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Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors
of the gastrointestinal tract, and new epidemiologic data suggest that GISTs may be
the most common single type of sarcoma, at least in some geographical regions.1,2
GISTs are believed to arise from the interstitial cells of Cajal or a common progenitor
cell.3 Interstitial cells of Cajal are part of the myenteric plexus in the muscular wall of
the gastrointestinal tract and comprise the pacemaker cells of the gut that coordinate
peristalsis. Based on this biological feature, GISTs can generally occur anywhere in
the gastrointestinal tract, from the esophagus to the rectum. Nevertheless, they are
most commonly found in the stomach (50%–60%). Less frequent locations include
the small intestines (30%–35%), colon and rectum (5%), as well as the esophagus
(,1%).4 In addition, GISTs are rarely diagnosed in extra-gastrointestinal locations,
such as the omentum, mesentery, or retroperitoneum.
The incidence of GISTs is approximately 5,000 newly diagnosed cases per year.
At the time of diagnosis, most patients are older than 50 years (median 63 years),
although GISTs can occur at any age. There is a slight predilection for male individuals.4
The median size at time of detection is 5–6 cm, but the tumors can be much larger.
Ten percent to 20% of patients present with metastases at the time of diagnosis, and
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Abstract: Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors
of the gastrointestinal tract and the most frequent single type of sarcoma, at least in some
geographical regions. They arise from the interstitial cells of Cajal (or a common progenitor
cell). The vast majority of GISTs are characterized by oncogenically activating mutations in
the KIT or platelet-derived growth factor receptor alpha (PDGFRA) receptor tyrosine kinase
genes. This molecular feature has been successfully exploited for therapeutic purposes, and
as of a decade ago, GISTs have become the prototype of a solid tumor that can be targeted
with small molecule kinase inhibitors. Imatinib mesylate (Gleevec®/Glivec®) benefits more
than 85% of patients with unresectable and/or metastatic GIST. Unfortunately, the majority of
patients develop resistance to imatinib within the first 2 years of treatment and new therapeutic
options are needed. Although the broad-range kinase inhibitor sunitinib malate (Sutent®) has
been the second-line therapy approved by the US Food and Drug Administration since 2006, it
was not until recently (February 2013) that regorafenib (Stivarga®) was approved as a third-line
therapeutic agent for GIST. This review summarizes the development process of regorafenib for
GIST and highlights its biochemical, pharmacologic, and clinical properties.
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the main metastatic sites for GISTs are the liver and the
peritoneal cavity.5 Lymph nodes and other distant sites are
rarely involved.
Symptoms at diagnosis are often nondescript and can
range from irregular bowel movements (constipation, diarrhea), nausea, and pain, to bleeding, resulting in anemia or
overt hemorrhage. Bowel perforation or obstruction by the
tumor mass may lead to emergency surgery. On the other
side, it is not uncommon to detect a GIST as an incidental
finding during an examination or surgical procedure for other
reasons. In fact, recent findings suggest that up to 30% of
the general population carry small GISTs (up to 1 cm in dia
meter), ie, so-called micro-GISTs or GISTlets.6,7 The malignant potential of GISTs ranges from essentially benign-acting
to highly aggressive. Several risk stratification schemes used
to assess the risk for recurrence following surgery are available, and rely mainly on the size, mitotic rate, and location
of the tumor.8–11 Environmental risk factors for developing
a GIST are not known,12–14 but familial GISTs and GIST
syndromes exist.
GISTs have distinct molecular features that are crucial
for their correct diagnosis and that were imperative in
identifying current treatment strategies. The diagnosis of
a GIST is made based on histopathologic appearance and
immunohistochemical analysis. The majority of GISTs
(95%) stain positive for the transmembrane receptor tyrosine
kinase (RTK) KIT (CD117).15,16 Many tumors are also positive for DOG1 (ANO1) and PKC-theta (PKCQ), which is
important for the small percentage of GISTs negative for
KIT immunohistochemistry.17
On a molecular level, the majority of GISTs (70%–85%)
carry mutations in the KIT RTK gene.12,18 These genomic
changes lead to constitutive, ligand-independent activation of
the transmembrane receptor and hence constitutive activation
of downstream signaling cascades that promote survival and
proliferation.19 Mutations preferentially occur in KIT exon 11
(65%), thus relieving the physiologic autoinhibitory function
of the juxtamembrane domain of the receptor. Other regions
affected by activating mutations are parts of the extracellular
domain encoded by exon 9 (6%–10%) as well as the ATPbinding pocket and activation loop of the kinase domain
(exons 13 and 17, respectively; together approximately 2%).
Twenty percent to 25% of GISTs do not carry KIT mutations,
but in approximately one third of them (5%–10%), mutations
in the gene coding for platelet-derived growth factor receptor
alpha (PDGFRA) can be found.20 It is of note that PDGFRA
mutations in GIST occur in domains that are homologous
to those detected in the KIT gene. GISTs that harbor no
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mutation in KIT or PDGFRA (referred to as wild-type) can,
however, carry mutations in other genes, such as succinate
dehydrogenase subunits (SDHA, SDHB, SDHC or SDHD)
or BRAF.21,22

