl/fl; Sox9OE and 
control Ptf1a-CreER; KrasG12D; Brg1fl/+; Sox9OE mice (Figure 5B). In 
these PanINs, SOX9 protein was broadly expressed and broad 
recombination of the Sox9OE allele was also confirmed by immu-
nostaining for the HA tag. Prevalence of PanINs in Ptf1a-CreER; 
KrasG12D; Brg1fl/fl; Sox9OE mice was comparable to that in Ptf1a-
CreER; KrasG12D; Brg1fl/+; Sox9OE mice (Figure 5C). Notably, 30% 
of PanINs in Ptf1a-CreER; KrasG12D; Brg1fl/fl; Sox9OE mice formed 
in the absence of BRG1 (Figure 5C and Supplemental Figure 
5A). BRG1-negative PanIN areas in Ptf1a-CreER; KrasG12D; Brg1fl/fl;  
Sox9OE mice were significantly increased (267-fold change) com-
pared with those in Ptf1a-CreER; KrasG12D; Brg1fl/fl mice 8 weeks 
after tamoxifen injection. Similarly, BRG1-positive PanIN areas 
in Ptf1a-CreER; KrasG12D; Brg1fl/fl; Sox9OE mice were increased (185-
fold change) compared with those in Ptf1a-CreER; KrasG12D; Brg1fl/fl 
mice (Supplemental Figure 5B). These results indicate that Sox9 
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ground of mutant p53 and that PDA developed from acinar cells 
that had escaped Brg1 deletion. Taken together with our previous 
findings that Brg1 inhibits duct cell–derived IPMN and IPMN-de-
rived PDA formation (12), our data presented here highlight the 
cell type–specific context-dependent function of BRG1 in pancre-
atic tumorigenesis.

To address the underlying molecular mechanism by which 
BRG1 regulates aspects of acinar cell–derived ADM and PanIN 
formation, we used ex vivo acinar cell culture approaches and ana-
lyzed transcriptional profiling. We found that Sox9 expression was 
downregulated in slightly dedifferentiated acini immediately after 
adenoviral BRG1 deletion as well as in BRG1-deleted acini isolat-
ed from Ptf1a-Cre; Brg1fl/fl mice ex vivo. In our acinar cell culture 
experiment, we found decreased ADM formation in Brg1-delet-
ed acinar cells, although surprisingly, acinar cell regulator genes, 
including Ptf1a and Nr5a2, which are known to inhibit ADM for-
mation, were also downregulated. It is likely that reduced Sox9 
expression in these cells provides an explanation for the lack of 
ADM formation in cells with reduced expression of acinar identity 
genes. Prior work has demonstrated that the loss of Ptf1a in acinar 
cells induces expression of Sox9 (39) and ADM formation (40), 
likely mediated via upregulation of Sox9, which is critical for ADM 
formation in vitro (32). Therefore, the lack of Sox9 expression in 
Brg1-deleted acinar cells impairs efficient ADM formation despite 
a reduction of acinar regulator genes.

Furthermore, our studies reveal that BRG1 positively regulates 
Sox9 expression during ADM/PanIN formation in vivo. Sox9 has 
been identified as a critical factor during PanIN-derived PDA for-
mation (32–34). Sox9 overexpression in pancreatic epithelial cells 
accelerates KRAS-induced PanIN formation, whereas Sox9 dele-
tion in adult acinar cells prevents spontaneous as well as pancre-
atitis-induced ADM and PanIN formation. Notably, the Sox9 dele-
tion phenotype in acinar cells appears to phenocopy that of Brg1 
deletion in acinar cells. In support of the hypothesis that SOX9 
acts downstream of BRG1, we observed that Sox9 overexpression 
promotes KRAS-driven PanIN formation following Brg1 deletion 
in mice. Thus, this in vivo evidence strongly suggests that essential 
aspects of BRG1 function during PanIN formation are mediated 
through positive regulation of Sox9 expression.

