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Division Summary

The mission of our division centers on laboratory and clinical research to develop the
novel strategies and modalities for diagnosis and treatment of the gastrointestinal,
refractory and rare cancer types including glioblastoma, bone and soft tissue sarcomas.
Research projects are based on biological characteristics of individual tumor types that are
relevant to their invasive and metastatic potential, resistance to therapy, recurrence and
outcome of patients. Our current efforts are focused on (1) research and development of
the cancer therapy by targeting aberrant glycogen synthase kinase (GSK)3[; (2)
understanding of malignant phenotypes of cancer by investigating pathological metabolic
properties (eg., aerobic glycolysis, tumor-promoting autophagy); and (3) biological basis
of gastrointestinal and refractory cancer, all for clinical translation. We have been also
establishing the tissue material resources of human stomach and colorectal cancer for our
own projects described above as well as for studies collaborating with our institutional and
many other research groups. In an immediate couple of years, we have obtained the
preliminary results indicating the putative roles of tumor GSK3f as a molecular hub that
connects the pathways responsible for tumor invasion and resistance to therapy, thus
enforcing its potential as a major cancer therapeutic target. We are extending this project
toward investigation of the putative roles for GSK3[ in promoting esophageal squamous
cell carcinoma (ESCC; the major type of esophageal cancer in Asia and Japan) and
pancreatic neuroendocrine neoplasms as well as in acquiring chemoresistance in pancreatic
cancer. We also have been trying to develop cellular and mouse models predisposing to
ESCC by CRISPR-Cas9-based genome editing of the metabolic enzymes including
glycogen synthase and GSK3p. In addition to these projects, we have clarified the genetic
and epigenetic characteristics of traditional serrated adenoma and duodenal non-ampullary

adenoma and adenocarcinoma.

<2021 FFDOMFERR, EHRILK VS & DOFHE >
1. glycogen synthase kinase (GSK) 3B BEZE C KA ABREED L. BAF

Wt FEEAMH] K- L3RRS TS GSK3B M3 [EA D4 F R AT LT 7S A0 B
TEEEHEMET DL RFANTRL TEIZ, £ LT, GSK3B FHE D A TRH N R 2 Al i
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12 (11): 1431, 2021. doi: 10.3390/mi12111431 [2.892]

. Kotake M, Bando H, Kaneko M, Takemura H, Minamoto T, Kawakami K. LOH of the
thymidylate synthase locus in combination with genotype has prognostic and
predictive significance in colorectal cancer. Mol Clin Oncol 15: 235, 2021. doi:
10.3892/mco. 2021.2398 [unavailable]
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Takahiro Domoto, Masahiro Uehara, Satoshi Takenaka, Dilireba Bolidong, Tatsuhiko
Furusawa, Osamu Takeuchi, Tomoharu Miyashita, Toshinari Minamoto. GSK3 inter-
connects the malignant properties in therapy-resistant pancreatic cancer. The 10th

International Conference of the International Society of Gastroenterological Carcino-
genesis (ISGC 2021), November 26 (Fri), 27 (Sat), 2021, Gifu, Japan (WEB).

Masahiro Uehara, Takahiro Domoto, Satoshi Takenaka, Dilireba Bolidong, Osamu
Takeuchi, Tomoharu Miyashita, Toshinari Minamoto. Glycogen synthase kinase
(GSK) 3P participates in acquired resistance to gemcitabine in pancreatic cancer. The
10th International Conference of the International Society of Gastroenterological
Carcinogenesis (ISGC 2021), November 26 (Fri), 27 (Sat), 2021, Gifu, Japan (WEB).

. Dilireba Bolidong, Takahiro Domoto, Masahiro Uehara, Hemragul Sabit, Tomoyuki
Okumura, Yoshio Endo, Mitutoshi Nakada, Tomoharu Miyashita, Richard W. Wong,
Toshinari Minamoto. Potential therapeutic effect of targeting glycogen syntase kinase
(GSK)3B in esophageal squamous cell carcinoma (ESCC). The 10th International
Conference of the International Society of Gastroenterological Carcinogenesis (ISGC
2021), November 26 (Fri), 27 (Sat), 2021, Gifu, Japan (WEB).
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4.
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Fpk. BWTaAT 2 A3 DIEBOME S T 1%L OB, Incidence and prognostic relevance
of long telomere cancers. &5 110 [B] H AJREL 23043, 20214F 4 A 22 H OR) —24 H (1),
HETTHRT I, FIR.

e WESACRE, RS, TR FIIAK, Richard Wong. BEEFLIE A RIZLD gene-gating A% T
H AR L2 bR 3G 5 39 Bk, 2021 426 A 5 A (12), WEB.
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6. Takahiro Domoto, Satoshi Takenaka, Masahiro Uehara, Dilireba Bolidong, Tatsuhiko
Furukawa, Tomoharu Miyashita, Toshinari Minamoto. Glycogen synthase kinase
(GSK) 3B renders pancreatic cancer acquiring resistance to gemcitabine via the STAT3
activation. BAETL, M 4, ERUFK, RN FoLbo, WIEEE, & TEE, R )
fi%. GSK3B 1d STAT3 OIEME(LEN L TR A DT A2 it F 575, 5 80
[5] B AR TR S, 2021429 H 30 B OK) —10 A 2 A (1), 7Sy 7 affik.

7. Takeshi Sawada, Eiji Kubota, Keishi Nakamura, Naoki Takahashi, Ryosuke Ota,
Masashi Idogawa, Yasushi Sasaki, Takashi Tokino, Toshinari Minamoto, Hiromi
Kataoka. RAS, BRAF and PIK3CA mutations in circulating tumor DNA and
comparison with mutations in tissue in colorectal cancer. 5 H =, A% H I, HA B
S, EAEEAS, K ST, HTIHESR, e RARS, Ry B, IR FIIRR, ARIVESE. RAS B
A TRIEE RV K I R [ C B AR B ES DNA 910> RAS, BRAF, PIK3CA ZROFEIELE
RSO ZE S LD LR, 55 80 [A] H AR -2l 2, 2021 42 9 H 30 H (OR) —10 H 2
A (1), o7 raffik.

8. Masaharu Hazawa, Toshinari Minamoto, Takeshi Suzuki, Richard Wong. NUP153
drives oncogenic TP63 expression through liquid-liquid phase separation mediated
gene-gating in squamous cancer. PR, I FIEL, ok iz, vr 7 UFv—F.
NUP153 (340578 % T L 72 Gene-gating ###C TP63 DI BIAFHET 5. 5 80 [B] H A ¥
R R, 2021429 3 30 H OK) —10 A 2 H (£), /7 r=2pfik.

9. MAEE, FIFFR, TR 3, T4ULN RURY, HINEEE, MM AE, = FEE. IR Flk.
GSK3B 1IMEN A DOEIR ISR E 4 T 5. 5 32 [ A RH{La B A TSR,
2021 4E 11 A 26 H (&), 27 A (1), Iz B (WEB).

10. BJFUFR, BAEE, 19 2, 74U RURY, N E, &= FEIE, IR FlEK. Glycogen
synthase kinase (GSK) 3B 13N A DH AL 2 BEEMIVECE 595, &5 32 [8] A A1k
PR AR RAASY ) 2021 4E 11 H 26 A (&), 27 A (1), I & (WEB).

11. T4ULoN RURY, BAREE, FEKR, 747 evh, BAme, mEEKk, HHaE,
B RENE, VY —R U7, I OFIAL. GSK3B LIS LD B R b R A A D 1R B
A=A L, 32 [l A AR LR R AT RE, 2021 45 11 H 26 H (&), 27 H (1),
57 B 71 (WEB) .

- B ERRE

12. Akinobu Taketomi, Toshinari Minamoto. Basic Science 5. The 10th International
Conference of the International Society of Gastroenterological Carcinogenesis (ISGC
2021), November 26 (Fri), 27 (Sat), 2021, Gifu, Japan (WEB).

O5-1. Hitoshi Masuo: Mitochondria participate in chemoresistance to gemcitabine in
human pancreatic cancer cells.

05-2. Takahiro Domoto, Masahiro Uehara, Satoshi Takenaka, Dilireba Bolidong,
Tatsuhiko Furusawa, Osamu Takeuchi, Tomoharu Miyashita, Toshinari Minamoto.
GSK3p interconnects the malignant properties in therapy-resistant pancreatic cancer.

05-3. Yoshinaga Aoyama, Aya Naiki, Yoichi Matsuo, Aya Nagano, Masayuki Komura,
Hiroyuki Kato, Goro Ueda, Hiromichi Murase, Tomokatsu Kato, Kan Omi, Yuichi
Hayashi, Hiroyuki Imafuji, Kenta Saito, Mamoru Morimoto, Shingo Inaguma, Ryo
Ogawa, Hiroki Takahashi, Shuji Taniguchi, Satoru Takahashi. Chemopreventive effect
of lactoferrin on non-alcoholic steatohepatitis and liver carcinogenesis in rats.
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05-4. Shohei Okikawa, Yuji Morine, Tetsuya Ikemoto, Yu saito, Shinichiro Yamada,

katsuki Miyazaki, Chiharu Nakasu, Mitsuo Shimada. VEGF inhibition reduce TAM's
malignant potential.

05-5. Kohei Tamura, Yuki Kaneko, Yurie Futoh, Kazuya Takahashi, Yuki Kimura,
Akira Saito, Mineyuki Tojyo, Hideyo Miyato, Hideyuki Ohzawa, Yasushi Saga, Yuji
Takei, Hiroyuki Fujiwara, Joji Kitayama. Activated neutrophiles can suppress
chemotactic migration of activated T lymphocytes.

13. I8 Flpk. FfEtEI—. 5 50 Bl A ARELEEB A2 S e il iet 2, 2021 4 9 A
25 B (), 7IZbrT oty a F L AR H—, IR,
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GSK3B (2R3 2058 Tl ‘B AEIZIWTIE, GSK3B FREZK DL HIZLY Wat/p-
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T T ) I LR AE P I L 2 W v CIk, CDK-cyelin AR E N L= B I o TIc 254
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1) B FEGL - &)1 75481 (2007) [HAATEIEANENFRGR B - WIS 3o L OB R R,
LS.

2) Igarashi K, Yamamoto N, Odani A, Tsuchiya H, et al. Effectiveness of two novel anionic
and cationic platinum complexes in the treatment of osteosarcoma. Anticancer Agents
Med Chem 15(3):390-9, 2015.

3) Higuchi T, Yamamoto N, Yamamoto Y, Tsuchiya H, et al. Anti-tumor effects of a
nonsteroidal anti-inflammatory drug zaltoprofen on chondrosarcoma via activating
peroxisome proliferator-activated receptor gamma and suppressing matrix
metalloproteinase-2 expression. Cancer Med 7(5):1944-54, 2018.

4) Shimozaki S, Yamamoto N, Domoto T, Minamoto T, Tsuchiya H, et al. Efficacy of
glycogen synthase kinase-3f targeting against osteosarcoma via activation of B-catenin.
Oncotarget 7 (47): 77038-51, 2016.

