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Abstract

Purpose GAS41 is a YEATS domain protein that binds to acetylated histone H3 to promote the chromatin deposition of
H2A.Z in non-small cell lung cancer. The role of GAS41 in pancreatic cancer is still unknown. Here, we aimed to reveal
this role.

Methods GAS41 expression in pancreatic cancer tissues and cell lines was examined using qRT-PCR, Western blotting and
immunohistochemistry. MTT, colony formation, spheroid formation and in vivo tumorigenesis assays were performed to
assess the proliferation, tumorigenesis, stemness and gemcitabine (GEM) resistance of pancreatic cancer cells. Mechanisti-
cally, co-immunoprecipitation (co-IP) and chromatin immunoprecipitation (ChIP) assays were used to evaluate the roles of
GAS41, H2A.Z.2 and Notchl in pancreatic cancer.

Results We found that GAS41 is overexpressed in human pancreatic cancer tissues and cell lines, and that its expression
increases following the acquisition of GEM resistance. We also found that GAS41 up-regulates Notch, as well as pancreatic
cancer cell stemness and GEM resistance in vitro and in vivo. We show that GAS41 binds to H2A.Z.2 and activates Notch
and its downstream mediators, thereby regulating stemness and drug resistance. Depletion of GAS41 or H2A.Z.2 was found
to down-regulate Notch and to sensitize pancreatic cancer cells to GEM.

Conclusion Our data indicate that GAS41 mediates proliferation and GEM resistance in pancreatic cancer cells via H2A.Z.2
and Notchl.
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1 Introduction

Pancreatic cancer is a very aggressive malignancy with a
5-year overall survival rate of 11% [1]. It is the third lead-
ing cause of cancer-related mortality in men and women
combined [2, 3]. Gemcitabine (GEM) alone or in combina-
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result in an enrichment of CSCs and/or force differentiated
tumor cells to undergo phenotypic transition to a stem-like
cell state, thereby conferring drug resistance [9]. Indeed,
chemoresistance is often associated with activation of

CSC-specific pathways such as the NOTCH pathway [10,
11]. In particular, it has been reported that the NOTCH
pathway drives the selective growth of stem-like, GEM-
resistant (GR) pancreatic cancer cells [12]. However, the
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Fig.1 GAS41 is overexpressed in human pancreatic cancer tis-
sues and cell lines. (A-C) GAS41 expression in human pancreatic
cancer and adjacent normal tissues evaluated by qRT-PCR (A; n =
87, **p < 0.01) and Western blotting (B; n = 12, A = adjacent, T
tumor), and IHC (C, Scale bars = 100 pm). (D) Kaplan-Meier sur-
vival curves of pancreatic cancer patients with low (n = 31) or high
(n = 56) GAS41 expression. (E, F) GAS41 expression in human pan-
creatic cancer cell lines (PANC-1, BXPC3, Capan-1, MiaPaCa-2 and
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SW1990) and a normal pancreatic duct epithelial cell line (HPDE)
assessed by qRT-PCR (E) and Western blotting (F). n = 3; *p < 0.05,
**p < 0.01 vs. HPDE; n.s. = no significant difference vs. HPDE. (G)
Growth curves of human pancreatic cells (PANC-1, BXPC3, Capan-
1, MiaPaCa-2 and SW1990) grown in the presence of 2 pM GEM
measured by a MTT assay. n = 3, *p < 0.05, **p < 0.01, ***p <
0.001, n.s. = no significant difference
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molecular mechanisms that lead to NOTCH activation in
these cells remain poorly understood.

Histone variants are known to play fundamental roles in
chromosome segregation and gene expression. H2A.Z, a mem-
ber of the H2A histone variant family, has been reported to
regulate stem cell homeostasis and cancer development [13].
H2A.Z can either enhance or repress gene transcription, and
the transcriptional output is controlled by post-translational
modifications, most notably acetylation [13, 14]. In particu-
lar, chromatin deposition of acetylated H2A.Z has been linked
to the activation of Notch [15]. There are two isoforms of
H2A.Z, known as H2A.Z.1 and H2A.Z.2 [16]. Of these two,
the H2A.Z.2 isoform has been shown to promote drug resist-
ance in malignant melanoma [17]. Based on these findings, we
hypothesized that acetylated H2A.Z.2 (acH2A.Z.2) may drive
Notch activation and GEM resistance in pancreatic cancer.

The YEATS domain is a protein module that binds to
acetylated histones. Glioma amplified sequence 41 (GAS41,
YEATS4), a human YEATS-domain containing protein, is
a component of chromatin-modifying complexes responsi-
ble for the deposition of H2A.Z onto chromatin [18, 19].
Although the significance of GAS41 in human cancer is still
largely unexplored, a recent study has shown that GAS41
may drive non-small cell lung cancer (NSCLC) develop-
ment by binding to acetylated histone H3 to promote the
chromatin deposition of H2A.Z [20]. Another recent study
has shown that mutations in GAS41 are associated with dys-
regulated H2A.Z deposition in uterine leiomyoma, a dis-
ease that has been associated with increased Notch expres-
sion and activation [21, 22]. Thus, GAS41, by controlling
H2A.Z deposition, may be a novel regulator of Notch sign-
aling [15, 18, 19]. Here, we evaluated the role of GAS41 in
pancreatic cancer, with a focus on the acquisition of GEM
resistance. We found that GAS41 expression is increased in
human pancreatic cancer tissues and cell lines, and further
increases following the acquisition of resistance. In addi-
tion, we found that GAS41 binds to acH2A.Z.2 and leads
to up-regulation of Notch and its downstream mediators
that regulate stemness and resistance. Overexpression of
GAS41 or H2A.Z.2 was found to increase Notch expression
and resistance to GEM, while GAS41 or H2A.Z.2 silencing
down-regulated Notch and sensitized pancreatic cancer cells
to GEM in vitro and in an in vivo xenograft mouse model.
Our findings suggest that GAS41 may serve as a promising
target to promote chemosensitivity in pancreatic cancer.