How does BRG1 regulate Sox9 expression? Consistent with 
our previous report (12), here, we show that BRG1 binds to the 
Sox9 promoter regions to support its expression in murine acinar 
cells by ChIP analysis. Furthermore, we show that BRG1 is criti-
cal for recruitment of upstream regulators, including PDX1, to the 
Sox9 promoter and enhancer in acinar cells during ADM/PanIN 
formation. In support of these data, a recent study suggested that 
BRG1 is essential for PDX1 transactivation in pancreatic islet cells 
(41). This notion is further emphasized by our acinar cell exper-
iment data demonstrating that Sox9 expression was decreased 
immediately after Brg1 deletion in isolated acinar cells. It is possi-
ble that other upstream regulators of Sox9 in the pancreas, includ-
ing Onecut1 and Notch signaling, also contribute to promoting 
Sox9 expression in acinar cells in collaboration with BRG1 during 
ADM/PanIN formation.

We also addressed the question of BRG1 function during 
PanIN maintenance by using the Flp/Cre system to eliminate 
Brg1 after PanIN formation had been initiated. The finding 

and KRAS mutations were detected in all 5 cases. However, no 
BRG1 somatic mutations were detected. Using copy number anal-
ysis, we identified deletions in 19p, the chromosomal location of 
BRG1, in 2 cases (Supplemental Figure 7, A and B, Supplemental 
Table 3). Furthermore, analysis of The Cancer Genome Atlas 
(TCGA, https://cancergenome.nih.gov/) copy number alteration 
data revealed that BRG1 gene deletion has significant correlation 
with low BRG1 mRNA expression (Supplemental Figure 7C).

Next, to investigate whether BRG1 and SOX9 expression 
were correlated in human PanINs and PanIN-derived PDAs, we 
performed immunohistochemistry for SOX9 on serial sections 
of these tissues. SOX9 expression was reduced in 4 of 5 PanIN 
samples with decreased BRG1 expression, but only 8 of 21 PanIN 
samples with high BRG1 expression showed reductions in SOX9 
expression. Furthermore, SOX9 expression was reduced in 5 of 
5 PDA samples with decreased BRG1 expression and only in 7 of 
22 PDA samples marked by high BRG1 expression (Figure 7C). 
While we observed a strong, but statistically nonsignificant, trend 
toward BRG1 and SOX9 coexpression in PanINs, a clear statisti-
cally significant (P < 0.01) correlation was observed for PDAs. To 
confirm this correlation, we analyzed BRG1 and SOX9 expression 
levels against each other across the TCGA mRNA expression data 
sets of human PDAs (Figure 7D). To determine whether Sox9 
expression was decreased in the samples in which BRG1 expres-
sion was low, we next separated the TCGA samples into high (the 
higher 75% of BRG1 expression) and low (the lower 25% of BRG1 
expression) groups. As a result, we found significant correlation 
between BRG1 and SOX9 expression in human PDAs (Figure 7E). 
Most of the TCGA samples are considered to be PanIN-derived 
PDAs, reflecting the general frequency in the patient population 
(1). We also examined the relationship between BRG1 and SOX9 
expression in human PDAs using the Queensland Centre for Med-
ical Genomics (QCMG) mRNA expression data sets (ref. 10) and 
found the same correlation (Supplemental Figure 8, A and B). 
These data further support the conclusion that BRG1 positively 
regulates SOX9 expression in human PanIN-derived PDAs.

Discussion
Increasing evidence supports the role of chromatin-remodeling 
regulators in the formation and progression of neoplastic lesions in 
the pancreas. In particular, loss of the SWI/SNF complex protein 
BRG1 has been implicated in the formation of IPMN lesions (12).