5) Abe K, Yamamoto N, Domoto T, Minamoto T, Tsuchiya H, et al. Glycogen synthase 33

as a potential therapeutic target in synovial sarcoma and fibrosarcoma. Cancer Sci 111
(2): 429-40, 2020.
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IgG4 BHELEE B D Jif R L5 PR
GRKF: SRR e o e %

1gG4 B9 fB (IgG4-related disease; 1gG4-RD) 1. IfiLiE D 1gG4 &l ik TO L%
D 1gG4 Btk DT A RRIR M SRR HEHE 2R 2 Re e T DR BRETHY | 2004 FIZH]D THE
g TS, LU 2000 FARICIE, B2E LDl T 1gG4-RD A3[FEIRFHE, FEREEIZ
FAETLHZENRESNT, Fox i, M SRR IE O & EE 7 50 M E S K B ks
(inflammatory abdominal aortic aneurysm; IAAA) D508 1gG4-RD THHZ LA
RTHDTHEL DV 20%b, wBIIRE, FE RE kR SO —H, KIREIIES
IgG4-RD NRK THHZEEBGIL ., MBI TO 1gG4-RD O g R B IR
DRI 5L C&T=. 2010 051, 1gG4-RD DJi[KIEL T, helper T (Th) 2 HififE
ML DGPLIRAECZ D S PEDHIEE T MO TLHENE H &, Th2 B A M A
(interleukin [IL]-4, IL-5, 1L-13) , ZJEHIEIME A A2 (IL-10, TGF-B) DR ik
RO 1gG4-RD TH#ED BTz, —FH T, —MICENIRE B CTIIpIEME B ARG LIE IS fED &
SNDRIEMES AT AL D _LF- BT IL-6 D EFNESND, [gG4 B I &5 28 Tl
B RAEA LR B R K OV oD TE 7 51 & L L C L I IL-6 23 IS LA L i
HMIETIFAERRER D 1L-6 FEAEDN @ FETHY | BIREE LB DA N A EEAEITIN A
T, RIEME KRENRIEE L CORFEE /R LUTZ P, ZAUTIMAE R ZE DR MR D 1gG4-
RD LEHER L TR g T o7,

IgG4 BAE M5 9 22 O A BHTRIRIE G 3 B RS DITHEV | A NTERE % 11T, B)
U5 BH D SREME RS O | FE BT 23T B O RRft  JRRIE KRR E BBV METI A H
0, IBER S HIEIROBEOREE 2> TD, 1gG4 BEE M K 2 O BAIE Fifric LD A T
I & BB IR TIE BN TER T 25— 5 T, & NIREEIOK LM% 2 FFLIN
(ATH DA R LT, A NTRIEZ TG 1gG4 B3 EA-T 283, B RIEK,
MMyE IL-6. Mi% matrix metalloproteinase (MMP)-9 A3 _E5H-L TRV, M NIEHE CTlifk
fF9 2 MG BEIC 1gG4-RD DOIEEWERIENFRDZ LD, Itk OYERER 7 ThoH LR ES
iz 3, 1gG4 BEE BRI Tl BhRGEALE B AREE M OV oD 1E 5 451 & b L C |
FAE THAMED MMP-2, MMP-9 PEASTTHEL TEY | Vo R R B 1o 25 502 il
Jied CIn e At bR B el ) . 00 ol R REL AR Bk | 2 P TR RS DR R i 72 & 28 R 7 e 92 i i 203
MMPs FEAICEI B L CWDZEZ MG L Y,

BEIL, MAESMEDOY BRI O R EN 1gG4 BE M 89K 2 OB IO FRIEI /8D
ELTHFTHF Th D, 72, [gG4 BIEIMAE R 2L, M RENIRSZ D53 3 4 5 E AL
THDHN, BLWHRE D NDPDLRIME K DLEZ LM REIAR, S BRI
FEMENE RS EFEAR Th o7z, Box L, IEFME OB RGEMEO S AHITER L,
IgG4 BEH I A9 28 O JRITE I DUW C OB 2 D TD,

1) Kasashima S, Zen Y, Kawashima A, et al. Inflammatory abdominal aortic aneurysms: close
relationship to IgG4-relared periaortitis. Am J Surg Pathol. 2008;32(2):197-204.

2) Kasashima S, Kawashima A, Zen Y, et al. Upregulated interleukins (IL-6, IL-10, and IL-13) in
immunoglobulin G4-related aortic aneurysm patients. J Vasc Surg 2018;67(4):1248-1262.

3) Kasashima S, Kasashima F, Kawashima A, et al. Clinical outcomes after endovascular and open
surgery repair of immunoglobulin G4-related or non-related inflammatory aortic aneurysms. J
Endovasc Ther 2017;24(6):833-845.

4) Kasashima S, Kawashima A, Kasashima F, et al. Adventitial matrix metalloproteinase
production and distribution of immunoglobulin G4-related abdominal aortic aneurysms. J Vasc
Surgery Vasc Sci 2020;1:151-165.
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Non-mass-forming clonal expansion (275 H L72 R B A ST
BARKEE: R IEORERAT T 3 T B AT A O

AL, 2021 4F 4 HIC@RKFITEEL . 0 FIam B 2y B L TRV EY, A
BIFT =TI ROINETOF I T LAFFENE ZARDID > BUE, FHIEAL T
57—~ T2 non-mass-forming clonal expansion”(Z DWW TE & LIZWWEBE X TNET,

FLTAVEHR R R ©, RPEBER B — B L T ANRHEIRO IEEE R B AT —~< &L,
T Rl n - BRE 2 RRT DM LI T CEE LIz, TOM, JNEE O TIX, #l
BREFH)T 7 a—FICE o TEDLLNIVE LR ThHIENFEFES L, FEA R HE
(BT 2NTGH AL TR IV ELTZ, BARAIITIZIPE high-grade serous carcinoma
FEFIDZ IR UWNTINE BRI (B TIRA) OPHESHERS I, M ICIe@mD TP53
ERPLFAET HZED RS TT A, [RARFICIE R INE ERICH — E S Tps3
signature” & FF XV D /NS SLHIIAE BE MFAE T D2 EN LD I/ E LT, p53
signature |34 FTHARDIEFINGE ERZO—HEL CTRIBISN TEZ RELESD
TOND)FAETT, 72720 THE BRI TP53 28 BN AU 4720 CIIEgs 2 1 ak
B9, LD &S0 ZE AR T A RN T, p53 signature EDTEIRE X 57>
T FAD BRI, TEH AR T AF(E T 2 Rl I~ L T U EL T, TIEH IRAE
BRI TP53 IZIRO T k2 8RR AL THODD TIZZR) WD R A ST
T MRAELTZRE SR K9 2 FIZ CTNNBI 22 BB DMF LT 22823 L | B-catenin
signature &4 (T THAELELTZ, RIS — 7 22 W RIZEB W TH, 2 H 6
g D IERETE AL allele frequency Tl BIH B (n T DAL 1B SIAZEN B
(272> TETA R BR R IR IC I W TR B0 /e 2 R SRR T E T £ EHE
(Z72 o TETVET,

S TH& - T, non-mass-forming clonal expansion DB T~ B E M5
2% (HIC) 2 B0 FiF £, FAZH 2Dl BV TR RA MR L IZD & Z 0T IT,
HIC 35 DT B-cell ® clonal expansion 2348 E TR ETCWAHI LA RHL, LI,
MkfEL THFEEAT > CETWET, HIC OFFRMGIIH R DB MERIELZ R T H DT, B
ez FLCH D o SEIFE AL FE A, Clonality 23RERISIZO TR | &5 250
D BHOTNEL MBS T2 BRSO TRIGMHIRZ | 72D, TERIT, BiIR
AN RERE I B S &L CTHR 2 DAL, FTMEk P IC ) — 7ol s B 3R A2 E > T<B &
V7R AL o THEEE  NERSNTEELIN, RAN V ARRIZ A TEDERIL
FEOWTETWET, 72720 TIRIGZR D FEMRIGZIR DD LV IRA L MIHE T, &
B iblges TAEL TCWODRFEDHALD clonal expansion (274 H 3 5ZE T, HIC 258,
A E TR LS TR BOIREARI D K 032D 5D T2, EFRATH
X TBVET, SHOFEDOREEL GO TRIELIE TV T UTTEREIFUET,

1. Maeda D, Akiyama Y, Morikawa T, Kunita A, Ota Y, Katoh H, Niimi A, Nomiya A,
Ishikawa S, Goto A, Igawa Y, Fukayama M, Homma Y. Hunner-type (classic)
interstitial cystitis: a distinct inflammatory disorder characterized by pancystitis, with
frequent expansion of clonal B-cells and epithelial denudation. PLoS One. 10 (11):
e0143316, 2015.

2. Koyama K, Maeda D, Kito M, Tamura D, Kudo-Asabe Y, Katoh H, Ishikawa S, Nanjo
H, Terada Y, Goto A. Clinicopathological and molecular analyses of linearly expanded

epithelial cells with B-catenin alterations, "B-catenin signature", in the normal fallopian
tube. Histopathology. 77 (6): 880-9, 2020.
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Nakanishi H, Sawada T, Kaizaki Y, Ota R, Suzuki H, Yamamoto E,
Aoki H, Eizuka M, Hasatani K, Takahashi N, Inagaki S, Ebi M, Kato H,
Kubota E, Kataoka H, Takahashi S, Tokino T, Minamoto T, Sugai T,
Sasaki Y. Significance of gene mutations in Wnt signaling pathway in
traditional serrated adenomas of the colon and rectum. PLoS One 15
(2): 0229262, 2020. doi: 10.1371/journal.pone.0229262.

Recent studies have shown that colorectal serrated lesions, which include sessile serrated
adenomas (SSAs) and traditional serrated adenomas (TSAs), are precursors of colorectal
cancer. However, the molecular mechanisms underlying the carcinogenesis, particularly in
TSAs, remain largely uncharacterized. To clarify their molecular and clinicopathological
characteristics, we performed mutation and methylation analyses of cancer-associated genes in
78 serrated lesions, including TSAs, SSAs and microvesicular hyperplastic polyps. Target exon
sequence analysis was performed with 39 genes, including genes known to be frequently
mutated in colorectal cancers and/or serrated lesions. We also used bisulfite pyrosequencing to
assess the methylation status of various cancer-associated genes and marker genes of the CpG
island methylator phenotype (CIMP). The prevalence of mutations in genes associated with
Wnt signaling was significantly higher in TSAs than SSAs (65% vs. 28%, p<0.01). Among
those, RNF43 mutations were observed in 38% of TSAs and 17% of SSAs. In
immunohistochemical studies of 39 serrated lesions, the prevalence of abnormal nuclear f-
catenin accumulation was significantly higher in TSAs (57%) than SSAs (8%) (P=0.01).
SMOCI1 methylation was detected in 54% of TSAs but in no SSAs (p<0.01). Additionally,
SMOCI methylation was more prevalent among TSAs with KRAS mutation (82%) than with
BRAF mutation (38%, p=0.03). Lesions with CIMP-high or RNF43 mutations were detected
only in TSAs with BRAF mutation, suggesting two distinct carcinogenic pathways in TSAs.
Mutations in genes associated with Wnt signaling play a greater role in the carcinogenesis of
TSAs than SSAs.