2 Materials and methods
2.1 Human specimens and cell lines

Human pancreatic cancer and adjacent normal tissues were
obtained from 87 pancreatic cancer patients who underwent

surgical resection at Shanghai Tenth People’s Hospital,
Tongji University from 2003 to 2017. Each sample was
rapidly cut into two segments of approximately the same
size, fixed in formalin and stored in liquid nitrogen. The
two segments were later used for histochemical analysis and
biomarker testing, respectively. All participating patients
provided written informed consent, and the study method-
ologies conformed to the standards set by the Declaration
of Helsinki. All experiments with human tissue samples or
animals were approved by the Ethics Committee of Shanghai
Tenth People’s Hospital. PANC-1, BXPC3, Capan-1, Mia-
PaCa-2 and SW1990 human pancreatic cancer cell lines and
the HPDE human pancreatic duct epithelial cell line were
purchased from the ATCC (USA). Cells were maintained
in DMEM supplemented with 10% FBS (Sigma, F8318) at
37°C in a humidified atmosphere containing 5% CO,. The
culture medium was changed 3-4 times every week. GEM
resistance was induced in BXPC-3 and MiaPaCa-2 cells,
the two pancreatic cancer cell lines showing the lowest and
highest GAS41 expression, respectively, by prolonged GEM
treatment with stepwise increases in drug concentration.
Briefly, BXPC3 and MiaPaCa-2 cells were exposed to 100
nM, 300 nM, 600 nM and 1000 nM GEM for 2 weeks at
each concentration. GEM resistance was confirmed using
a MTT assay.

Table 1. GAS41 expression and diagnostic features. (n=87) (Normal-
ized to adjacent cancer issues)

Low expression
(n=31)
No. of patients (%)

High expression
(n=56)

Characteristics No. of patients (%)

Gender
Male 18(58.06%) 37(66.07%)
Female 13(41.94%) 19(33.93%)
Age
21-40 3(9.68%) 8(14.29%)
41-60 11(35.48%) 13(23.21%)
61-80 16(51.61%) 33(58.93%)
81-100 1(3.23%) 2(3.57%)
Histological grade
Low 8(25.81%) 6(10.71%)
Middle 19(61.29%) 10(17.86%)
High 4(12.90%) 40(71.43%)
TNM stages
I 4(12.90%) 3(5.35%)
I 16(51.62%) 12(21.43%)
I 11(35.48%) 22(39.29%)
v 0(0%) 19(33.93%)
Distant metastasis
No 23(74.19%) 15(26.78%)
Yes 8(25.81%) 41(73.22%)
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2.2 Plasmids and transfection pLKO.1-shNOTCH1 and pLL3.7-shH2A.Z.2 were used

for transfection. We used BXPC-3 cells (lowest GAS41

Plasmids expressing GAS41, Notchl, H2A.Z.2, shGAS41,  expression) for overexpression and MiaPaCa-2 cells (high-
shNotchl, shH2A.Z.2 or scr (scramble shRNA) were gener- est GAS41 expression) for knockdown studies. The transfec-
ated by GeneChem (Shanghai, China). pLKO.1-shGAS41,  tions were carried out using Lipofectamine 2000 (Invitrogen,
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«Fig.2 GAS41 drives pancreatic cancer cell tumorigenesis, stemness
and GEM resistance. (A, B) GEM resistance was induced in BXPC3 and
MiaPaCa-2 cells by prolonged GEM treatment as described in Materials
and Methods. GAS41 mRNA (A) and protein (B) levels in GEM-resistant
and parental cells determined by qRT-PCR and Western blotting, respec-
tively. (C) mRNA levels of the chemoresistance-related genes TUBB3 and
RRM1 analyzed by qRT-PCR. (D-E) Colony formation in the presence or
absence of 2 uyM GEM. (F-I) mRNA (F, H) and protein (G, I) levels of the
chemoresistance-related genes Tubb3 and Rrm1 determined by qRT-PCR
and Western blotting, respectively. (J-M) mRNA (J, L) and protein (K, M)
levels of the stemness-related genes Aldh, Abcg2, Cd133 and Nestin deter-
mined by qRT-PCR and Western blotting, respectively. (N-O) Spheroid
formation. n = 3, p < 0.05, *## && 38, < 0,01, Scale bars = 200 pm

11668019) and the transfection efficiencies were assessed
using qRT-PCR and Western blotting.

2.3 RNA extraction and qRT-PCR

Total RNA was extracted using TRIzol (Invitrogen, USA).
cDNA was synthesized using a PrimeScript RT reagent kit
(TaKaRa Bio Inc., Japan). Amplification was performed on
an ABI 7900HT real-time PCR system (Applied Biosystems,
USA). mRNA levels were calculated using the 222" method.
Gapdh was used for internal normalization. The specific primers
used in the amplification are listed in the Supplementary Table.
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Fig.3 GAS41 drives pancreatic cancer tumorigenesis and GEM
resistance in vivo. BALB/nu mice were inoculated with BXPC3 cells
transfected with vector or GAS41, or with MiaPaCa-2 cells trans-
fected with scr- or shGAS41. The mice were subsequently treated
with GEM or PBS for 4 weeks as described in Materials and Meth-
ods and finally euthanized. (A, F) Photos of the dissected tumors. (B,
G) Changes in tumor volume during the 4-week treatment. (C, H)