In this study, we demonstrated a critical role for the BRG1/
SOX9 axis in acinar cell–derived PanIN-PDA formation. We first 
showed that loss of BRG1 suppressed KRAS-induced ADM and 
PanIN formation from pancreatic acinar cells. ADMs and PanINs 
were significantly (Figure 1, F and G) decreased by Brg1 deletion 
in acinar cells using Ptf1a-CreER; KrasG12D; Brg1fl/fl mice. To empha-
size this finding, most ADMs and PanINs observed in Ptf1a-CreER; 
KrasG12D; Brg1fl/fl mice retained BRG1 expression, indicating that 
these ADMs and PanINs were derived from the cells that had 
escaped Brg1 deletion. This critical role of BRG1 in ADM forma-
tion was confirmed by ex vivo primary acinar cell culture. Also, 
this critical role of BRG1 in PanIN formation was confirmed in 
the background of pancreatitis and mutant p53 in mice. Further-
more, we also showed that loss of BRG1 suppressed formation 
of PanIN-derived PDA originating from acinar cells in the back-
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Methods
Mice. The following mouse strains were used: Ptf1a-Cre (gift of Yoshi-
ya Kawaguchi, Kyoto University) (19), Ptf1a-CreER (20), KrasG12D (gift of 
David Tuveson, Cold Spring Harbor Laboratory, Cold Spring Harbor, 
New York, USA) (44), Brg1fl (gift of David Reisman, University of Flor-
ida, Gainesville, Florida, USA, with permission from Pierre Chambon, 
University of Strasbourg Institute for Advanced Study, Strasbourg, 
France) (45), Trp53R172H (gift of Yoshiya Kawaguchi) (46), Pdx1-Flp, 
FSF-KrasG12D/+, FSF-R26CAG-CreERT2/+ (38), and Sox9OE (47). Mice were 
crossed in a mixed background, and no selection for a specific sex was 
done in this study. Tamoxifen (Sigma-Aldrich) was dissolved in corn 
oil and administered subcutaneously at a concentration of 6 mg/20 g 
body weight per injection. In an inducible dual-recombinase system, 
tamoxifen was dissolved in peanut oil and administered intraperito-
neally at a concentration of 2 mg/mouse for 5 days. Acute pancreatitis 
was induced by injecting caerulein (50 mg/kg diluted in saline; Sigma-
Aldrich) intraperitoneally on 2 consecutive days once every hour for 8 
hours each day.

Clinical samples. Twenty-seven surgically resected specimens of 
pancreatic cancer tissues were obtained from patients admitted to 
Kyoto University Hospital.

RNA isolation and quantitative real-time PCR analysis. RNA was 
isolated using the RNeasy kit (QIAGEN). Complementary DNA 
was synthesized using the ReverTra Ace qPCR RT Kit (Toyobo). 
Quantitative PCR (qPCR) was performed with a SYBR Green–based 
gene-expression assay using a LightCycler 480 System (Roche). 
Expression levels were normalized using Gapdh as a reference gene. 
Primers were designed using the Massachusetts General Hospital 
PrimerBank (https://pga.mgh.harvard.edu/primerbank/). Primer 
sequences are described in Supplemental Table 4. All reactions were 
performed in duplicate.

Immunohistochemistry. Mouse tissue was fixed overnight in 4% 
paraformaldehyde/PBS, dehydrated into 70% ethanol, embedded in 
paraffin, and cut into 5 μm thick sections. Paraffin-embedded sections 
were stained with H&E, Alcian blue, and Nuclear Fast Red (Vector Lab-
oratories). For immunohistochemical staining, antigen retrieval was 
performed by incubating sections in citric acid buffer (pH 6.0) or EDTA 
buffer (pH 8.0) for 15 minutes at 98°C. Blocking was performed by 
incubating sections in blocking solution (Dako). For primary antibod-
ies, incubation was performed overnight at 4°C or for 2 hours at room 
temperature (RT). Secondary antibodies were incubated for 1 hour at 
RT. For immunohistochemistry, slides were developed using either the 
ABC Kit (Vector Laboratories) and DAB Kit (Dako) or the EnVision Kit 
(Dako), followed by counterstaining with hematoxylin. The primary 
antibodies used in this study were as follows: rabbit anti-BRG1 (San-
ta Cruz Biotechnology Inc., catalog sc-10768; dilution 1:500–1000 
[mouse], 1:200 [human]), rabbit anti-SOX9 (MilliporeSigma, catalog 
AB5535; dilution 1:10000–100000 [mouse], 1:1000 [human]), rab-
bit anti-p53 (Vector Laboratories, catalog VP-P956; dilution 1:500), 
rat anti-HA (Roche, catalog 1867423; dilution 1:200), rabbit anti-p44/
p42-MAPK (Cell Signaling Technology, catalog 4370; dilution 1:400), 
mouse anti-smooth muscle actin (Sigma-Aldrich, catalog A5228; dilu-
tion 1:100), rabbit anti–claudin-18 (Invitrogen, catalog 700718; dilution 
1:200–2000), mouse anti-Ki67 (BD, catalog 550609; dilution 1:400), 
rabbit anti–cleaved caspase 3 (Cell Signaling Technology, catalog 9661; 
dilution 1:100), and rabbit anti-p16 (Santa Cruz Biotechnology Inc., 
catalog sc-1207; dilution 1:400).