T, Mmamoto T. Glycogen synthase kinase 3f part1c1pates in acquired
§ resistance to gemcitabine in pancreatic cancer. Cancer Sci 111 (12):
4405-16, 2020. doi: 10.1111/cas.14668

Acquisition of resistance to gemcitabine is a challenging clinical and biological
s hallmark property of refractory pancreatic cancer. Here, we investigated whether

glycogen synthase kinase (GSK)-3f, an emerging therapeutic target in various cancer types, is
mechanistically involved in acquired resistance to gemcitabine in human pancreatic cancer.
This study included 3 gemcitabine-sensitive BxPC-3 cell-derived clones (BxG30, BxG140,
BxG400) that acquired stepwise resistance to gemcitabine and overexpressed ribonucleotide
reductase (RR)M1. Treatment with GSK3-specific inhibitor alone attenuated the viability and
proliferation of the gemcitabine-resistant clones, while synergistically enhancing the efficacy of
gemcitabine against these clones and their xenograft tumors in rodents. The gemcitabine-
resensitizing effect of GSK3p inhibition was associated with decreased expression of RRM1,
reduced phosphorylation of Rb protein, and restored binding of Rb to the E2 transcription
factor (E2F)1. This was followed by decreased E2F1 transcriptional activity, which ultimately
suppressed the expression of E2F1 transcriptional targets including RRM1, CCNDI1 encoding
cyclin D1, thymidylate synthase, and thymidine kinase 1. These results suggested that GSK3[3
participates in the acquisition of gemcitabine resistance by pancreatic cancer cells via
impairment of the functional interaction between Rb tumor suppressor protein and E2F1 pro-
oncogenic transcription factor, thereby highlighting GSK3p as a promising target in refractory
pancreatic cancer. By providing insight into the molecular mechanism of gemcitabine
resistance, this study identified a potentially novel strategy for pancreatic cancer chemotherapy.
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Abstract

Recent studies have shown that colorectal serrated lesions, which include sessile serrated
adenomas (SSAs) and traditional serrated adenomas (TSAs), are precursors of colorectal
cancer. However, the molecular mechanisms underlying the carcinogenesis, particularly in
TSAs, remain largely uncharacterized. To clarify their molecular and clinicopathological
characteristics, we performed mutation and methylation analyses of cancer-associated
genes in 78 serrated lesions, including TSAs, SSAs and microvesicular hyperplastic polyps.
Target exon sequence analysis was performed with 39 genes, including genes known to be
frequently mutated in colorectal cancers and/or serrated lesions. We also used bisulfite pyr-
osequencing to assess the methylation status of various cancer-associated genes and
marker genes of the CpG island methylator phenotype (CIMP). The prevalence of mutations
in genes associated with Wnt signaling was significantly higher in TSAs than SSAs (65% vs.
28%, p < 0.01). Among those, RNF43 mutations were observed in 38% of TSAs and 17% of
SSAs. Inimmunohistochemical studies of 39 serrated lesions, the prevalence of abnormal
nuclear 3-catenin accumulation was significantly higher in TSAs (57%) than SSAs (8%)

(P =0.01). SMOC1 methylation was detected in 54% of TSAs butin no SSAs (p < 0.01).
Additionally, SMOC1 methylation was more prevalent among TSAs with KRAS mutation
(82%) than with BRAF mutation (38%, p = 0.03). Lesions with CIMP-high or RNF43 muta-
tions were detected only in TSAs with BRAF mutation, suggesting two distinct carcinogenic
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pathways in TSAs. Mutations in genes associated with Wnt signaling play a greater role in
the carcinogenesis of TSAs than SSAs.

Introduction

Colorectal cancer (CRC) is a major cause of cancer-related death worldwide. Recent molecular
pathological studies, including The Cancer Genome Atlas project, have shown that CRCs are
heterogeneous diseases that arise via different molecular pathways [1,2]. Most (80-85%) spo-
radic CRCs are classified as non-hypermutated or microsatellite stable (MSS) tumors and
develop through accumulation of multiple genetic and epigenetic alterations [1,2], including
mutation of oncogenes and tumor suppressor genes, as well as chromosomal instability [3,4].
The remaining 15-20% of sporadic CRCs are classified as hypermutated tumors and mainly
exhibit microsatellite instability (MSI) and concurrent hypermethylation in multiple loci [2],
which is referred to as the CpG island methylator phenotype (CIMP) and is closely associated
with BRAF mutation [5-7].

Recent studies of the molecular and clinicopathological characteristics of colorectal prema-
lignant lesions have provided insight into the pathogenesis of CRCs as well as clues to preven-
tion and treatment [8-10]. Since establishing the pathological classification of serrated
colorectal lesions as hyperplastic polyps, traditional serrated adenomas (TSAs) or sessile ser-
rated adenomas (SSAs) [11-13], a number of studies have demonstrated that SSAs are associ-
ated with BRAF mutation and CIMP, and that they are precursors of MSI-positive CRCs,
which are frequently located in the proximal colon [6,9,10,14-17]. However, less is known
about the biological and clinical characteristics of TSAs, although they are also considered to
be premalignant lesions and reportedly exhibit BRAF or KRAS mutations and aberrant DNA
methylation [16-21]. In addition, several recent studies have reported PTPRK-RSPO3 fusion
and somatic mutations of RNF43 in TSAs [22-24]. Because only a small number of analyses
have investigated gene mutations in serrated lesions [23,25,26], the molecular mechanisms
underlying carcinogenesis, especially in TSAs, are still not well characterized. Although it has
been suggested based on immunohistochemical studies that dysregulation of the Wnt signal-
ing pathway contributes to carcinogenesis in serrated lesions [20,21,23,27-29], mutation of
individual gene within this pathway have not been investigated.

To clarify the molecular and clinicopathological characteristics of colorectal serrated
lesions, we assessed the mutation of genes associated with Wnt signaling as well as other genes
reportedly mutated in serrated lesions [26] and advanced CRCs [2]. We also investigated
mutations in genes associated with oncogene-induced senescence, which have been reported
as germline mutations in patients with multiple SSAs [30], and we performed immunohisto-
chemical studies of B-catenin expression to assess activation of the Wnt signaling pathway.
Finally, we investigated DNA methylation of cancer-associated genes including SMOCI as
well as CIMP marker genes in TSAs because it was reported that SMOCI is specifically methyl-
ated in TSAs [31].

Materials and methods
Patients and tissue samples

Specimens of colorectal serrated lesions (n = 78) were obtained from 78 Japanese patients
who underwent endoscopic mucosal resection at Nagoya City University Hospital, Fukui
Prefectural Hospital, or Komatsu Municipal Hospital. This study was approved by the
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Institutional Review Board at each hospital as well as Kanazawa University and Sapporo Medi-
cal University.

Endoscopic analysis

High-resolution magnifying endoscopes (CF260AZI; Olympus, Tokyo, Japan) were used for
all colonoscopic examinations. The morphology of colorectal lesions was determined accord-
ing to the Paris classification [32]. All lesions detected during colonoscopy were observed at
high magnification using indigo carmine dye, after which samples were collected through
endoscopic mucosal resection for histological analysis. Tumor locations were defined as proxi-
mal colon (cecum, ascending colon, transverse colon) or distal colon (descending colon, sig-
moid colon, and rectum).

Histological analysis

Histological diagnosis of tumors was done at each facility, after which the histological findings
for all specimens were reviewed by a board certified pathologist (Sugai T) who was blinded to
the clinical and molecular information. Serrated lesions, including microvesicular hyperplastic
polyps (MVHPs), SSAs and TSAs, were classified according to WHO classification criteria
[33]. Mixed serrated lesion composed of TSA and tubulovillous adenoma was classified as TSA
in our analyses. The clinicopathological features of the lesions are summarized in Table 1.

Table 1. Clinicopathological features of the serrated lesions in this study.

Patients (n = 78)

Age (y, mean + SD) 65.3 +10.9
Sex, n (%)
Male 51 (65)
Female 27 (35)

Lesions (n = 78)

Location, n (%)

Proximal 42 (54)
Distal 36 (46)
Bowel subsites, n (%)
Cecum 13 (17)
Ascending colon 22 (28)
Transverse colon 7(9)
Descending colon 5(6)
Sigmoid colon 20 (26)
Rectum 11 (14)
Morphology, n (%)
0-Ip 15 (19)
0-Is 47 (60)
0-Ila 16 (21)
Histology, n (%)
MVHP 23 (30)
TSA 36 (46)
TSA + TVA 1(1)
SSA 18 (23)

MVHP, microvesicular hyperplastic polyp; TSA, traditional serrated adenoma; TVA, tubulovillous adenoma; SSA,

sessile serrated adenoma.

https://doi.org/10.1371/journal.pone.0229262.t001
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DNA preparation

DNA was isolated from formalin-fixed, paraffin-embedded (FFPE) tissue sections using a
QIAamp DNA FFPE Tissue kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. A TagMan RNase P Detection Reagents kit (Thermo Fisher Scientific, Waltham,
MA) was used to quantify the purified DNA.

Semiconductor-based next-generation sequencing

A customized panel, encompassing all the exons of 39 cancer-related genes, including genes
frequently reported to be involved in advanced CRCs and serrated lesions [2,25,26], was cre-
ated using the Ion Torrent System with an Ion AmpliSeq Designer (Thermo Fisher Scientific)
(S1 Fig). Genes within oncogene-induced senescence pathways detected in patients with mul-
tiple serrated polyps were also investigated [30]. The assay design consisted of 1,455 amplicons
ranging from 125 to 175 bp in length, covering 94% of the 112.8 kb target sequence.

Library preparation and sequencing with the Ion Torrent sequencer were performed as pre-
viously described [34-36]. The templates were sequenced after emulsion PCR was performed
with 24 samples per Ion PI chip using the Ion PI HI-Q Chef kit (Thermo Fisher Scientific).

Identification of somatic mutations and copy number variations (CNVs)

Human genome build 19 (hg19) was used as a reference. Signal processing, mapping to the
hg19 reference, and quality control were performed using Torrent Suite version 5.0 (Thermo
Fisher Scientific). Somatic mutations (point mutations, insertions, and deletions) were
detected using Ion Reporter Software 5.0 (Thermo Fisher Scientific). Because matched normal
controls were not available, the control sequence data provided by Thermo Fisher Scientific
were used as a control. Pathogenic status of the variant was stated if it was a missense variant
with < 0.1% global minor allele frequency in dbSNP or the 1000 Genomes Project database
and/or the variant was registered as pathogenic in ClinVar or COSMIC databases. Variants
with allele frequencies between 0.4 and 0.6 or > 0.9 were considered germline variants unless
listed as a pathogenic variant. Additionally, if the same variants were detected in multiple
samples, these variants were considered germline variants unless occurring at a known
hotspot variant in databases. Integrative Genomics Viewer (IGV) software (http://software.
broadinstitute.org/software/igv/) was used to filter out possible strand-specific errors, such as
a mutation that was detected in the forward or reverse DNA strand but not in both strands.
CNV detection was also performed with the Ion Reporter Software using an algorithm based
on the Hidden Markov Model. Recurrent genomic regions with CNVs were identified using
copy numbers greater than 3 and less than 1 for gains and losses, respectively.