Weight of the dissected tumors. (D, E, I, J) mRNA (D, I) and protein
(E, J) expression of the stemness-related genes Aldh, Abcg2, Cd133
and Nestin in the tumor samples measured by qRT-PCR and Western
blotting, respectively. n = 5 mice per group, * % *$p < 0.03, *# &&
#.%5) < 0.01, n.s. = no significant difference. (K) IHC staining for
GAS41 and Ki67 and TUNEL staining of tumor tissues. Scale bars
=100 pm
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2.4 Chromatin immunoprecipitation (ChIP) crosslinking reaction was stopped by the addition of glycine,

after which the cells were washed with cold PBS. The cells
ChIP was carried out as reported previously [23]. Briefly, ~ were subsequently lysed in 0.1% NP-40 lysis buffer for 10 min-
cells (2x107) were incubated with 100 mg/ml recombinant  utes on ice. The nuclei were sonicated on ice to break down
HPA and 1% (v/v) formaldehyde at 37°C for 10 minutes. The  the nuclear DNA into fragments of one nucleosome (200 bp)
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«Fig.4 GAS41 drives tumorigenesis and GEM resistance by
upregulating NOTCH. (A) mRNA levels of GAS41 and Notchl in
tumor tissues of pancreatic cancer patients (n = 87). (B) IHC stain-
ing for NOTCHI1 in tumor and adjacent normal tissues of pancre-
atic cancer patients. (C) Correlation between GAS41 and Notchl in
tumor tissues of pancreatic cancer patients (n = 87). (D-F) BXPC3
cells were transfected with GAS41 or vector for 24 hours. Untrans-
fected cells were included as control. mRNA (D) and protein (E) lev-
els of Notchl and Hesl assessed by qRT-PCR and Western blotting,
respectively. n = 3, ¥ #p < 0,01, (F) THC staining for NOTCHI.
Green, NOTCH1; Blue, DAPI; Scale bars = 100 pm. (G-I) Mia-
PaCa-2 cells were transfected with shGAS41 or scr for 24 hours.
Untransfected cells were included as control. mRNA (G) and protein
(H) levels of Notchl and Hesl measured by qRT-PCR and West-
ern blotting, respectively. n = 3, ** #p < 0.01. (I) IHC staining for
NOTCHI. Green, NOTCHI; Blue, DAPI; Scale bars = 100 pm. (J-
L) BXPC3 cells were co-transfected with GAS41 and scr or GAS41
and shNotch1 for 24 hours. MiaPaCa-2 cells were co-transfected with
shGAS41 and vector or shGAS41 and Notchl for 24 hours. (J) The
respective cells were treated with GEM at the indicated concentra-
tions for 24 hours. Cell viability was determined by a MTT assay. n
=3, *p < 0.05. (K, L) IF TUNEL staining. Green, fragmented DNA;
Red, nucleus Scale bars = 100 pm

in length. The resulting chromatin solution (500 pg) was incu-
bated overnight at 4°C with ChIP-grade anti-GAS41 (Abcam,
ab251981) and anti-rabbit IgG (Abcam, ab172730) antibodies.
The H2A.Z.2-DNA complexes were precipitated and the DNA
fragments were purified using a QIAquick PCR purification kit
(Qiagen, USA). The purified samples were analyzed by PCR
using primers specific for the human Notchl and Hesl promot-
ers. The pre-ChIP DNA samples were used as the input control
in each PCR. The ChIP-PCR primers used in the amplification
are listed in the Supplementary Table.

2.5 Western blot analysis
and co-immunoprecipitation (co-IP)

Cells were lysed in cold lysis buffer (50 mM Tris-HCI,
pH 7.4, 250 mM NacCl, 0.5% Triton X-100, 10% glycerol,
1 mM DTT) containing protease inhibitors. The proteins
were separated by 10-12% SDS-PAGE and transferred to
nitrocellulose membranes. After blocking in Pierce™ Pro-
tein-Free Blocking Buffer (Thermo Scientific™, 37570),
the membranes were incubated overnight at 4°C with
antibodies directed against GAS41 (Abcam, ab251981),
ALDH (Invitrogen, PA5-27414), ABCG2 (Abcam,
ab207732), CD133 (Abcam, ab216323), NESTIN (Abcam,
ab105389), TUBB3 (Abcam, ab52623), RRM1 (Abcam,
ab137114), NOTCHI1 (Sigma, SAB5200906), HES1
(Abcam, ab108937) and H2AZ (Abcam, ab4174). After
incubation with the corresponding secondary antibodies,
immunoreactivity was detected using an enhanced chemi-
luminescence (ECL) system (Millipore, USA). Co-IP
experiments were performed as described previously [24].
Briefly, MiaPaCa-2 cells transfected with H2A-eGFP- or
H2A.Z.2-eGFP-expressing plasmids were lysed in cold

lysis buffer containing protease inhibitors. pcDNA3.1/c-
eGFP, pcDNA3.1/GAS41-c-eGFP or pcDNA3.1/H2A.Z.2-
c-eGFP were used in co-IP experiments. To this end, the
lysates were incubated with non-specific antibody-coated
protein A/G beads (Millipore) or anti-eGFP-conjugated
agarose beads (Sigma) overnight at 4°C. After washing in
cell lysis buffer, the bound proteins were eluted with SDS
buffer and analyzed by Western blotting.

2.6 Immunohistochemistry (IHC),
immunofluorescence (IF) and TUNEL assays

In situ THC staining for GAS41 (Abcam, ab251981),
NOTCHI1 (Sigma, SAB5200906), and Ki-67 (Abcam,
ab15580) was performed using the corresponding IHC kits.
In situ cell apoptosis was detected using TUNEL assay kit -
HRP-DAB (Abcam, ab206386). To detect NOTCH]1 by IF,
cells were incubated with anti-NOTCHI1 antibody (1:200;
SAB5200906) in PBS containing 1% BSA at 37°C for 1
hour followed by incubation with goat anti-rabbit IgG H&L
(Alexa Fluor® 488) (Abcam, ab150077) at room tempera-
ture for 1 hour. Nuclei were visualized with DAPI (Sigma,
D9542). Images were acquired on an inverted fluorescence
microscope (Nikon, Japan).