that the majority of PanINs that were still present 8 weeks after 
tamoxifen treatment retained BRG1 expression strongly sup-
ports the notion that BRG1 activity remains critical in estab-
lished PanIN. Further studies will be needed to investigate the 
exact mechanism by which BRG1 prevents apoptosis in estab-
lished PanINs in more detail.

Furthermore, we observed a correlation between BRG1 and 
SOX9 expression in human PanIN-derived PDAs, supporting 
the notion that the BRG1/SOX9 axis is conserved in human 
PDAs as well. Interestingly, we showed that BRG1 downregula-
tion occurred in approximately 20% of human PanIN-derived 
PDAs, a fact that might suggest a discrepancy in our data pre-
sented here that describe a role for BRG1 in PanIN initiation and 
maintenance. Of note, a similar discrepancy is also observed in 
lung cancer (42). Although BRG1 is mutated at a very high per-
centage in human lung cancer, BRG1 is required for initiation of 
KRAS-induced lung adenoma. Two different scenarios might 
explain these divergent observations. One hypothesis is that 
human PanINs lacking BRG1 expression might be derived from 
pancreatic ductal cells. While the formation of PanIN lesions 
from duct cells in human is still a matter of intense debate, our 
prior work has shown that Brg1 inactivation in ductal cells in the 
presence of oncogenic Kras leads to neoplastic lesions in mice 
(12). Recent work by others illustrates a transition from duct 
cells to PanIN/PDA in organoids, but the role of BRG1 in this 
process has not been ascertained (43). Another hypothesis is 
that the BRG1/SOX9 axis might play a tumor-suppressive role in 
established acinar cell–originated PanIN-derived PDA in a con-
text-dependent manner, similar to what has been seen during 
IPMN formation and established IPMN-derived PDA (13). In 
support of this latter hypothesis, it is known that both low BRG1 
and low SOX9 expression correlate with poor overall survival 
rates for human PanIN-derived PDAs (12, 32). Further investiga-
tion will be required to fully address the temporal activities of 
BRG1 during PDA formation and progression.

In this study, using copy number analysis, we identified 
deletions in 19p, the chromosomal location of BRG1, in 2 out of 
5 cases with low BRG1 protein expression. We also found that 
BRG1 gene deletion has a correlation with low BRG1 mRNA 
expression by analyzing TCGA data. Furthermore, recent 
studies showed that loss of BRG1 protein via aberrant splicing 
and epigenetic regulations is more common than reductions in 
gene expression via mutations (11), suggesting the possibility 
for similar mechanisms in our 5 PDA cases with low BRG1 pro-
tein expression.

In conclusion, we demonstrate that BRG1 is critical for ADM/
PanIN formation and maintenance of established PanIN. BRG1 
elicits its function at least in part through regulation of SOX9 
expression during ADM/PanIN formation. Importantly, similar 
interactions between BRG1 and SOX9 expression are observed 
in human PDAs. Although future studies are needed to clarify 
the roles of BRG1 in established PanIN-derived PDA, our find-
ings reveal a tumor-promoting role for BRG1 in the initiation and 
maintenance of PanIN. Our data underscore the cell type–specific, 
context-dependent roles of BRG1 in PDA initiation and progres-
sion and suggest that the BRG1/SOX9 axis is a potential druggable 
target for prevention of PDA.