DNA methylation analysis

DNA methylation was analyzed using bisulfite pyrosequencing as described previously
[37,38]. Briefly, genomic DNA (1 pg) was modified with sodium bisulfite using an EpiTect
Bisulfite kit (Qiagen). Pyrosequencing was then carried out using a PSQ 96MA system (Qia-
gen) with a Pyro Gold Reagent kit (Qiagen), and the results were analyzed using Pyro Q-CpG
software (Qiagen). A cutoff value of 15% was used to define genes as methylation-positive.
Using five classic CIMP markers (MINTI, MINT2, MINT12, MINT31 and MLH1) and
CDKN2A (p16), tumors were defined as CIMP-positive (three or more loci showed methyla-
tion) or CIMP-high (CIMP-H, four or more loci showed methylation). Methylation of
SMOCI, GALNT14, SFRP1, SFRP2, IGFBP7, SOX5 and long interspersed nucleotide element 1
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(LINE-1) was also analyzed using bisulfite pyrosequencing. The primer sequences used were
as previously reported [9,31,39].

Immunohistochemistry

Immunohistochemical studies of B-catenin expression were performed as previously described
with 39 serrated lesions, including 14 TSAs, 13 SSAs and 12 MVHPs [40]. A mouse anti-B-
catenin monoclonal antibody (1:1000 dilution, Clone 14; BD Biosciences, San Jose, CA) was
used. B-catenin expression was semi-quantitatively evaluated in tumor cells with B-catenin-
positive nuclei, and positive nuclear accumulation was defined as staining of more than 10% of
tumor cell nuclei throughout the lesions, as reported previously [40]. All slides were evaluated
by two independent pathologists (YK and TM) who were blinded to the clinical and molecular
data.

Statistical analysis

Continuous data were analyzed using t-tests (for two groups) or ANOVA with a post hoc
Tukey’s HSD test (for more than two groups). Fisher’s exact test and logistic regression were
used to assess the association between categorical variables. Values of P < 0.05 were consid-
ered statistically significant. All statistical analyses were performed using SPSS 20 (IBM Corpo-
ration, Somers, NY) and GraphPad Prism 6 (GraphPad Software, La Jolla, CA).

Results
Clinicopathological characteristics of serrated lesions

The clinicopathological and molecular characteristics of the colorectal serrated lesions ana-
lyzed in this study are summarized in Tables 1 and 2. The majority of MVHPs (17/23, 74%)
and SSAs (15/18, 83%) were located in the proximal colon, from the cecum to the transverse
colon, while TSAs were more prevalent in the distal colon (27/37, 73%), especially the sigmoid
colon and rectum (14 cases and 11 cases, respectively). On endoscopic observation, more than
one-third (14/37, 38%) of TSAs were protruding, pedunculated (0-Ip) lesions and differed sig-
nificantly from SSAs, most of which were protruding, sessile (0-Is) lesions (16/18, 88%)

(Table 2).

Targeted amplicon sequencing of colorectal serrated lesions

We performed semiconductor sequencing of all exons in 39 cancer-related genes that were
previously detected in 78 colorectal serrated lesions and advanced CRCs. The sequencing
overview, including reads, coverage, and uniformity of the read coverage distribution, is
shown in S1 Table. Each FFPE sample underwent an average of 2.7 million sequencing reads
after quality filtering. A mean coverage depth of 1722.5 reads (100.2-5126.0) per base was
observed.

All single nucleotide variants (SNVs) and insertions and deletions (InDels) detected
through bioinformatics analysis underwent visual inspection using the IGV for confirmation.
We identified a mean of 2.4 somatic nonsynonymous mutations (range 0-13) per sample
(S2 Table). The 11 most commonly mutated genes in serrated lesions are depicted in Fig 1.
BRAF was the most frequently mutated gene in serrated lesions (68%, 53 of 78 cases), followed
by RNF43 (26%), KRAS (21%), and APC (10%). BRAF V600E mutations were detected in 52
samples, and an N581S mutation was detected in 1 sample accompanied by a KRAS Q61H
mutation (Patient 60 in Fig 1). The BRAF V600E mutation and KRAS mutation appeared to be
mutually exclusive, as they were never detected in the same sample (Fig 1). RNF43 mutations
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Table 2. Clinicopathological and molecular characteristics of the respective serrated lesion.

No. of cases
Sex (male/female)
Age (y, mean * SD)
Tumor location, n (bowel subsite)
Proximal (C/A/T)
Distal (D/S/R)
Tumor size (mm, mean + SD)
Morphology, n (%)
0-Ip
0-Is
0-IIa
Gene mutation/epigenetic alteration, n (%)
BRAF V600E mutation
KRAS mutation
RNF43 mutation
APC mutation
WNT signaling associated genes
CIMP
CIMP-high
SMOCI methylation

MVHP SSA TSA p value (SSA vs TSA)
23 18 37

16/7 9/9 26/11 0.24
66+ 9.1 63.3+10.6 658+ 11.8 0.44
17 (6/10/1) 15 (6/5/4) 10 (1/7/2) <0.01
6 (1/5/0) 3 (2/1/0) 27 (2/14/11)

11.3+7.0 112447 122454 0.5

0 (0) 1(6) 14 (38) 0.01
13 (57) 16 (88) 18 (49)

10 (43) 1(6) 5(13)

14 (61) 14 (78) 24 (65) 0.37
4(17) 1(6) 11 (30) 0.08
3(13) 3(17) 14 (38) 0.13
1(4) 0 (0) 7 (19) 0.08
9 (39) 5 (28) 24 (65) <0.01
9 (39) 8 (44) 16 (43) 1
5(22) 4(22) 10 (27) 1
0(0) 0 (0) 20 (54) <0.01

MVHP, microvesicular hyperplastic polyp; SSA, sessile serrated adenoma; TSA, traditional serrated adenoma; C, cecum; A, ascending colon; T, transverse colon; D,

descending colon; S, sigmoid colon; R, rectum; CIMP, CpG island methylator phenotype

https://doi.org/10.1371/journal.pone.0229262.t1002

were detected in 38% of TSAs and 17% of SSAs. Nonsense or frameshift mutations in RNF43
were seen in 30% of TSAs and 11% of SSAs. Most of the mutations were located upstream of
the ring finger domain of RNF43 (Fig 2). We also found APC mutations in 7 of 37 TSAs (19%),
but none in SSAs. Protein-truncating (nonsense and frameshift) mutations of APC were
detected in 14% of TSAs (Fig 1). Overall, the frequency of mutations in Wnt pathway compo-
nents was significantly higher in TSAs than in SSAs (65% vs. 28%, P < 0.01) (Fig 3, Table 2).
In addition, a GNAS R201H mutation was found in 1 TSA, while 1 SSA and 3 MVHPs har-
bored a GNAS V334G mutation, though the biological significance of the latter is unknown
(Fig 3A, S2 Table).

Target amplicon sequencing detects CNVs

We also detected CNVs in segments of the genome that could be duplicated or deleted from
the sequencing data (Fig 1). In all samples, the genes most frequently affected by copy number
gains were KRAS (42%), CTNNBI (28%), and HRAS (24%), while the genes most frequently
affected by copy number losses were DKK1 (53%), CDKN2A (41%), TP53 (31%), and XAF1
(31%). In addition, copy number loss at the APC gene locus was seen in one TSA (S2 Fig). In
total, at least one CNV (loss or gain) affecting a Wnt pathway component was found in 49% of
TSAs and 67% of SSAs. When considered together with the gene mutations, at least one geno-
mic abnormality affecting genes associated with Wnt signaling was seen in 84% of TSAs and
78% of SSAs. Among these, the most frequently affected genes associated with Wnt signaling
were CTNNBI (gain at 3p22.1), which encodes B-catenin, and DKK1 (loss at 10q21.1), which
encodes Dkk-1, a negative regulator of Wnt signaling (S2 Fig).
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third row indicates the CIMP status. Columns correspond to the individual cases. In the middle panels, frequently mutated genes, colored to indicate
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https://doi.org/10.1371/journal.pone.0229262.g001

Methylation analysis of CIMP markers, cancer-associated genes, and LINE-
1

We next assessed methylation of CIMP markers and genes known to be frequently methylated
in CRCs (S3 Table) [9]. When comparing TSA and SSA, the prevalence of CIMP statuses
(CIMP-positive or CIMP-H) did not significantly differ (Table 2, Fig 3A). Notably, however,
SMOCI methylation was detected in 20 of 37 TSAs (54%) but in none of the 18 SSAs tested
(P < 0.01) (Table 2, Fig 3A). By contrast, the frequencies of lesions showing methylation of
other cancer-associated genes did not significantly differ between TSAs and SSAs. There were
no lesions in which MLHI methylation was positive in the present study.

We found that the levels of SMOC1, SFRP1 and SFRP2 methylation were significantly
higher in TSAs than in SSAs or MVHPs (S3 Fig). In addition, the level of SOX5 methylation
was significantly higher in TSAs than in MVHPs. Levels of LINE-1 methylation, which was
measured to evaluate global DNA hypomethylation in the lesions, did not correlate with the
histological types of serrated lesions (S3 Fig).
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Fig 2. Distributions of RNF43 mutations in detected in TSAs in the present study. Previously reported TSA mutations with or without
dysplasia as well as MSS and MSI-high CRCs are shown for reference [23,24,41].

https://doi.org/10.1371/journal.pone.0229262.9002

Clinicopathological and molecular characteristics of TSAs with KRAS or
BRAF mutation

We also compared clinicopathological and molecular characteristics of TSAs with KRAS or
BRAF (V600E) mutation. It appears that TSAs with BRAF mutation were more likely to be
located in the proximal colon than those with KRAS mutation, though the difference was not
statistically significant (P = 0.12) (Table 3). Regarding gene mutations, RNF43 mutation was
frequently detected in TSAs with BRAF mutation, but not in TSAs with KRAS mutation

(P < 0.01). Lesions with CIMP-H were also found only in TSAs with BRAF mutations (38%
vs. 0%, P = 0.03). Although lesions positive for SMOCI methylation were seen in both groups,
SMOCI methylation was significantly more prevalent among TSAs with KRAS mutations than
those with BRAF mutations (82% vs. 38%, P = 0.03) (Table 3). In addition, levels of SFRPI
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https://doi.org/10.1371/journal.pone.0229262.g003
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Table 3. Clinicopathological and molecular characteristics of the KRAS- and BRAF- mutant TSAs.

BRAF mutant TSA KRAS mutant TSA
No. of cases 24 11
Sex (male/female) 16/8 9/2
Age (y, mean * SD) 65.9 +8.7 63.1+15.9
Tumor location, n (bowel subsite)
Proximal (C/A/T) 9 (1/7/1) 1(0/0/1)
Distal (D/S/R) 15 (2/9/4) 10 (0/4/6)
Tumor size (mm, mean + SD) 11.9+45 12.1+5.9
Morphology, n (%)
0-Ip 10 (42) 3(27)
0-Is 12 (50) 5 (46)
0-Ila 2(8) 3(27)
Gene mutation/epigenetic alteration, n (%)
RNF43 mutation 13 (54) 0(0)
APC mutation 4(17) 3(27)
WNT signaling associated genes 17 (71) 6 (55)
CIMP 12 (50) 3(27)
CIMP-high 9 (38) 0(0)
SMOCI methylation 9 (38) 9 (82)

p value

0.45
0.61

< 0.01
0.65
0.35
0.28
0.03
0.03

TSA, traditional serrated adenoma; C, cecum; A, ascending colon; T, transverse colon; D, descending colon; S, sigmoid colon; R, rectum; CIMP, CpG island methylator

phenotype
https://doi.org/10.1371/journal.pone.0229262.t003

methylation were significantly higher in TSAs with KRAS mutation than in those with BRAF
mutation. On the other hand, levels of IGFBP7 methylation was significantly higher in TSAs
with BRAF mutation than those with KRAS mutation (54 Fig).