2.7 Cell proliferation and colony formation assays

To evaluate proliferation, cells were seeded in 96-well
plates (2-4 x 10% cells per well). After 24-hour incuba-
tion, the cells were treated with different concentrations
of GEM at 37°C for 0-96 hours. Cell viability was deter-
mined using a CyQUANT™ MTT Cell Viability Assay Kit
(Invitrogen, V13154) and the absorbance at 490 nm was
recorded on a microplate reader. The half-maximal inhibi-
tory concentration (ICs,) of GEM was determined using
Sigma Plot 9.0 software (Systat Software Inc., USA). To
evaluate colony formation, cells were seeded in 6-well
plates (500-600 cells per well). After 24-hour incubation,
the cells were treated with 2 pM GEM or PBS at 37°C
for 24 hours. Next, the cells were incubated in drug-free
growth medium for another 14 days, fixed with 4% formal-
dehyde, and stained with 0.5% crystal violet. The numbers
of colonies were counted in 5 fields. Each experiment was
repeated three times.

2.8 Spheroid formation assay
Cells were seeded into 24-well Corning® Costar® ultra-

low adhesion plates (Sigma, CLS3473) (1x10* per well)
and cultured in cancer stem cell medium (McCoy’s 5A

@ Springer
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days. The formation of spheroids was evaluated under a

microscope.
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BALB/nu mice (6-8 weeks old) were obtained from

the Shanghai Lab Animal Research Center (Shanghai,
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«Fig.5 H2A.Z.2 mediates pancreatic cancer cell tumorigenesis,
stemness and GEM resistance. (A) H2A.Z.2 mRNA levels in human
pancreatic cancer and adjacent normal tissues determined by qRT-
PCR. n = 87, **p < 0.01. (B) H2A.Z.2 mRNA levels in wild-type
and GR BXPC3 and MiaPaCa-2 cells assessed by qRT-PCR. n =
3, *p < 0.05, **p < 0.01. (C, E, G-upper panel) BXPC3 cells were
transfected with shH2A.Z.2-1, shH2A.Z.2-2 or scr for 24 hours. (C)
H2A.Z.2 mRNA levels examined by qRT-PCR. (E) Cell viability
assessed after treatment with the indicated concentrations of GEM
for 24-96 hours using a MTT assay. (G-upper panel) Colony for-
mation. n = 3, **p < 0.01, n.s. = no significant difference. (D, F,
G-lower panel) MiaPaCa-2 cells were transfected with shH2A.Z.2-1,
shH2A.Z.2-2 or scr for 24 hours. (D) H2A.Z.2 mRNA levels exam-
ined by qRT-PCR. (F) Cell viability assessed after treatment with
the indicated concentrations of GEM after 24-96 hours treatment
using a MTT assay. (G-lower panel) Colony formation. n = 3, **p
< 0.01, n.s .= no significant difference. (H, J) BXPC3 cells were
transfected with shH2A.Z.2 or scr for 24 hours. Untransfected cells
were included as control. mRNA (H) and protein (J) expression of
the stemness- and chemoresistance-related genes determined by qRT-
PCR and Western blotting, respectively. n = 3, #% & #.3%, < 001,
(I, K) MiaPaCa-2 cells were transfected with shH2A.Z.2 or scr for 24
hours. Untransfected cells were included as control. mRNA (I) and
protein (K) levels of stemness- and chemoresistance-related genes
determined by qRT-PCR and Western blotting, respectively. n = 3,
sk && #55,  0.01. (L, M) Spheroid formation of BXPC3 (L) and
MiaPaCa-2 (M) cells transfected with sh-1H2A.Z.2, sh-2H2A.Z.2 or
scr

China). 2 x 10° cells in 100 pl PBS were subcutane-
ously injected into the left flank of each mouse. When
palpable tumors were formed, the animals were divided
into two groups and administered intraperitoneal GEM
(20 mg/kg) or PBS (100 pl) twice a week for four weeks.
The tumor lengths and widths were measured twice a
week using an external caliper. The tumor volumes were
calculated using the equation V = (length X width?)/2.
The mice were sacrificed at the end of the experiments
after which the tumors were harvested for examination.
The study methodologies used were in conformity with
the standards set by the Declaration of Helsinki and were
approved by the Ethics Committee of the Shanghai Tenth
People's Hospital.

2,10 Statistical analysis

Data are presented as the means + SD (standard devia-
tion). Comparisons between groups were carried out using
one-way ANOVA and Tukey’s test. Associations between
GAS41 and Notchl expression were analyzed using Pear-
son correlation analysis. Survival analysis was performed
using the Kaplan-Meier method. The average expression
of GAS41 was used during survival analysis. SPSS 13.0
software (IBM, USA) was used for statistical interpreta-
tions. P-values < 0.05 were considered to be statistically
significant.

3 Results

3.1 GAS41 is overexpressed in human pancreatic
cancer tissues and cell lines

To assess the role of GAS41 in pancreatic cancer, we first
examined its expression in human pancreatic cancer tissues
and cell lines. Using qRT-PCR, we found that, compared
with adjacent normal tissues, human pancreatic cancer tis-
sues exhibited significantly higher GAS41 mRNA expres-
sion levels (Fig. 1A). An association between GAS41
expression levels and patient characteristics is shown in
Table 1. The cancerous tissues also exhibited higher GAS41
protein expression levels as revealed by Western blotting
and IHC (Fig. 1B, C). In addition, using Kaplan-Meier sur-
vival analysis, we observed a positive association between
high tumorous GAS41 expression and a poor survival
(Fig. 1D). Consistent with these clinical data, four out of
the five human pancreatic cancer cell lines tested in this
study showed significantly higher GAS41 expression levels
than the HPDE pancreatic epithelial cell line (Fig. 1E, F).
Of note, we found that the proliferation of the five cancer-
ous cell lines in the presence of 2 pM GEM correlated with
their GAS41 expression levels (Fig. 1G), implicating a role
of GAS41 in drug resistance. Thus, our data indicate that
GASA41 is overexpressed in human pancreatic cancer tissues
and cell lines.