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/8
https://pga.mgh.harvard.edu/primerbank/
https://www.jci.org/articles/view/94287#sd


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

3 4 8 7jci.org      Volume 128      Number 8      August 2018

sheared using the Bioruptor Pro (Diagenode) for 2 × 10 cycles of 30 
seconds ON/30 seconds OFF at a high-power setting to obtain frag-
ments of 200–500 bp. Sheared chromatin (1/25) was kept aside as 
input, and the remaining chromatin was incubated overnight with 1 
μg rabbit IgG antibody (provided in kit), 2 μg rabbit anti-Brg1 anti-
body (catalog sc-10768, Santa Cruz Biotechnology Inc.), or 3.45 μg 
rabbit anti-Pdx1 antibody (catalog 5679, Cell Signaling Technology). 
Antibody-chromatin complexes were pulled down using protein A–
coated magnetic beads and decrosslinked for 4 hours. The DNA was 
purified using IPure Beads (provided in kit) and qPCR performed 
using the FastStart Universal SYBR Green Master Mix (Roche). Fold 
enrichment over IgG was calculated based on percentage of input 
values: 100 × 2(Ct[adjusted input] – Ct[IP]).

Primer sequences for putative binding sites of BRG1 on Sox9 pro-
moter regions were described previously (12). The following prim-
er sequences were used for putative binding sites of PDX1 on Sox9 
promoter regions: Sox9 (–1475 bp): forward: 5′-TAAAGCGAATCG-
GCCTGTAT-3′, reverse: 5′-ACGAGTTCCTTTCCCCAAAT-3′; Sox9 
(–3205 bp): forward: 5′-TAGACGAGGTCCCCACTTTG-3′, reverse: 
5′-GGCTCAGTCACTTGCATTTTC-3′; Sox9 (–28 kb): forward: 
5′-AGATCCACCCTGCAAACAAG-3′, reverse: 5′-AAGATCCTGGGT-
GTTTGCTG-3′; Sox9 (–70 kb): forward: 5′-CATCGTGCCTAATATC-
GCCTA-3′, reverse: 5′-TGATTGTTGCACCACCAACT-3′.

Targeted sequencing. For DNA extraction, 5 cut sections of 10 
μm thickness were prepared from formalin-fixed, paraffin-em-
bedded (FFPE) tumor tissue from each patient, and genomic DNA 
was extracted using the GeneRead DNA FFPE Kit (QIAGEN). For 
sample preparation, 200 ng of genomic DNA was used as input 
for library preparation using the KAPA Hyper Prep Kit (Kapa Bio-
systems), followed by targeted capture using a SureSelect Custom 
Kit (Agilent Technologies), for which 67 pancreatic cancer–asso-
ciated genes, including BRG1, and 1,250 SNPs regularly scattered 
throughout the genome were selected. Next-generation sequencing 
was performed using the Illumina HiSeq 2500 platform with a stan-
dard 125-bp paired-end read protocol. The average read depth was 
×457, and the average percentage of targeted bases covered by at 
least ×100 was more than 99%. Sequence alignment and mutation 
calling were performed using our in-house pipelines, as previously 
described (51, 52), with minor modifications. Mutations were called 
and filtered by excluding (i) synonymous SNVs; (ii) variant allele fre-
quency (VAF) of less than 0.05; (iii) strand ratio equal to 0 or 1; (iv) 
EBCall –log P value of less than 4, using sequencing data of 20 FFPE 
normal pancreatic tissues as controls; (v) known variants listed in 
the 1000 Genomes Project (http://www.internationalgenome.org/; 
October 2014 release), National Heart, Lung, and Blood Institute 
Exome Sequencing Project (ESP) 5400 (http://evs.gs.washington.
edu/EVS/), and the Human Genetic Variation Database (HGVD: 
http://www.hgvd.genome.med.kyoto-u.ac.jp/, April 2016 release). 
The variants with 0.35 < VAF < 0.65 that were protein-truncating 
variants or were registered in the Catalogue of Somatic Variations 
in Cancer (COSMIC) (https://cancer.sanger.ac.uk/cosmic) were 
considered to be somatic mutations. All variants with VAF less than 
0.35 or VAF greater than 0.65 were considered as somatic muta-
tions. In PDA_3, a missense variant in BRG1 was confirmed in tumor 
and paired normal tissues by amplicon sequencing and found to 
be a germline variant. Copy number analyses were performed by 
in-house pipelines, named CNACS, as previously described (53). 