Immunohistochemistry

Of 39 serrated lesions analyzed, 12 (31%) showed positive nuclear accumulation, while 27
(69%) showed membranous expression of -catenin. The abnormal nuclear accumulation was
observed in 8/14 TSAs (57%), 1/13 (8%) of SSAs, and 3/12 (25%) MVHPs (S4 Table, S5 Fig).
When compared with SSAs, the nuclear accumulation of B-catenin was more prevalent in
TSAs (57% vs. 8%, P = 0.01). Across all lesions, the prevalence of nuclear B-catenin accumula-
tion was significantly higher in lesions with RNF43 mutations than in those without mutations
(83% vs. 21%, P < 0.01). When we focused only on TSAs, the prevalence of nuclear B-catenin
accumulation was significantly higher in TSAs with a BRAF V600E mutation than those with

KRAS mutation (7/8 vs. 1/5, P = 0.01).

Discussion

In the present study, we used targeted next-generation sequencing to assess the mutation of
genes associated with Wnt signaling. We found that these mutations occurred with higher fre-
quency in TSAs than SSAs, which is suggestive of the importance of Wnt signaling in the path-

ogenesis of TSAs. Sekine et al. reported genetic alterations that included PTPRK-RSPO3

fusions among Wnt pathway components in 71% of TSAs [23]. If PTPRK-RSPO3 fusions had
also been investigated in the present study, the frequency of genetic alterations would have
been even higher. RNF43 encodes E3 ubiquitin ligase, which negatively regulates Wnt
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signaling. We detected RNF43 mutations in 38% of TSAs and 17% of SSAs, which is consistent
with earlier reports [23,24,26]. Most mutations, especially protein-truncating mutations, were
situated upstream of the ring finger domain without clustering, as was shown in previous stud-
ies of TSAs with or without dysplasia [23,24]. Two major frameshift mutations (Argl17fs and
Gly659fs) have been reported in CRCs with MSI [41], while CRCs with BRAF mutation/MSS
had mutation profiles similar to TSAs [24,41]. This finding may indicate that TSAs belong to a
carcinogenic pathway that is distinct from the SSA pathway (serrated-neoplasia pathway),
making them possible precursors of BRAF mutated/MSS CRCs. We also sequenced the entire
region of the APC gene and found protein-truncating mutations in 14% of TSAs, which is con-
sistent with a report from Sekine et al. (13%) [23], though they only investigated frequently
mutated regions of the gene. Protein truncating mutations of RNF43 and APC were found to
be mutually exclusive, suggesting the importance of both genes to Wnt signaling during carci-
nogenesis in TSAs. By contrast, the other genes encoding Wnt pathway components, including
CTNNBI, FBXW7, LRP5, AMER1, and AXIN2, harbored mutations in only small fractions of
tumors.

Previous studies have shown that there is wide variation in the rate of B-catenin positivity
in both TSAs [21,23,27-29] and SSAs [29]. We showed in the present study that nuclear -
catenin accumulation is significantly more prevalent in TSAs than SSAs. This is likely associ-
ated with a high prevalence of mutations in the Wnt signaling pathway, especially in RNF43.
These results may thus support the greater significance of RNF43 mutation and Wnt signaling
pathway activation in the carcinogenesis of TSAs than SSAs. Alternatively, it is possible that
RNF43 mutation represents subgroups in which Wnt signaling is activated by other genetic or
epigenetic mechanisms.

Although an earlier study using a comparative genomic hybridization (CGH) microarray
reported that CNVs were found only infrequently in colorectal precursor lesions including ser-
rated lesions [9], CNVs in colorectal serrated lesions have not been thoroughly investigated.
The present study demonstrated the frequent occurrence of CNVs at the CTNNBI and DKK1
loci among Wnt signaling pathway associated genes. In addition, copy number losses at 17p
(the TP53 locus) are reportedly associated with progression of tumors from conventional-type
adenoma to carcinoma and are frequently found in advanced CRCs [2,3]. This result may indi-
cate the importance of TP53 to carcinogenesis of serrated lesions. Because recent studies sug-
gest that somatic CNVs at oncogenic loci are not always associated with gene expression
[2,42,43], validation of the effect of CNVs through comparison with expression data is needed.

The prevalence of CIMP-positive or CIMP-H lesions did not significantly differ between
SSAs and TSAs in this study. CIMP was detected in up to 79% of TSAs in previous studies
[16,17]. One recent study reported that the prevalence of CIMP-H was significantly higher in
SSAs than TSAs [44], which is inconsistent with our results. This difference likely reflects dif-
ferences in the sample cohort, or may be due to a difference in the CIMP markers analyzed or
the method used for methylation analysis (pyrosequencing vs. MethyLight). Interestingly, lev-
els of DNA methylation in SFRP1 and SFRP2 were higher in TSAs than in SSAs or MVHPs.
Epigenetic inactivation of SFRP family genes, including SFRPI and SFRP2, occurs early during
CRC progression and enables constitutive Wnt signaling in CRCs [45]. It was recently
reported that levels of SFRPI and SFRP2 transcription correlate inversely with the methylation
levels in samples of gastric mucosa, with or without H. pylori infection, as well as background
mucosa in gastric cancers [46]. It is possible that SFRP1 and SFRP2 methylation contributes
more significantly to carcinogenesis in TSAs than SSAs, although these phenomena may be
influenced by the sample cohort, the degree of contamination by non-neoplastic cells, and
methodology. We also analyzed the methylation status of SMOCI in a patient cohort different
from the one examined in an earlier study [31]. We found that SMOCI methylation was highly
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specific for TSAs, and the methylation level was significantly higher in TSAs than SSAs. Thus,
SMOCI methylation may be a potential marker to distinguish TSAs from other serrated
polyps.

Recent reports suggest that TSAs belong to a heterogenous category and develop through
at least two different neoplastic progression pathways. It is also suggested that lesions with
BRAF mutation and those with KRAS mutation exhibit different clinicopathological and
molecular characteristics [18-21]. In the present study, TSAs with BRAF mutation were pref-
erentially located in the proximal colon, while those with KRAS mutation were preferentially
located in the distal colon and rectum. In addition, TSAs with BRAF mutation were more
likely to be CIMP-positive than those with KRAS mutation. CIMP-H positivity was only
detected in TSAs with BRAF mutation, which is consistent with an earlier study [21]. Lesions
with RNF43 mutation were also found only in TSAs with BRAF mutation, while the preva-
lence of SMOCI methylation was significantly higher in TSAs with KRAS mutation than with
BRAF mutation. The level of IGFBP7 methylation is significantly higher in TSAs with BRAF
mutation than with KRAS mutation, though the frequency of methylation-positive IGFBP7
cases did not significantly differ between the two groups. IGFBP7 has been shown to play a
central role in BRAF-induced senescence and to be a direct target of TP53 [47]. Although
methylation of IGFBP7 has been investigated in specific histological types of serrated lesions
[10,48], IGFBP7 methylation status has not been compared between these two TSA subtypes.
In addition to these differences in genetic and epigenetic alterations, the difference in the
prevalence of B-catenin expression further supports there being two different neoplastic path-
ways for TSAs. Determining whether TSAs with KRAS or BRAF mutation belong to different
neoplastic pathways with different malignant potentials will require further clinicopathologi-
cal and molecular analyses.

The present study has several limitations, including a relatively small sample size, lack of
data on fusion genes, and a lack of normal background samples for mutational analysis to rule
out single nucleotide polymorphisms. Nonetheless, we were able to make several important
observations. First, the mutational status of genes involved in Wnt signaling differs among
colorectal serrated polyps, depending on TSA histology, which likely results in the differences
in nuclear B-catenin expression. Second, we confirmed that SMOCI methylation is very spe-
cific to TSAs. Third, we detected significant differences in clinicopathological and molecular
variables between TSAs with KRAS or BRAF mutation, which may indicate the presence of
separate carcinogenic pathways among TSAs. By comparing gene expression data from CRCs
and SSAs, an earlier study found that a particular subtype of CRCs with a poor-prognosis
developed from serrated lesions [49]. Additionally, previous studies have also shown that there
are similarities between the gene expression profiles of SSAs and those of MVHPs and MSI
CRCs, which supports the concept of a serrated-neoplasia pathway [50,51]. Comprehensive
gene expression studies together with analyses of the genetic and epigenetic alterations in
TSAs and comparison of those data with other serrated polyps or CRCs could potentially
establish the molecular carcinogenesis pathway in TSAs.
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Abstract

Acquisition of resistance to gemcitabine is a challenging clinical and biological hall-
mark property of refractory pancreatic cancer. Here, we investigated whether gly-
cogen synthase kinase (GSK)-3B, an emerging therapeutic target in various cancer
types, is mechanistically involved in acquired resistance to gemcitabine in human
pancreatic cancer. This study included 3 gemcitabine-sensitive BxPC-3 cell-derived
clones (BxG30, BxG140, BxG400) that acquired stepwise resistance to gemcitabine
and overexpressed ribonucleotide reductase (RR)M1. Treatment with GSK3p-specific
inhibitor alone attenuated the viability and proliferation of the gemcitabine-resistant
clones, while synergistically enhancing the efficacy of gemcitabine against these
clones and their xenograft tumors in rodents. The gemcitabine-resensitizing effect
of GSK3p inhibition was associated with decreased expression of RRM1, reduced
phosphorylation of Rb protein, and restored binding of Rb to the E2 transcription
factor (E2F)1. This was followed by decreased E2F1 transcriptional activity, which
ultimately suppressed the expression of E2F1 transcriptional targets including RRM1,
CCND1 encoding cyclin D1, thymidylate synthase, and thymidine kinase 1. These re-
sults suggested that GSK3p participates in the acquisition of gemcitabine resistance
by pancreatic cancer cells via impairment of the functional interaction between Rb
tumor suppressor protein and E2F1 pro-oncogenic transcription factor, thereby high-
lighting GSK3p as a promising target in refractory pancreatic cancer. By providing
insight into the molecular mechanism of gemcitabine resistance, this study identified

a potentially novel strategy for pancreatic cancer chemotherapy.
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1 | INTRODUCTION

Pancreatic cancer is one of the most intractable cancer types, with lit-
tle improvement in the survival rate over the past decades.>? Patients
with locally advanced tumors and those with metastatic tumors ac-
count for approximately one-third and one-half, respectively, of all
pancreatic cancer cases.! Due to the extreme difficulty in obtaining
an early diagnosis,® only 10%-15% of newly identified pancreatic can-
cer patients present with resectable or borderline resectable tumor
(stage | or Il). Most patients have local disease recurrence and/or dis-
tant metastasis following surgery. Therefore, most patients undergo
nonsurgical therapies including conventional chemotherapy, radiation,
and molecular-targeted therapies.! More recently, clinical trials with
immune checkpoint blockades and precision therapies have also been
conducted.** Despite multimodal combinations of these therapies, the
5-year overall survival rate for pancreatic cancer is at most 3%-15%.%¢