3.2 GAS41 drives pancreatic cancer cell
development, stemness and GEM resistance

To assess the role of GAS41 in GEM resistance, we chose
to study BXPC-3 and MiaPaCa-2, the two pancreatic cancer
cell lines showing the lowest and highest GAS41 expres-
sion levels, respectively (Fig. 1E, F). After prolonged GEM
treatment with a stepwise increase in drug concentration,
these cells developed GEM resistance (GR) as manifested
by an approximately 3.5-4-fold increase in the ICs, value
of GEM (Sup Fig. 1A, B). Of note, GAS41 expression was
increased in the GR cells (Fig. 2A, B). In addition, we found
that the GR cells exhibited increased expression levels of the
chemoresistance-related genes Tubb3 and Rrm1 (Fig. 2C),
as well as the stemness-related genes Aldh, Abcg2, Cd133
and Nestin (Sup Fig. 1C-D) compared to the correspond-
ing wild-type cells. We subsequently transfected BXPC-3
cells with GAS41-expressing plasmids and MiaPaCa-2
cells with shGAS41-expressing plasmids. GAS41 over-
expression and knockdown were subsequently confirmed
using qRT-PCR and Western blotting (Sup Fig. 1E-F). We
found that GAS41 overexpression in BXPC-3 cells promoted
their proliferation (Sup Fig 1G), colony forming (Fig. 2D,
upper panel) and spheroid forming (Fig. 2N) capacities, and

@ Springer



438 S.Hanetal.

A S control® scr [Z shH2AFV B BXPC3 C Control shH2AFV
w» 15 Con  Scr shH2AFV
g k% #
[y Notch1‘ s oS ‘
s ©1.0
<& ©
Zs Hest| s Ml s ‘ e
=2 X
£ 505 2
[ =1 -
E p-Actin] s s |
s —
T 0. &
o notch1 Hes1 a
BXPC3 x
D E - F3
MiaPaCa2 s
§D1c50ntrol- scr B3 shH2AFV Con Scr shH2AFV 2
S Notch1 N
£ S
s 210 ]
g ® o
25 E
€305
oS
=
5
K]
[
x notch1 Hes1
MiaPaCa2 Vec/Scr:
-* Vector: H2AFV: - - + +
*
= H2AFV shH2AFV: - - - - +
120- I J
G TSA: - + - + +
BXPC3 1004 Vector H2AFV 5
4 -
& R S Notchl| e e s GRS
D 2
w o3 =
?5’_8’ 2 604 Hes
© = es
352 =N ———
QT 8
28,
5 < 201 B-Actin -
m 0
vector H2AFV 0 24h 48h 72h  96h
Vec/Scr: + + - - -
-* Vector H2AFV: - - + + -
*
L 120 - H2ARY shH2AFV: - - - - +
K M Vector warv N rsa N . . .

MiaPaCa2 100

o
)

IS
1

[
1

Cell viability %
o
3

N
h

-
n

Relative expression
(fold change)

* Notch 1 | e
404

B-Actin| — ....(
vector H2AFV 0  24n  48h  72h  96h

Vector+PBS Vector+TSA H2AFV+PBS H2AFV+TSA shH2AFV+TSA

>

Control

o

n")
Notch1+DAPI gypc3

MiaPaCa2

@ Springer




GAS41 mediates proliferation and GEM chemoresistance via H2A.Z.2 and Notch1 in pancreatic... 439

«Fig.6 AcH2A.Z.2 upregulates Notch. (A-F) BXPC3 (A-C) and
MiaPaCa-2 (D-F) cells were transfected with shH2A.Z.2 or scr for
24 hours. Untransfected cells were included as control. (A, D) mRNA
levels of Notchl and Hesl levels assessed by qRT-PCR. n = 3, **
##p < 0.01. (B, E) Protein levels of NOTCH1 and HES1 examined by
Western blotting. (C, F) IF staining for NOTCH1. Green, NOTCH1;
Blue, DAPI; Scale bars = 100 pm. (G-I, K-M) BXPC-3 (G-I) and
MiaPaCa-2 (K-M) cells were transfected with H2A.Z.2 or vector for
24 hours. (G, K) mRNA levels of H2A.Z.2 assessed by qRT-PCR.
(H, L) Cell viability assessed after treatment with the indicated con-
centrations of GEM for 24-96 hour by a MTT assay. (I, M) Colony
formation. n = 3, *p < 0.05, **p < 0.01. (J, N, O, P) BXPC3 (J, O)
and MiaPaCa-2 (N, P) cells were transfected with H2A.Z.2, vector,
shH2A.Z.2 or scr for 24 hours with or without pretreatment with TSA
(200 nM) for 2 hours as indicated. (J, N) NOTCHI1 and HES1 pro-
tein levels were examined by Western blotting. (O, P) IF staining for
NOTCHI. Green, NOTCH1; Blue, DAPI; Scale bars = 100 pm

induced resistance to GEM (Fig. 2D, lower panel). GAS41
knockdown in MiaPaCa-2 cells inhibited their proliferation
(Sup Fig 1G), colony forming (Fig. 2E, upper panel) and
spheroid forming (Fig. 20) capacities, and sensitized the
cells to GEM (Fig. 2E, lower panel). These data support a
role of GAS41 as driver of tumorigenesis and drug resist-
ance. Mechanistically, we found that GAS41 overexpres-
sion increased the expression of chemoresistance- (Fig. 2F,
G) and stemness-related genes (Fig. 2J-K), while GAS41
knockdown had the opposite effect (Fig. 2H, I and L, M).
We subsequently examined the effects of GAS41 overex-
pression and knockdown in the corresponding GR cells and
obtained similar results (Sup Fig. 1H-L). These data suggest
that GAS41 drives tumorigenesis, stemness and GEM resist-
ance in pancreatic cells in vitro.

