
UCLA
UCLA Previously Published Works

Title
Regorafenib regresses an imatinib-resistant recurrent gastrointestinal stromal tumor 
(GIST) with a mutation in exons 11 and 17 of c-kit in a patient-derived orthotopic 
xenograft (PDOX) nude mouse model.

Permalink
https://escholarship.org/uc/item/8v96p033

Journal
Cell cycle (Georgetown, Tex.), 17(6)

ISSN
1538-4101

Authors
Miyake, Kentaro
Kawaguchi, Kei
Kiyuna, Tasuku
et al.

Publication Date
2018

DOI
10.1080/15384101.2017.1423223
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8v96p033
https://escholarship.org/uc/item/8v96p033#author
https://escholarship.org
http://www.cdlib.org/


REPORT

Regorafenib regresses an imatinib-resistant recurrent gastrointestinal stromal tumor
(GIST) with a mutation in exons 11 and 17 of c-kit in a patient-derived orthotopic
xenograft (PDOX) nude mouse model

Kentaro Miyake a,b,c, Kei Kawaguchia,b, Tasuku Kiyunaa,b, Masuyo Miyakea,b,c, Kentaro Igarashia,b, Zhiying Zhanga,b,
Takashi Murakamia,b,c, Yunfeng Lie, Scott D. Nelsone, Irmina Elliottf, Tara Russell f, Arun Singhd, Yukihiko Hiroshimac,
Masashi Momiyamac, Ryusei Matsuyamac, Takashi Chishimac, Itaru Endoc, Fritz C. Eilber f and Robert M. Hoffmana,b

aAntiCancer Inc., San Diego, CA; bDepartment of Surgery, University of California, San Diego, CA; cDepartment of Gastroenterological Surgery,
Yokohama City University Graduate School of Medicine, Yokohama, Japan; dDivision of Hematology-Oncology, University of California, Los Angeles, CA;
eDeparment of Pathology, University of California, Los Angeles, CA; fDivision of Surgical Oncology, University of California, Los Angeles, CA

ARTICLE HISTORY
Received 30 November 2017
Revised 11 December 2017
Accepted 20 December 2017

ABSTRACT
Gastrointestinal stromal tumor (GIST) with a mutation in exons 11 and 17 of c-kit is a rare type of sarcoma.
The aim of this study was to determine drug sensitivity for a regionally-recurrent case of GIST using a
patient-derived orthotopic xenograft (PDOX) model. The PDOX model was established in the anterior wall
of the stomach. GIST PDOX models were randomized into 5 groups of 6 mice each when the tumor
volume reached 60 mm3: G1, control group; G2, imatinib group (oral administration (p.o.), daily, for
3 weeks); G3, sunitinib group (p.o., daily, for 3 weeks); G4, regorafenib (p.o., daily, for 3 weeks); G5,
pazopanib (p.o., daily, for 3 weeks). All mice were sacrificed on day 22. Tumor volume was evaluated on
day 0 and day 22 by laparotomy. Body weight were measured 2 times per week. Though regorafenib is
third-line therapy for GIST, it was the most effective drug and regressed the tumor significantly (p <

0.001). Sunitinib suppressed tumor growth compared to the control group (p = 0.002). Imatinib, first-line
therapy for GIST, and pazopanib did not have significant efficacy compared to the control group (p =
0.886, p = 0.766). The implications of this result is discussed for GIST patients.
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Introduction

Gastrointestinal stromal tumor (GIST) is a rare type of sar-
coma derived from the muscle layer of the gastrointestinal
tract [1]. The majority of GIST tumors have a mutation in
the tyrosine kinase receptor c-kit [2] in exons 11 (70–80%)
and exons 9 (10%) [2,3]. GIST tumors without a c-kit muta-
tion may have a platelet-derived growth factor receptor a

(PDGFRa) mutation, similar to the c-kit gene, in about 10%
of the cancers usually in exon 18 (10%) of the c-kit gene [3].
The majority of the PDGFRa mutations occured in exons 18
(10%) [3]. Recently mutations in the BRAF gene and a gene
encoding the protein succinate dehydrogenase (SDH) have
been observed in GIST without c-kit gene and PDGFRa
mutations [4].