Chemotherapeutic agents used for pancreatic cancer patients
include gemcitabine alone or in combination with nanoparticle al-
bumin-bound (nab)-paclitaxel, TS-1 (a fluorouracil [FU] prodrug),
FOLFIRINOX (sequential combination of folate, 5-FU, irinotecan,
and oxaliplatin) and nanoliposomal irinotecan with 5-FU and folate.”
Currently, gemcitabine-based regimens are the most frequently
prescribed in the first-line setting and remain one of the standard
therapies for pancreatic cancer.”® However, most patients are ini-
tially resistant or soon acquire resistance to gemcitabine, therefore
obtaining little survival benefit from this treatment.’ Therefore, the
identification of mechanism-based strategies and therapeutic tar-
gets to overcome gemcitabine resistance has become an active area
for biological and clinical research.®

In the present study we hypothesized that glycogen synthase
kinase (GSK)-3p was a candidate molecular target that may affect
the efficacy of chemotherapeutic agents. GSK38 is an isoform of the
multifunctional GSK3 family serine/threonine kinases and regulates
a diverse array of fundamental cellular pathways by phosphorylation
and interaction with dozens of structural and functional molecules.!
GSK3p activity is finely controlled by differential phosphorylation of
serine (S)9 (inactive) and tyrosine (Y)216 (active) residues. It is con-
stitutively active in normal cells, but in many circumstances negative
regulation of its activity allows cells to maintain vital activity and
homeostasis in response to various stimuli.? Deregulation of GSK3p
expression and activity has been implicated in the pathogenesis and
progression of common diseases including diabetes mellitus, neuro-
degenerative disorders, and various inflammatory and immunologi-
cal conditions. 212 Such diverse roles in normal cells and in diseases
have highlighted GSK3p as a potentially attractive drug target and
has led to the development of inhibitors.'* At present, several ear-
ly-phase clinical trials have been evaluating some of these inhibitors
and lithium (an ATP non-competitive and non-specific GSK3 inhib-
itor) for neurodegenerative disorders and various cancer types,
but none of them has been approved for clinical use (reviewed in
Ref.15,16).

Based on its known functions against pro-oncogenic path-
ways (eg, Wnt/B-catenin, Notch

hedgehog, signaling) and

epithelial-mesenchymal transition (EMT) in untransformed cells,
GSK3p has long been hypothesized to suppress tumor development
and progression.’® Previous studies on the putative tumor-suppres-
sive roles of GSK3p have shown that it is inactivated by S9 phos-
phorylation in various oncogenic pathways. However, there has
been no evidence showing that active GSK3f suppresses tumori-
genesis, or that GSK3p inhibition promotes tumor development and
progression (reviewed in Ref.15). In contrast, many studies by our
group and others have demonstrated direct tumor-promoting roles
for GSK3p as well as therapeutic effects following its inhibition in

at least 25 different cancer types®>?’ 18

including pancreatic cancer.
In addition to its therapeutic effect, we and others have shown that
GSK38 inhibition sensitizes pancreatic cancer cells to gemcitabine
through the impairment of DNA damage repair and cell cycle regula-
tion.”2! However, none of the earlier studies modeled the acquired
resistance to gemcitabine in pancreatic cancer that is frequently
encountered in the clinical setting. To more directly investigate the
role of GSK3p in the acquisition of gemcitabine resistance, we estab-
lished cell clones derived from a gemcitabine-sensitive human pan-
creatic cancer BxPC-3 cell line that had acquired stepwise resistance
to gemcitabine. This system models the development of gemcitabine

resistance observed in clinical pancreatic cancer.??

2 | MATERIALS AND METHODS
2.1 | Celllines

This study investigated the human pancreatic cancer cell line
BxPC-3 and its derivative clones that acquired stepwise resistance
to gemcitabine (BxG30, BxG140, and BxG400 in increasing order
of resistance).?? The cloned cells were confirmed to sustain their
resistance without supplementation of gemcitabine in the medium
for at least 2 months. The cells were maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum and antibiot-
ics (100 unit/mL penicillin G and 0.1 mg/mL streptomycin) (Gibco)
at 37°C with 5% CO,. All subsequent experiments, except for the
mouse xenograft study, were completed within 2 months after ini-
tiation from frozen cell cultures.

2.2 | Quantitative reverse transcription-polymerase
chain reaction (QRT-PCR)

Total RNA was extracted from the cells using ISOGEN (Wako).
Complementary DNA was synthesized from total RNA using a
Reverse Transcription Kit (Promega). qRT-PCR was performed using
the Stratagene Mx3000P system (Agilent Technologies) and SYBR
Premix Ex Taq (TaKaRa Bio) with sets of sense and anti-sense prim-
ers (FASMAC) for the respective genes, as shown in Supporting
Information Table S1. Relative mRNA expression of each gene was
calculated using the ACt method and calibrated against the expres-
sion of GAPDH as an internal control.
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2.3 | Western blotting (WB)

Cellular protein was extracted from cultured cells using a lysis buffer
(CelLytic-MT; Sigma-Aldrich) with a mixture of protease and phos-
phatase inhibitors (Sigma-Aldrich). A 20 ug aliquot of protein extract
was subjected to WB for the proteins of interest, as reported previ-
ously.?° The expression of B-actin was monitored as a control for the
loading amount of protein sample. Primary antibodies used at their

respective dilutions are shown in Table S2.

2.4 | Analyses for cell survival,
proliferation, and apoptosis

BxPC-3 cells and cells from the gemcitabine-resistant clones (BxG30,
BxG140, BxG400) were seeded into 96-well plates and treated with
gemcitabine (Sigma-Aldrich) at different concentrations. Two other
batches of the same cells were passaged in the absence of gemcit-
abine for 1 or 2 months, respectively, and then treated with gemcit-
abine. In these 3 sets of experiments, the relative numbers of viable
cells at designated time points following treatment with gemcitabine
were determined using the WST-8 assay kit (Cell Counting Kit-8;
Dojindo). These cells were also treated with DMSO (Sigma-Aldrich)
or with one of the GSK3 inhibitors: AR-A014418 (Calbiochem)® or
SB-216763 (Sigma—AIdrich)24 at the indicated final concentration in
the medium. The relative number of viable cells at the designated
time points was measured as described above. The concentrations of
GSK3g inhibitors used in this study are within the reported range of
pharmacologically relevant doses.?>?* After treatment with DMSO
or GSK38 inhibitor, the relative numbers of proliferating and ap-
optotic cells were determined using the Click-iT EAU Proliferation
Assay for Microplates kit (Thermo Fisher Scientific) and the Cellular
DNA Fragmentation ELISA kit (Roche Diagnostics), respectively. The
mean numbers of viable cells, EdU-labeled proliferating cells, and
apoptotic cells from triplicate experiments were calculated together
with their standard deviations (SDs). They were compared statisti-
cally to the same cells treated with gemcitabine at different concen-
trations, as well as to cells treated with DMSO or GSK3p inhibitors.

2.5 | RNAinterference (RNAI)

siRNA specific for human GSK3p (GSK3p Validated Stealth RNAI)
and negative control siRNA (Stealth RNAi Negative Control Low GC
duplex) were obtained from Invitrogen. The specificity of GSK3p-
specific siRNA was validated in our previous study.?° Cells were
transfected with 20 nmol/L of either siRNA using Lipofectamine
RNAIMAX reagent (Invitrogen). The efficiency of RNA interference
was evaluated by WB with an antibody that recognized both GSK3a
and GSK3p (Table S2). The effects of GSK3p knockdown on the rela-
tive numbers of surviving, proliferating, and apoptotic cells were ex-
amined and compared with the same cancer cells transfected with
control or GSK3p-specific siRNA for 72 h as described above.
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2.6 | Effects of GSK3p inhibitor on the
susceptibility of cancer cells to gemcitabine

IC,, values at 72 h following treatment with gemcitabine and AR-
A014418 were measured by WST-8 assay for BxPC-3, BxG30,
BxG140, and BxG400 cells. These cells were then treated with gem-
citabine at the doses close to the respective IC;, in combination with
DMSO or AR-A014418 at the concentrations shown in Table S3. The
combined effects of gemcitabine and AR-A014418 on the viability of
cells were determined as being additive, synergistic, or antagonistic

using the isobologram method.?

2.7 | Immunoprecipitation (IP) analysis

BxG400 cells were treated with DMSO or 25 pmol/L AR-A014418
for 24 h. The nuclear fraction of these cells was isolated using
Nuclear Complex Co-IP Kit (Active Motif) and pre-cleaned with pro-
tein G magnetic beads slurry (Cell Signaling Technologies). Nuclear
extracts from the respective cells were divided into aliquots and im-
munoprecipitated with a mixture of non-immune mouse and rabbit
IgG, mouse anti-Rb, and rabbit anti-E2F1 antibodies, respectively,
according to our previous study.?® An aliquot of nuclear extract
(input) and the immunoprecipitated material was analyzed by WB
using anti-Rb and anti-E2F1 antibodies. The primary antibodies used
at the respective dilutions are shown in Table S2.

2.8 | Luciferase reporter assay

Transcriptional activity of E2F1 was determined by luciferase re-
porter assay. The respective cancer cells were co-transfected with
E2F1 firefly luciferase vector (E2F1(3) Luciferase Reporter Vector,
Panomics) and internal control Renilla luciferase vector (pRL-SV40
Vector, Promega) in accordance with the manufacturers’ proto-
cols. At 72 h after transfection, the cells were treated with DMSO
or 25 pmol/L AR-A014418 for 24 h. The cells were then examined
for activities of both luciferases using the Dual-Luciferase Reporter
Assay System (Promega) and Fluoroscan ascent FL instrument
(Dainippon Sumitomo Pharmaceutical). The relative transcriptional
activity of E2F1 was determined by normalizing firefly luciferase ac-

tivity with Renilla luciferase activity in the same cells.

2.9 | Animal study

The therapeutic effects of gemcitabine and GSK3p inhibitor, either
alone or in combination, were examined in gemcitabine-sensitive
BxPC-3 cells and in the most gemcitabine-resistant BxG400 cells
grown as xenografts in athymic mice. In total, 1 x 10® BxPC-3 or
BxG400 cells suspended in 50 pL of phosphate buffered saline were
subcutaneously inoculated into each of 53 athymic mice (Charles

River Laboratories, Japan). The mice were randomly assigned to 4
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groups and given intraperitoneal injections of 100 uL of 75% DMSO,
gemcitabine (20 mg/kg body weight), or AR-A014418 (2 mg/kg
body weight) alone or in combination, respectively, twice a week for
7-10 wk. Assuming that total body fluid in mice accounted for c. 60%
of their body weight, the AR-A014418 dose of 2 mg/kg body weight
corresponded to a concentration of c¢. 10 pmol/L in culture medium,
which was within the known pharmacological dose range for this
agent.?® The dose of gemcitabine corresponded closely to the stand-
ard clinical dose (1000 mg/m2 body surface area). Throughout the
experiment, all mice were carefully observed every day for adverse
events and their body weight was monitored. Tumors were meas-
ured in 2 dimensions, twice a week. Tumor volume (cm®) was calcu-
lated using the formula: 0.5 x S% x L, where S is the smallest tumor
diameter (cm) and L is the largest (cm). The design and protocol of the
animal experiment and changes in body weight of mice during treat-
ment are shown in Figure S1. All animal experiments were under-
taken in accordance with the Japanese animal ethics guidelines.?”
The protocol was approved by the Institute for Experimental Animal
Work, Kanazawa University Advanced Science Research Center.