3.3 GAS41 drives pancreatic cancer tumorigenesis
and GEM resistance in vivo

To determine whether our in vitro findings can be extrapo-
lated in vivo, we established xenograft mouse models of
human pancreatic cancer using genetically modified BXPC3
and MiaPaCa-2 cells. We found that compared with con-
trol tumors, tumors derived from GAS41-overexpressing
BXPC3 cells exhibited a faster growth rate and greater GEM
tolerance (Fig. 3A-C), along with higher expression levels of
the stemness-related markers Aldh, Abcg2, Cd133 and Nes-
tin (Fig. 3D, E). In contrast, we found that tumors derived
from GAS41-silenced MiaPaCa-2 cells were smaller and
exhibited a decreased GEM tolerance (Fig. 3F -H), as well
as lower expression levels of the stemness-related markers
(Fig. 31-J). Consistent with these findings, GAS41-overex-
pressing tumors exhibited higher levels of Ki67 expression
(a proliferation marker) and lower apoptotic rates as indi-
cated by IHC and TUNEL staining (Fig. 3K), while GAS41-
silenced tumors showed decreased Ki67 expression levels
and increased apoptotic rates (Fig. 3K). Thus, similar to our

in vitro findings, we found that GAS41 promotes pancreatic
cancer cell stemness and drives tumorigenesis and GEM
resistance in vivo.

3.4 GAS41 drives tumorigenesis and GEM resistance
by upregulating Notch

The NOTCH pathway has been shown to mediate the stem-
like transition of GR pancreatic cancer cells [12]. To explore
whether NOTCH can mediate the pro-stemness and pro-
resistance activities of GAS41, we examined Notch expres-
sion in pancreatic cancer tissue samples using qRT-PCR and
IHC. Higher NOTCH levels were detected in tumor tissues
compared to adjacent normal tissues (Fig. 4B). Of note,
Notch expression positively correlated with GAS41 expres-
sion in the tumor tissues (Fig. 4A, C), suggesting a regula-
tory relationship. Hesl, a downstream mediator of Notch,
is known to play a key role in stemness and chemoresist-
ance in various cancers [25]. Here, we found that GAS41
overexpression increased the mRNA and protein expression
levels of Notch1 and Hes1 in wild-type (Fig. 4D-F) and GR
BXPC-3 cells (Fig. 4D-F, Sup Fig. 2A, B), while GAS41
knockdown in wild-type (Fig. 4G-I) and GR MiaPaCa-2
cells (Sup Fig. 2C, D) had the opposite effect. To further
explore the relationship between GAS41 and Notch, we co-
transfected wild-type or GR BXPC-3 cells with GAS41- and
shNotch1-expression plasmids, and wild-type or GR Mia-
PaCa-2 cells with shGAS41- and Notchl-overexpression
plasmids. Notch1 overexpression and knockdown were con-
firmed by qRT-PCR and Western blotting (Sup Fig. 2E-H).
We found that Notch1 knockdown reduced the GEM toler-
ance increased by GAS41 overexpression, and that Notch
overexpression increased the GEM tolerance reduced by
GAS41 knockdown (Fig. 4], Sup Fig. 2I). Moreover, we
found after IF TUNEL staining that Notchl knockdown in
wild-type BXPC-3 cells restored the apoptosis inhibited by
GAS41 overexpression (Fig. 4K), while Notchl overexpres-
sion in wild-type MiaPaCa-2 cells reduced the apoptosis
induced by GAS41 knockdown (Fig. 4L). Collectively, these
results indicate that GAS41 drives tumorigenesis and GEM
resistance by upregulating Notchl1.

3.5 H2A.Z.2 mediates pancreatic cancer cell
tumorigenesis, stemness and GEM resistance

Given the reported function of H2A.Z.2 in malignancy and
chemoresistance [17], we speculated that H2A.Z.2 might
be involved in pancreatic cancer tumorigenesis and drug
resistance. Indeed, we found that H2A.Z.2 was overex-
pressed in human pancreatic cancer tissues (Fig. SA), and
that its expression in pancreatic cancer cells correlated
with GEM resistance (Fig. 5B). In addition, we analyzed
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«Fig. 7 GAS41 activates Notch and its downstream mediators. (A,
D) MiaPaCa-2 cells transfected with eGFP-, H2A-eGFP- or H2A.Z.2-
eGFP-expressing plasmids were subjected to co-IP as described in
Materials and Methods in the absence (A) or presence (D) of a dea-
cetylase. (B, C, E, F, G-L) BXPC3 cells (B, C, G, H, K) were trans-
fected with GAS41, shH2A.Z.2, vector or scr, either alone or in com-
bination as indicated. MiaPaCa-2 cells (E, F, 1, J, L) were transfected
with shGAS41, H2A.Z.2, vector or scr, either alone or in combination
as indicated. (B, E) ChIP analysis performed with primers targeted
to the promoter regions of Notchl and Hesl. (C, F) Cell viability
assessed after treatment with the indicated concentrations of GEM for
24-96 hour using a MTT assay. (G-J) The mRNA (G, I) and protein
(H, J) levels of Notch and Hesl examined by qRT-PCR and West-
ern blotting, respectively. (K, L) IF staining for NOTCHI. Green,
NOTCHI; Blue, DAPI; Scale bars = 100 pm. n = 3, *’#p < 0.05, **
#p < 0.01, n.s. = no significant difference

H2A.Z.2.1 and H2A.Z.1 expression by qRT-PCR in tissue
samples, and found that both were overexpressed in pan-
creatic cancer tissues. (Sup Fig. 3A, B) We subsequently
transfected BXPC3 and MiaPaCa-2 cells with shH2A.Z.2-
or H2A.Z.2-expressing plasmids, respectively. H2A.Z.2
knockdown (Sup Fig. 3C-D) and overexpression (Sup
Fig. 3E-F) were confirmed by qRT-PCR and Western blot-
ting (Fig. 5C, D; Fig. 6G, K). Since a higher interference
efficiency was observed for ssH2AFV-2 than shH2AFV-1,
we used shH2AFV-2 for subsequent experiments. We also
found that H2A.Z.2 expression increased in pancreatic can-
cer cells (Sup Fig. 3G). Similar to GAS41 knockdown, we
found that H2A.Z.2 knockdown inhibited the proliferation,
colony forming and spheroid forming capacities (Fig. SE-
G, L, M) and reduced the expression of stemness- and
chemoresistance-related genes (Fig. 5SH-K) in these cells.
H2A.Z.2 knockdown restored their sensitivity to GEM (Sup
Fig. 4B, D), as well as reduced the expression of stemness
and chemoresistance markers in GR cells (Sup Fig. 4E-J). In
contrast, we found that H2A.Z.2 overexpression promoted
colony formation and increased GEM tolerance (Fig. 6H, I,
L, M). These data directly link H2A.Z.2 to pancreatic cancer
cell tumorigenesis, stemness and chemoresistance.