Complete R0 surgical resection without tumor rupture and
spillage is the main curative therapy for GIST [5]. Not all cases,
however, are resectable due to tumor size and distant metasta-
ses or patient characteristics. Usually, recurrent cases are also
inoperable. Tyrosine kinase inhibitors are indicated for inoper-
able cases with imatinib (Gleevec) as first-line therapy as
described in the American National Comprehensive Cancer
Network (NCCN) guidelines [6]. Imatinib was originally devel-
oped as a molecular-targeting drug for chronic myelogenous

leukemia (CML) [7], and subsequently approved for GIST by
the US Food and Drug Administration (FDA) in 2001 [8].
Sunitinib and regorafenib are multi-kinase inhibitors which are
used as second- and third-line treatment, respectively [9,10].
However, the NCCN guidelines are imprecise due to the indi-
vidual characteristics of each tumor [11].

The aim of the present study was to identify the power of the
PDOX model to identify effective therapy for recalcitrant can-
cer, in this case, Imitanib-resistant recurrent GIST. Toward this
goal of precision personalized oncology, our laboratory pio-
neered the patient-derived orthotopic xenograft (PDOX) nude
mouse model with the technique of surgical orthotopic implan-
tation (SOI), including pancreatic [12–15], breast [16], ovarian
[17], lung [18], cervical [19], colon [20–22], stomach [23], sar-
coma [24–38] and melanoma [39–43].

In the present study, we established a PDOX model for a
recurrent GIST patient and evaluated the efficacy of first, sec-
ond and third-line therapy.

Results and discussion

The GIST PDOX model was established in the gastric wall by
orthotopic implantation in nude mice (Figure 1). Figure 2 shows
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the treatment schema for the GIST PDOX model. Regorafenib
regressed the GIST tumor compared to the un-treated group
(P<0.001). Sunitinib suppressed, but not regressed, tumor
growth compared to the un-treated group (P = 0.002). Imatinib
and pazopanib did not show significant efficacy compared to the
un-treated group (P = 0.886 and P = 0.766). The final tumor
volume ratio (post-treatment tumor volume / pre-treatment
tumor volume) on day 22 was as follows: untreated control
group (G1) 4.91§1.55; imatinib group (G2) 4.30§0.80; sunitinib
group (G3) 2.06§0.31; regorafenib group (G4) 0.15§0.05; pazo-
panib group (G5) 4.14§1.50 (Figure 3).

Though the body weight of the regorafenib group slightly
decreased, there was no significant difference in body weight
on day 0 and day 22 between the five groups (Figure 4). Figure 5
shows representative tumors from each group at laparotomy on
day 22 as well as photomicrographs of hematoxylin and eosin
(H&E)-stained sections of a tumor from each group. Necrosis
due to chemotherapy was found in the sunitinib and regorafe-
nib groups (Figure 5 H and I).

In the present study, only regorafenib, which is a third line drug
in the NCCN guidelines, regressed tumor growth in the GIST
PDOX model. Regorafenib is an oral multi-kinase inhibitor, and
was approved for metastatic colorectal cancer by the FDA in 2012

[44] and for Advanced GIST in 2013 [10]. A multi-center Phase II
clinical trial showed efficacy of regorafenib as third-line therapy in
metastatic or unresectable GIST patients after failure of imatinib
and sunitinib [45]. The role of regorafenib as a first and second
line therapy is currently being studied in clinical trials
(NCT02365441 andNCT02164240).

Previously-developed concepts and strategies of highly-selec-
tive tumor targeting can take advantage of molecular targeting
of tumors, including tissue-selective therapy which focuses on
unique differences between normal and tumor tissues [46–51].

Conclusions

Regorafenib regressed recurrent imatanib-resistant GIST in a
PDOX model. The GIST PDOX model should enable precise,
ndividualized, improved therapy for patients with this disease.