At necropsy, tumors were removed, fixed in 10% paraformal-
dehyde and embedded in paraffin for histopathological and im-
munohistochemical staining. Representative paraffin sections of
the tumors were stained with H&E and immunostained using the
avidin-biotin-peroxidase complex (ABC) method as described pre-
viously.?® The primary antibodies used at the dilutions for immuno-
histochemistry (IHC) are shown in Table S2.

2.10 | Statistical analysis

The results are presented as mean + SD. Data were analyzed using
Student t test in a two-tailed analysis. Statistical significance was
defined as values of P < .05.

3 | RESULTS

3.1 | Efficacy of gemcitabine on BxPC-3 cell-
derived clones with stepwise acquired resistance to
gemcitabine

The IC,, values for gemcitabine in BxPC-3 cells and for the gemcit-
abine-resistant BxG30, BxG140, and BxG400 cells were 1.28 ng/mL,
39 ng/mL, 370 ng/mL, and 2000 ng/mL, respectively (Figure 1A).
Consistent with our previous study,?? the results confirmed that
the persistent and stepwise gemcitabine resistance was retained
during long-term frozen storage of these resistant clones. We also
determined the IC;, values of gemcitabine in the same cells fol-
lowing continuous culture in the absence of gemcitabine for 1 or 2
months, respectively (Figure S2). This indicated that gemcitabine re-
sistance was present for at least 2 months after frozen cell culture,
thus allowing subsequent experiments. mRNA and protein expres-

sion of ribonucleotide reductase M1 (RRM1), a known biomarker
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FIGURE 1 Efficacy of gemcitabine and expression of RRM1 in
BxPC-3 cells and cells from gemcitabine-resistant clones (BxG30,
BxG140, BxG400). A, Respective cells were treated with H,O or
the indicated concentrations of gemcitabine for the designated
times in triplicate. The relative mean number of viable cells at each
time point is shown with SDs. *P < .05. B, Relative expression of
RRM1 mRNA in BXxPC-3 and the gemcitabine-resistant clones.
Values shown are the means + SDs of triplicate measurements.

*P < .05. C, Comparison of RRM1 expression between BxPC-3 cells
and the gemcitabine-resistant clones by Western blotting. -actin
expression was monitored as a loading control in each sample

929 increased significantly in the BxG140

for gemcitabine resistance,
and BxG400 cells as the level of resistance to gemcitabine increased

(Figure 1B,C).

3.2 | Effects of GSK3p inhibition on the
gemcitabine-resistant clones

We previously reported the constitutive activation of GSK3p in
human pancreatic cancer cells, including BxPC-3, and the therapeutic
effect of GSK3p inhibition against these cancer cells.**?° We there-
fore evaluated the effects of GSK3p inhibition on 3 gemcitabine-
resistant clones. Gemcitabine-resistant cells showed a higher level
of cell survival and proliferation and a lower frequency of apopto-
sis compared with their parent BxPC-3 cells (Figures 2 and S3). The
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FIGURE 2 Effects of GSK3p inhibition on viability, proliferation,
and apoptosis in BxPC-3 cells and the gemcitabine-resistant clones.
A, Respective cells were treated with DMSO or the indicated
concentration of AR-A014418 for the designated times. The
relative number of viable cells at each time point was measured

by WST-8 assay. B,C, EdU-positive proliferating cells (B) and the
relative number of apoptotic cells (C) were compared between

the respective cells treated with DMSO or AR-A014418. A-C,

The mean value from triplicate experiments was scored with SDs.
*P < .05

GSK3p inhibitors AR-A014418 and SB-216763 reduced the viability of
BxPC-3 cells and the gemcitabine-resistant clones in a dose-depend-
ent and time-dependent manner, with similar IC,, values irrespective
of gemcitabine resistance (Figures 2A and S3A). The GSK3p inhibitors
also suppressed the proliferation of all cancer cells and induced their
apoptosis (Figures 2B,C and S3B,C). Similar effects were observed in
these cancer cells following depletion of GSK3p (Figure S4). These re-
sults indicated that GSK3p sustained the survival and proliferation of
BxPC-3 cells and of derived gemcitabine-resistant clones.

Compared with the parental BxPC-3 cells that are prone
to going apoptosis following inhibition of GSK3p, the effect of
GSK3p inhibition on cell proliferation was more prominent than

on apoptosis in the BxPC-3-derived gemcitabine-resistant clones

Cancer Science Riili o

(Figures 2B,C, S3B,C, and S4B,C). Such difference suggested that
these resistant clones might also acquire the phenotype invulner-
able to apoptosis-inducing stimuli. Alternatively, they might have
more dependence on the cell proliferation signal mediated by cy-
clin D1 and cyclin-dependent kinase (CDK)4/6 as we previously
observed in pancreatic cancer cells that were primarily unrespon-
sive to gemcitabine.20 The effects of GSK3p RNAI on cell survival,
proliferation, and apoptosis (Figure S4) were less marked than the
GSK3p inhibitors (Figures 2 and S3). In many cases, the effect of
an enzyme largely depends on its biochemical or catalytic activity
rather than its level of expression. The biological effect of RNAI
depends on the efficiency of siRNA transfection as well as on the
subsequent knockdown of the target molecule. In line with these
notions, our previous study using an in vitro kinase assay showed
that the GSK3p inhibitor AR-A014418 inactivated GSK3p in human
pancreatic cancer cells (including BxPC-3 cells) within 1 h after
treatment, while the GSK3p-specific siRNA took longer than 48 h
to efficiently, but not completely, deplete GSK3p expression in
the same cells.?® Therefore, it is conceivable that pharmacological
GSK3p inhibitors more promptly and efficiently inhibit GSK3p in
cells, leading to a more prominent biological effect on cells com-
pared with GSK3p RNAI.

3.3 | Combined effect of gemcitabine and
GSK3p inhibitor

Molecular-targeted therapeutics are preferably prescribed in com-
bination with conventional chemotherapeutic agents and/or radia-
tion and with other targeted agents. This allows the optimization of
therapeutic efficacy and the minimization of undesired effects, as
well as preventing the acquisition of therapy resistance.’® We pre-
viously showed that deregulated GSK3 renders pancreatic cancer
cells intrinsically unresponsive to gemcitabine via the tumor pro-
tein p53 inducible nuclear protein (TP53INP)1-mediated DNA dam-
age repair machinery and the impairment of Rb-mediated cell cycle
regulation.*”?° Therefore, we investigated whether GSK3 inhibition
affected cancer cells that had acquired resistance to gemcitabine.
AR-A014418 at 25 pmol/L alone showed adequate and simi-
lar therapeutic effects against BxG30, BxG140, and BxG400 cells
(Figure 2). We therefore examined the therapeutic effects of all
combinations of AR-A014418 at a dose range of 1.56-25 pmol/L
and of gemcitabine at different doses in accordance with the IC,,
of the respective gemcitabine-resistant clones (Table S3). When
BxG30, BxG140, and BxG400 cells were treated with gemcitabine
at increasing doses, the combination with AR-A014418 reduced
the IC,, of gemcitabine in a dose-dependent fashion (Figure S5
and Table S$4). Analysis of the data using the isobologram method?®
showed that AR-A014418 in combination with gemcitabine was syn-
ergistic against cancer cells from all gemcitabine-resistant clones
(Figure 3A). Knockdown of GSK3p also significantly enhanced the
effects of gemcitabine against these cancer cells (Figure 3B), al-

though the combined effects were not amenable to isobologram
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FIGURE 3 Effect of gemcitabine in combination with GSK3p
inhibitor or GSK3B-RNAi on BxPC-3 cells and gemcitabine-
resistant clones. A, The respective cells were treated with various
combinations of gemcitabine and/or AR-A014418 as shown

in Table S3. The combined effect at 72 h after treatment was
measured by WST-8 assay and analyzed by the isobologram
method at respective doses (closed circle). B, The respective cells
were transfected with non-specific (N) or GSK3-specific siRNA
(S) and treated with the indicated concentrations of gemcitabine
(GEM) for 72 h. Mean relative number of viable cells in triplicate
were scored with SDs and compared between the same cells with
different treatments. *P < .05

analysis. These results indicated that GSK3p inhibition could circum-

vent acquired resistance to gemcitabine in pancreatic cancer cells.

3.4 | Changes in molecular characteristics of
gemcitabine-resistant cancer cells following
GSK3g inhibition

To improve the treatment of refractory pancreatic cancer, it is impor-
tant to clarify the molecular mechanism by which GSK3p inhibition al-
ters the acquired resistance of pancreatic cancer cells to gemcitabine.
Strikingly, inhibition of GSK3p expression and activity decreased the

expression of RRM1 at both mRNA and protein levels in gemcitabine-
resistant cancer cells (Figure 4A,B), although the levels of RRM1 ex-
pression in BxG140 and BxG400 cells were still higher than in BxPC-3
and BxG30 cells at 72 h after treatment with AR-A014418 (Figure Sé).
RRM1 is a transcriptional target for E2F1. The Rb tumor suppressor
protein normally traps E2F1, thereby repressing its transcriptional ac-
tivity.32%? We therefore hypothesized that GSK3p may interfere with
the Rb-mediated negative regulation of E2F1 during acquisition of re-
sistance to gemcitabine in pancreatic cancer cells.

We have previously shown that expression of cyclin D1 and
CDK4 decreased in pancreatic cancer cells (including BxPC-3) concur-
rently with their sensitization to gemcitabine via GSK3p inhibition.2°
Treatment with AR-A014418 consistently decreased the expression of
cyclin D1 and CDK4 in cells from BxPC-3-derived gemcitabine-resis-
tant clones (Figure 4B). As the cyclin D1-CDK4/6 complex negatively
regulates the tumor suppressor function of Rb via its phosphoryla-
tion, we next investigated the expression and phosphorylation of Rb

bsso7/s11) is known to affect

in these cells. Phosphorylation of Rb (pR
its ability to bind to E2F1°2 and was progressively higher in the gem-
citabine-resistant clones compared with BxPC-3 cells. Treatment with
AR-A014418 decreased the level of pRb%8%”/81 byt did not affect the
expression of Rb and E2F1 in the same cells (Figure 5A). This result sug-
gested that GSK3p-mediated loss of Rb function may be involved in the

acquisition of resistance to gemcitabine in pancreatic cancer.