For quantitative analysis of PanIN areas, measurements were per-
formed either by assessing Alcian blue–positive areas or claudin-18–
positive areas using ImageJ (NIH). Five complete pancreas sections 
per mouse were analyzed. ADM-like lesions contained metaplastic 
units that exhibited open and/or distended lumens containing acinar 
and/or ductal-like cells, as previously described (48, 49). The entire 
pancreatic area was also measured using ImageJ. Quantifications of 
BRG1-positive/negative ADM-like lesions/PanINs were performed on 
samples stained with Alcian blue and immunostained for BRG1. Three 
complete pancreas sections per mouse were counted. In the Sox9 over-
expression animals, BRG1 staining of PanINs in 5 random high-pow-
er microscopic fields for 3 sections per mouse was quantified. We 
defined the BRG1-positive ADMs or PanINs and SOX9-positive ADMs 
or PanINs as the lesions in which more than half of the cells of each 
ADM or PanIN lesion were positive for BRG1 and SOX9, respective-
ly. All quantitative analyses were performed in at least 3 animals per 
genotype.

Acinar cell isolation and culture. Mouse pancreata were chopped 
into small pieces and digested with collagenase P (0.2 mg/ml) for 10 
minutes. After 2 washes with HBSS buffer containing 5% FBS, the 
tissue suspension was filtered through a 100 μm cell strainer. The 
flowthrough was layered onto an HBSS plus 30% FBS solution and 
centrifuged. The cell pellet was centrifuged, resuspended in 1:1 acinar 
cultured media that included a rat-tail collagen type I solution (1 mg/
ml final collagen concentration), and added onto a well coated with 
rat-tail collagen type I. Acinar-cultured media was composed of Way-
mouth’s Medium (Thermo Fisher Scientific) plus 10% FBS plus 1% 
penicillin/streptomycin plus 100 μg/ml trypsin inhibitor plus 1 μg/ml 
dexamethasone (17, 50).

Adenovirus infection. After acinar cell isolation, cell pellets were 
resuspended into acinar-cultured media, infected with 300 MOI Ad5-
Cre-GFP or Ad5-GFP (Vector Biolabs), and incubated for 2 to 3 hours. 
Cells were then pelleted and resuspended in acinar-cultured media. 
For the RT-PCR analysis of adenovirus-infected acini, paired t test was 
used to compare expression changes among individual mice.

Gene-expression analysis. Total pooled RNA isolated from 3 individ-
ual pools of cultured acinar cell clusters 24 hours after Cre-expressing 
adenovirus infection was used for gene-expression analysis. Mouse 
genotypes used for analysis were WT, Brg1fl/fl, KrasG12D, and KrasG12D; 
Brg1fl/fl. Transcriptome profiling was performed using SurePrint G3 
Mouse Gene Expression 8x60K v2 (Agilent Technologies). Raw data 
were normalized using GeneSpring GX 14.5 (Agilent Technologies). 
To gain functional insights into the differentially expressed genes, 
DAVID Bioinformatics Resources 6.8 from the National Institute of 
Allergy and Infectious Diseases was used.

For the BRG1-associated gene-expression analysis, a cohort of 
patients with pancreatic cancer was studied (150 patients in the TCGA 
data set and 96 patients in the QCMG data set). BRG1hi tumors were 
defined as the higher 75% of tumors with positive z scores in each 
data set. Conversely, BRG1lo tumors were defined as the lower 25% of 
tumors with negative z scores in each data set.

ChIP experiments. ChIP was performed using the iDeal ChIP-
seq Kit for Transcription Factors (Diagenode). Briefly, freshly iso-
lated acinar cells were dual crosslinked using ChIP cross-link Gold 
(Diagenode) for 30 minutes at RT, followed by fixation in 1% form-
aldehyde (28906, Thermo Fisher) for 10 minutes at RT and quench-
ing with 125 mM glycine. Fixed cells were lysed and subsequently 
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