Materials and methods

Animals

Athymic nu/nu male nude mice (AntiCancer, Inc., San Diego,
CA), 4–6 weeks old, were used in this study. All mice were kept

Figure 1. Surgical orthotopic implantation (SOI). A. An approximately 10 mm incision was performed at the upper portion of the abdomen (black dotted line). B. The
stomach was gently exteriorized from the peritoneum. C. The serosa of the anterior gastric wall was carefully incised in order to not make a perforation (white arrow). D.
A small fragment of GIST was implanted at the incised site on the gastric wall (white arrow).
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in a barrier facility on a high-efficiency particulate arrestance
(HEPA)-filtered rack under standard conditions of 12-hour
light/dark cycles. The animals were fed an autoclaved labora-
tory rodent diet [27]. All animal experiments were performed
with an AntiCancer Institutional Animal Care and Use Com-
mittee (IACUC)-protocol specifically approved for this study
and in accordance with the principles and procedures outlined
in the National Institutes of Health Guide for the Care and Use

of Animals under Assurance Number A3873-1. Anesthesia and
analgesics were used for all surgical experiments to avoid
unnecessary suffering of the mice. Subcutaneous injection of a
ketamine mixture (a 0.02 ml solution of 20 mg/kg ketamine,
15.2 mg/kg xylazine, and 0.48 mg/kg acepromazine maleate)
was used for mice. The response of animals during surgery was
monitored carefully to keep adequate depth of anesthesia. The
animals were observed daily and humanely sacrificed by CO2

inhalation when they met the following criteria: severe tumor
burden (more than 20 mm in diameter), prostration, significant
body weight loss, difficulty breathing, rotational motion and
body temperature drop.

Figure 2. Treatment protocol. G1: untreated group; G2: imatinib (50 mg/kg, p.o., daily, 3 weeks); G3: sunitinib (40 mg/kg, p.o., daily, 3 weeks); G4: regorafenib (30 mg/kg,
p.o., daily, 3 weeks); G5: pazopanib (100 mg/kg, p.o., daily, 3 weeks). Each group consisted of 6 mice. All mice were sacrificed on day 22.

Figure 3. Tumor volume ratio. Bar graphs show the PDOX tumor volume ratio
(post-treatment volume / pre-treatment volume) on day 0 and 22. Regorafenib
regressed tumor growth significantly compared to the untreated group (P < 0.001).
There was also a significant difference between the untreated group and sunitinib
(P = 0.002). Imatinib and pazopanib did not show significant efficacy (P = 0.886 and
P = 0.766) respectively compared to the untreated control. Error bars: § SD.

Figure 4. Body weight of each group. Bar graphs shows body weight of the GIST
PDOX mice treated with each drug. There was no significant difference between
any group. Error bars: § SD.
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Establishment of the GIST PDOX model

The patient received curative-intent surgery in the Department
of Surgery, University of California, Los Angeles (UCLA). The
GIST recurred regionally. The recurrent site was resected after
neoadjuvant chemotherapy with imatinib. The tumor had c-kit
exon 11 and 17 mutations. Resected fresh tumor was brought
to AntiCancer Inc. from the UCLA Hospital and established in
nude mice. Informed consent was previously obtained from the
patient, and this study was approved by the Institutional
Review Board of UCLA (IRB #10-001857). The GIST PDOX
was established by orthotopic implantation to the anterior gas-
tric wall (Figure 1).

Treatment protocol for the GIST PDOX model

The PDOX models were randomized into 5 groups when
tumor volume reached 60 mm3; G1: untreated control group;
G2: imatinib (50 mg/kg, p.o., daily, 3 weeks); G3: sunitinib
(40 mg/kg, p.o., daily, 3 weeks); G4: regorafenib (30 mg/kg,
p.o., daily, 3 weeks); G5: pazopanib (100 mg/kg, p.o., daily,
3 weeks) (Figure 2). Doses of the above drugs were determined
by published reports (29–32). Tumor volume was evaluated on
day 0 and day 22 by laparotomy using the following formula:
tumor volume (mm3) = length (mm) £ width (mm) £ width
(mm) £ 1/2. Body weight was measured 2 times a week. All
cases were sacrificed on day 22.

Histological examination

10% formalin-fixed, paraffin-embedded tissue sections (5 mm)
were deparaffinized in xylene and rehydrated in an ethanol
series. Hematoxylin and eosin (H&E) staining was performed
according to a standard protocol. Histological examination
was observed with a BHS system microscope (Olympus Corp.,
Tokyo, Japan).

Statistical analysis

All statistical analyses were performed with Statistical Package
for the Social Sciences for Windows software version 22.0 (IBM
Corp., Armonk, NY, USA). Significant differences for compari-
sons of � 3 groups were determined using one-way ANOVA
followed by Tukey post hoc pairwise tests. Bar graphs show the
mean, and error bars express § standard deviations. A proba-
bility value of P < 0.05 was defined as statistically significant.
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