3.6 Acetylated H2A.Z.2 (acH2A.Z.2) upregulates
Notch

Chromatin deposition of acetylated H2A.Z has been
linked to the activation of Notch [15]. Here, we found that
H2A.Z.2 knockdown in BXPC3 and MiaPaCa-2 cells led to
decreased Notchl and Hesl mRNA and protein expression
levels (Fig. 6A-F), while its overexpression had the opposite
effect (Fig. 6], N, O, P), indicating that H2A.Z.2 upregulates
Notch. This regulatory relationship was also observed in GR
cells (Sup Fig. 5A-D). To determine whether this activity
of H2A.Z.2 depends on its acetylation, we examined the
effects of trichostatin A (TSA), a selective histone deacety-
lase (HDAC) inhibitor. Similar to H2A.Z.2 overexpression,

we found that TSA treatment alone also increased NOTCH 1
and HES1 protein expression levels (Fig. 6], N, O, P), sug-
gesting that acH2A.Z.2 mediates the activation of NOTCH.
This notion was further supported by the subsequent find-
ing that TSA augmented NOTCH and HES1 expression
increased by H2A.Z.2 overexpression, and partially restored
NOTCHI1 and HES|1 protein expression reduced by H2A.Z.2
knockdown (Fig. 6], N, O, P). These findings suggest that
acH2A.Z.2 upregulates Notch.

3.7 GAS41 activates Notch and its downstream
mediators

A recent study has shown that GAS41 can bind to acety-
lated histone H3 to promote H2A.Z deposition onto chro-
matin in non-small cell lung cancer (NSCLC) [20]. Given
this function of GAS41 as a reader of histone acetylation,
we speculated that GAS41 may bind to acH2A.Z.2. In line
with this hypothesis, we observed using co-IP a direct
interaction between GAS41 and H2A.Z.2 in MiaPaCa-2
cells (Fig. 7A). However, this interaction was lost after the
addition of C646, a histone acetylase inhibitor (Fig. 7D),
indicating that GAS41 binds to acH2A.Z.2, but not its dea-
cetylated counterpart. We subsequently performed ChIP
experiments to evaluate the deposition of H2A.Z.2 onto the
promoter regions of Notchl and Hesl. As speculated, we
found that GAS41 overexpression in BXPC3 cells increased
H2A.Z.2 binding to the Notchl and Hes1 promoters, while
GAS41 knockdown in MiaPaCa-2 cells decreased H2A.Z.2
binding to the Notchl and Hesl promoters. (Fig. 7B, E;
Sup Fig. 5E-F). Of note, we found that H2A.Z.2 overex-
pression in GAS41 knockdown MiaPaCa-2 cells failed to
restore H2A.Z.2 binding to the Notchl and Hesl promot-
ers (Fig. 7E), indicating that GAS41 is indispensable for
the deposition of H2A.Z.2 at the Notchl and Hes1 promot-
ers. In addition, we found that the Notchl and Hes1 mRNA
and protein levels were dependent on GAS41 expression
(Fig. 7G-L), confirming that GAS41 can activate Notch and
its downstream mediators.

3.8 GAS41 in combination with H2A.Z.2 drives
pancreatic cancer cell tumorigenesis,
stemness and GEM resistance

Based on the observed GAS41/H2A.Z.2/Notch regulation in
pancreatic cancer cells, we next set out to examine its role in
tumorigenesis, stemness and GEM resistance. Expression of
stemness- and chemoresistance-related genes was detected in
BXPC3 and MiaPaCa-2 cells with knockdown or overexpres-
sion of GAS41 and H2AFV (Fig. 8A-H). The combination
of GAS41 and H2A.Z.2 positively regulated gastric cancer
cell tumorigenesis and stemness. Increased stemness was
also observed in the spheroid formation assay (Fig. 8I, J,
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right panels). Similarly, we found that colony formation
was increased (Fig. 81, J, center panels) and apoptosis was
decreased (Fig. 81, J, left panels) when the cells were treated
with GEM. Thus, GAS41 in combination with H2A.Z.2 drives
pancreatic cancer cell tumorigenesis, stemness and GEM
resistance through Notch.

3.9 GAS41 in combination with H2A.Z.2 drives
pancreatic cancer tumorigenesis, stemness
andGEM resistance in vivo

To investigate the function of GAS41 in combination with
H2A.Z.2 in pancreatic cancer in vivo, we studied xenograft
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Fig.9 GAS41 in combination with H2A.Z.2 drives pancreatic
cancer tumorigenesis, stemness and GEM resistance in vivo.
BALB/nu mice were inoculated with BXPC3 cells transfected with
vector, GAS41 or GAS41+shH2A.Z.2 (A-E, K) or with MiaPaCa-2
cells transfected with scr-, sShGAS41 or shGAS41+H2A.Z.2 (F-J, L).
The mice were subsequently treated with PBS or GEM for 4 weeks
as described in Materials and Methods, and finally euthanized. (A,
F) Photographs of the dissected tumors. (B, G) Changes in tumor