3.5 | Changes in E2F1 transcriptional activity
following GSK3p inhibition in gemcitabine-resistant
cancer cells

Further to the results shown above, we next examined whether GSK3p
affected the ability of Rb to bind to E2F1, as well as evaluating the
transcriptional activity of E2F1 in gemcitabine-resistant cancer cells.
Following treatment with DMSO or 25 pmol/L AR-A014418, nuclear
extracts from the most resistant BxG400 cells were immunoprecipi-
tated with antibodies to Rb and E2F1. WB of these immunoprecipi-
tates showed that GSK3 inhibition increased binding between Rb and
E2F1 in the cell nuclei (Figure 5B). Luciferase reporter assay showed
that transcriptional activity of E2F1 in BxG140 and BxG400 cells
was significantly higher than in BxPC-3 cells. Treatment with GSK3p
inhibitor reduced the transcriptional activity of E2F1 (Figure 5C) and
the expression of its target genes including RRM1 (Figure 4A), CCND1
(encoding cyclin D1), TS and thymidine kinase 1 (TK1) in both BxG140
and BxG400 cells (Figure 5D). These results suggested that GSK3p
may alter the functional interaction between Rb and E2F1 during the

acquisition of gemcitabine resistance in pancreatic cancer.
3.6 | Effects of GSK3p inhibitors on BxPC-3 and
BxG400 xenografts in mice

As a prerequisite for the clinical translation of GSK3p-targeted ther-

apy for pancreatic cancer patients with resistance to gemcitabine,
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we tested the efficacy of gemcitabine and AR-A014418, either
alone or in combination, against BxPC-3 and BxG400 cell xenograft
tumors in athymic mice (Figure S1A). Xenograft tumors of BxG400
cells grew faster than BxPC-3 tumors and were unresponsive
to gemcitabine at 20 mg/kg, which was almost equivalent to the
standard clinical dose. Due to animal ethics issues, we euthanized
the sham (DMSO)-treated mice with BxG400 xenografts and those
treated with gemcitabine at 6 and 8 wk, respectively, after treat-
ment. Compared with treatment with either AR-A014418 or gem-
citabine alone, treatment of mice with the 2 agents in combination
significantly reduced tumor growth in a time-dependent manner
(Figure 6). We observed no serious adverse events in the 4 groups
of mice during treatment, and there were no statistically significant
differences in mean body weight between the groups (Figure S1B).
At necropsy, gross observation and histological examination showed
no lesions, primary tumors, or metastatic tumors in the major vital
organs of all mice.

IHC examination of the tumors removed from sham (DMSO)
and gemcitabine-treated mice showed higher levels of active
GSK3p (pGSK3pY2%%) and RRM1 expression in BxG400 tumors
than in BxPC-3 tumors. Treatment with AR-A014418 alone or in
combination with gemcitabine decreased the pGSK3p"% level
and RRM1 expression (Figure 7). Similar to the results from cell
culture studies (Figures 4B and 5A), cyclin D1 expression and Rb
phosphorylation (pRb%8%”/811) in BxG400 tumors treated with
DMSO or gemcitabine alone were higher than in BxPC-3 tumors
treated with the same agents, but were reduced following treat-
ment with AR-A014418 alone or in combination with gemcitabine
(Figure S7).

4 | DISCUSSION
Current first-line chemotherapy for locally advanced and meta-
static pancreatic cancers consisted of 2 combination protocols,
FOLFILINOX and nab-paclitaxel with gemcitabine. Both have been
shown to improve the efficacy of gemcitabine monotherapy.®%4
The only approved second-line regimen for patients who failed gem-
citabine-based therapy is nanoliposomal irinotecan with 5-FU and
folate.® Importantly, however, no study has yet shown a significant
improvement in outcome from any of the combination regimens over
gemcitabine alone in patients with poor (22) PS as defined by the
Eastern Cooperative Oncology Group. As the vast majority of pan-
creatic cancer patients present with a PS > 2, gemcitabine therefore
remains the standard of treatment for pancreatic cancer.”® This in
turn has attracted growing attention to the problem of gemcitabine
resistance.”1°

Putative biochemical mechanisms of gemcitabine resistance in-
clude the decreased expression of human equilibrative nucleoside
transporter-1 (hENT1) that is indispensable for cellular uptake of
gemcitabine,36 the inactivation of deoxycytidine kinase (dCK) that
is a late-limiting enzyme for metabolic activation of gemcitabine,®”
and the overexpression of RRM1 that sustains DNA synthesis, thus
counteracting the pharmacological action of gemcitabine.?’ These
molecular alterations found in the tumors were associated with poor
survival of pancreatic cancer patients undergoing treatment with
gemcitabine in various clinical settings.?®%? Recent experimental
approaches aimed at overcoming the acquired resistance to gem-
citabine include targeting of hENT1 expression by TS inhibitor and

bypassing nucleoside transporters by prodrugs. Other approaches
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FIGURE 5 Effects of GSK3p inhibitor on the expression and phosphorylation of Rb, its binding to E2F1 and the transcriptional activity
of E2F1. A, Western blotting (WB) analysis for expression of Rb, E2F1 and phosphorylated of Rb (pRB8°”/81%) in cells treated with DMSO

or AR-A014418 for 24 h. p-actin expression was monitored as a loading control in each sample. B, Immunoprecipitates (IP) from nuclear
extracts of DMSO-treated or AR-A014418-treated BxG400 cells with non-immune mouse/rabbit IgG and the antibody to Rb or E2F1 were
analyzed by WB with the indicated antibodies. C, Relative transcriptional activity of E2F1 in the respective cells treated with DMSO or AR-
A014418 was measured by luciferase reporter assay. D, Relative expression of CCND1 (cyclin D1), TK1, and TS mRNA in the respective cells
treated with DMSO or AR-A014418. C, D, Data are the mean values with SDs of triplicate experiments. *P < .05

included improving the intracellular delivery of gemcitabine by con- GSK3p inhibitor synergistically enhanced the efficacy of gemcit-
jugating it with nanocarriers, as well as molecular targeting of the abine against all of the resistant clones in culture and against the
pro-oncogenic Wnt, hedgehog and Notch signaling that are reacti- most resistant BxG400 xenografts in mice. These effects of GSK3p
vated during acquired resistance to gemcitabine (reviewed in Ref. inhibition were associated with decreased expression of RRM1, sug-

9,10). However, there have been few attempts at targeting RRM1 to gesting that impairment of the transcriptional activity of E2F1 may

enhance the efficacy of gemcitabine, even though it is recognized as be responsible for the “resensitization” of resistant clones to gem-
a potentially strong target for overcoming gemcitabine resistance.*° citabine. GSK3p inhibition consistently attenuates E2F1 transcrip-
The gemcitabine-resistant clones (BxG30, BxG140, BxG400) tional activity, resulting in decreased expression of its transcriptional

used in this study were established from gemcitabine-sensitive targets including RRM1, CCND1, TS, and TK1. As we previously re-
pancreatic cancer BxPC-3 cells and were characterized by overex- ported,?° GSK3p inhibition decreases the expression of cyclin D1
pression of RRM1, but only minor alterations in the expression of and CDK4 and phosphorylation of Rb, thereby restoring the binding
hENT1, dCK, RRM2, and Bcl2.?? This suggested that there may be of Rb to E2F1 in tumor cell nuclei. Consequently, our results suggest

dependency of these resistant clones on RRM1 for the acquisition that the mechanism whereby GSK3p confers acquired resistance to
of resistance to gemcitabine. We showed that GSK3f inhibitors gemcitabine in pancreatic cancer is via disturbance of the physiolog-
alone exerted therapeutic effects against BxPC-3 cells as well as ical (tumor-suppressive) interaction between Rb and E2F1.

against gemcitabine-resistant clones with a similar IC.,. Notably, The levels of RRM1 expression in the gemcitabine-resistant
when combined with various concentrations of gemcitabine, the BxG140 and BxG400 cells decreased during longer treatment
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FIGURE 6 Efficacy of gemcitabine
and GSK3g inhibitor on BxPC-3 and
BxG400 xenograft tumors in athymic
mice. A, Time course of mean xenograft
tumor volume with SDs in mice treated
with DMSO, gemcitabine alone, AR-
A014418 alone, or the gemcitabine/
AR-A014418 combination. Mice with

the BxG400 xenograft and treated with
DMSO or gemcitabine were euthanized at
6 and 8 wk, respectively, after treatment
because of animal experiment ethical
issue. *P < .05. B, Gross appearance of 0
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with AR-A014418, but they were still higher than in BxPC-3 and
BxG30 cells (Figure Sé). Isobologram analysis showed synergis-
tic therapeutic effects of gemcitabine and AR-A014418 in com-
bination against both resistant clones (Figure 3A). Nevertheless,
AR-A014418 could substantially, but not completely, reverse the
resistance to gemcitabine in BxG140 and BxG400 cells (Figure S5)
and BxG400 xenograft tumors in rodents (Figure 6). An interme-
diate metabolite of gemcitabine, dFACDP (2'-2'-difluoro-2’-de-
oxycytidine diphosphate), potently binds to and inhibits RRM1,
thereby exerting its therapeutic effect via decrease of compet-
ing deoxyribonucleotide pools necessary for DNA synthesis (re-
viewed in Ref.9). Our results may therefore imply that the amount
of RRM1 in the resistant clones treated with both gemcitabine and
AR-A014418 exceeded the dose of gemcitabine. Collectively, it is
suggested that the remaining RRM1 in the resistant clones after
treatment with GSK3p inhibitor may still contribute to gemcitabine
resistance. As we previously reported,?? resistance to gemcitabine
in these clones was not only dependent largely on RRM1, but also
on the other known factors (such as hENT1, dCK, RRM2, and Bcl2)
and probably on unknown factors. Accordingly, future systematic
analysis of RRM1 and these factors is necessary to clarify whether
any remaining RRM1 in the resistant clones (BxG140, BxG400)
following the treatment with GSK3p inhibitor contributes to the
gemcitabine resistance in these cells.

As previously reported, the gemcitabine-resistant clones exam-
ined in this study were also resistant to 5-FU, cisplatin, irinotecan
(CPT-11), and docetaxel.?? As TS and TK1 are known biomarkers for
the efficacy of 5-FU and ionizing radiation, respectively, GSK3p may

participate in cross-resistance to multiple chemotherapeutic agents.
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Furthermore, combination with GSK3p inhibitor may potentially
enhance the efficacy of FORFIRINOX, nab-paclitaxel with gemcit-
abine, nanoliposomal irinotecan with 5-FU, and folate, as well as
ionizing radiation. In addition to pancreatic ductal adenocarcinoma,
a previous study reported that GSK3p participates in tumor progres-
sion and resistance to everolimus, an inhibitor of mechanistic target
of rapamycin complex 1, in pancreatic neuroendocrine neoplasm.**
Collectively, GSK3p may potentially play broader pathologic roles in
pancreatic malignancy.

The proposed biological mechanisms for gemcitabine resis-
tance in cancer cells include pro-invasive capacity and cancer
stemness phenotypes (reviewed in Ref. 9,10). Previous studies
have shown that gemcitabine-resistant pancreatic cancer cells ac-
quire a pro-invasive phenotype such as EMT,*? thus contributing
to acquired resistance.*>** Based on the notion of an interconnec-

45 we pre-

tion between cancer invasion and therapy resistance,
viously showed that GSK3p facilitates both pro-invasive capacity
and resistance to chemotherapy in pancreatic cancer?® and glio-
blastoma.*®*” It has also been reported that gemcitabine treat-
ment promotes pancreatic cancer stemness through a distinct
molecular pathway.*® In light of the mounting evidence for tu-
mor-promoting roles of GSK3p, we propose that GSK3 functions
as a molecular hub that integrates therapy resistance, pro-invasive
capacity, and the cancer stemness phenotype in refractory cancer,
as represented by pancreatic cancer.'>® This cancer type is also
characterized biologically by a desmoplastic and immunosuppres-
sive tumor microenvironment that has emerged as a robust barrier
to various therapeutic agents and radiation.*>*° Recent evidence
has suggested that GSK3p plays an active role in establishing the
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(A) FIGURE 7 Histological and
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