NOTCH1

MiaPaCa2

GEM
shGAS41

volume during the 4-week treatment. (C, H) Weight of the dissected
tumors. (D-J) mRNA (D, I) and protein (E, J) levels of the stemness-
related genes Aldh, Abcg2, Cd133 and Nestin in tumor tissues exam-
ined by qRT-PCR and Western blotting, respectively. (K. L) THC
staining for NOTCH1 and Ki67 and TUNEL staining of tumor tis-
sues. Scale bars = 100 pm. n = 5 mice per group, * < * %5 < 0,05,
o, && .55, < 0.01, **#p < 0.001, n.s. = no significant difference
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tumors derived from BXPC3 cells transfected with vector,
GAS41 or GAS41+shH2A.Z.2, and from MiaPaCa-2 cells
transfected with scr-, ShGAS41 or shGAS41+H2A.Z.2. We
found that GAS41-overexpressing tumors exhibited a more
rapid growth and a greater GEM resistance and stemness than
GAS41-silenced tumors. However, H2A.Z.2 knockdown
decreased the tumorigenesis, stemness and GEM resistance
induced by GAS41 overexpression (Fig. 9A-E,K), while
H2A.Z.2 overexpression failed to restore the tumorigenesis,
stemness and resistance reduced by GAS41 knockdown
(Fig. 9F-J,L). These results indicate that both GAS41 and
H2A.Z.2 are required to upregulate Notch-mediated tumori-
genesis, stemness and GEM resistance of pancreatic cancer
cells in vivo.

4 Discussion

Histone acetylation and deacetylation are fundamental
processes involved in epigenetic regulation of gene expres-
sion. Abnormal patterns of histone acetylation are closely
associated with human cancer and thus, understanding the
mechanisms of histone acetylation reading and writing are
important for developing optimal strategies to combat cancer
[26]. Acetyl lysine marks on histones are most commonly
recognized by small protein modules termed bromodomains
(BrDs). Given the association of BrD-containing proteins
with tumorigenesis [27], BrDs have become novel targets for
cancer therapy [28]. The function of the YEATS domain as a
histone acetylation reader has only been recently described.
It has been shown that the YEATS domains of AF9 and
ENL recognize acetylation on H3K9, H3K18 and H3K27,
whereas that of YEATS2 preferentially binds to H3K27ac
[24, 29, 30]. H2A.Z has been found to be overexpressed in
a number of malignancies including bladder cancer, liver
cancer and melanoma, and to play an oncogenic role in these
tumors by regulating an enriched set of genes involved in
cell cycle regulation and/or epithelial-mesenchymal transi-
tion [17, 31, 32]. The YEATS domain of GAS41 has been
shown to recognize acetylation on H3K27 and H3K14 to
promote H2A.Z deposition and, thereby, drive tumorigenesis
of NSCLC [20]. However, whether GAS41 can read acetyla-
tion on H2A.Z is unknown.

In this study, we found that H2A.Z.2 is overexpressed in
human pancreatic cancer tissues and cell lines. Exogenous
expression of GAS41 or H2A.Z.2 upregulated NOTCH and
NOTCH-mediated cancer cell stemness and GEM resist-
ance. As GAS41 has previously been shown to promote
H2A.Z deposition via histone acetylation [20], our find-
ings directly link GAS41 and H2A.Z.2 to the chemore-
sistance of pancreatic cancer, a major cause of its poor
prognosis. Thus, we hypothesized that GAS41 mediates
H2A.Z.2 deposition and acetylation at the NOTCH locus
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leading to increased Notch expression and activation. Con-
cordantly, our co-IP experiments revealed a direct binding
between GAS41 and H2A.Z.2 in pancreatic cancer cells,
whereas this interaction was lost after the addition of a
histone deacetylase. To the best of our knowledge, this is
the first report of a YEATS domain protein acting as an
acetylation reader for a histone or histone variant other
than histone H3. In agreement with this notion, we found
by ChIP that GAS41 overexpression promoted the deposi-
tion of H2A.Z.2 (presumably in its acetylated form) onto
the promoter of NOTCH. This resulted in the activation of
NOTCH and the expression of genes related to cancer cell
stemness and drug resistance, leading to GEM resistance
both in vitro and in an in vivo xenograft mouse model.
GAS41 or H2A.Z.2 silencing deactivated NOTCH and
sensitized pancreatic cancer cells to GEM in vitro and in
vivo. Collectively, these findings indicate that blockade of
the acetylation recognition activity between GAS41 and
acH2A.Z.2 affects NOTCH activation and may help to
combat pancreatic cancer chemoresistance and improve
patient survival.

We also found that GAS41 was overexpressed in human
pancreatic cancer tissues and cell lines. In addition, we
found that a high GAS41 expression in human pancreatic
cancer tissues was associated with a poor patient survival.
Thus, GAS41 could potentially serve as a diagnostic and/or
prognostic marker for pancreatic cancer. Previous studies
have shown that GAS41 may be amplified in a variety of
human cancers such as glioblastoma, stomach cancer and
NSCLC [20, 33]. As yet, however, the functional role of
GAS41 in cancer remains poorly defined. In the present
study we identified the GAS41/acH2A.Z.2/NOTCH signal-
ing cascade as a critical denominator in pancreatic cancer
chemoresistance. Whether this pathway is also responsible
for chemoresistance of other types of human cancer requires
further investigation.

Our findings suggest that GAS41 can directly interact
with acetylated H2A.Z, thereby promoting its deposition
at the NOTCH promoter and increasing the expression and
activation of the NOTCH pathway, linking GAS41/H2A.Z
and NOTCH [15, 18, 19]. However, several important ques-
tions remain. For example, what is the mechanism by which
GAS41 promotes the deposition of acH2A.Z.2. In addition,
there are several limitations to our study. Our results indi-
cated, for example, that GAS41 can promote pancreatic
cancer cell proliferation in the absence of GEM treatment,
suggesting that the increased proliferation may be due to
increased resistance to GEM therapy induced by GAS41.
However, it is also possible that the effect of GAS41 on
promoting resistance to GEM treatment may be attributed
at least partially to a general promotion of cellular prolif-
eration. Future studies using GAS41 knockout cells may
address this issue.
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5 Conclusions

In summary, we found that overexpression of GAS41 in pan-
creatic cancer is involved in promoting cell proliferation and
resistance to GEM through binding to acetylated H2A.Z and
increased H2A.Z deposition, which leads to up-regulation of
NOTCH. Thus, GAS41 may serve as a therapeutic target for
overcoming chemoresistance of this malignancy.
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