Clinical management of GIST
Most GISTs present as localized tumors at diagnosis.23,24
Hence, the primary therapeutic goal is their complete surgical
removal (R0) with clear microscopic margins and without
rupturing the tumor pseudocapsule.25–27 In the case of a
primarily unresectable and/or metastatic GIST, the standard
therapy is imatinib mesylate (Gleevec®/Glivec®, Novartis
Pharma, Basel, Switzerland).25,26 Imatinib is an orally available small molecule tyrosine kinase inhibitor that served as
proof of principle of targeted therapy with chemical inhibitors in chronic myeloid leukemia as well as solid tumors (eg,
GISTs). In GISTs, imatinib targets the oncogenically altered
KIT/PDGFRA kinase and effectively inhibits their constitutive activation (Table 1).
The majority of patients with inoperable/metastatic
GIST (more than 85%) respond to therapy with imatinib;
however, complete remissions are rare and most patients
only experience partial response or disease stabilization.28,29
Nevertheless, these response rates are quite dramatic, especially when considering the fact that, historically, chemotherapy and radiotherapy have not proven to be effective in
GISTs. Notably, some ongoing responses are now exceeding
a decade.30 A minor proportion of patients experience primary
resistance to imatinib (defined as no response to the treatment
at all or progression within the first 6 months of treatment)
Table 1 Comparison of the kinase inhibitory profiles of imatinib,
sunitinib, sorafenib, and regorafenib
Imatinib

Sunitinib

Sorafenib

Regorafenib

KIT
PDGFRA
PDGFRB
ABL (BCR-ABL)

KIT
PDGFRA
PDGFRB
VEGFR-1
VEGFR-2
VEGFR-3
RET
FGFR-1
CSF-1R

KIT
PDGFRB
VEGFR-2
VEGFR-3
RAF-1
BRAF
FGFR-1
FLT-3

KIT
PDGFRB
VEGFR-1
VEGFR-2
VEGFR-3
RAF-1
BRAF
FGFR-1
TIE-2
RET
p38 MAPK

Abbreviations: BCR-ABL, break point cluster region-Abelson; BRAF, v-RAF
murine sarcoma viral oncogene homolog B1; CSF-1R, colony stimulating factor
1 receptor; FGFR-1, fibroblast growth factor receptor-1; FLT-3, FMS-related
tyrosine kinase 3; KIT, kitten; MAPK, mitogen-activated protein kinase; PDGFR,
platelet-derived growth factor receptor; RAF-1, v-RAF-1 murine leukemia viral
oncogene homolog; RET, rearranged during transfection; TIE, tyrosine kinase with
immunoglobulin and EGF factor homology domains; VEGFR, vascular endothelial
growth factor receptor.
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and approximately 50% of patients relapse within the first 2
years of treatment (secondary resistance).29 Several mechanisms of resistance development have been identified, but
most cases involve secondary mutations in the primarily
mutated kinase (KIT or PDGFRA) affecting either the ATPbinding or activation loops so that the binding of imatinib to
the protein is impaired. Hence, identification of additional
therapeutic strategies to overcome imatinib resistance in
GIST has been the focus of intense research in universitybased laboratories and in the pharmaceutical industry.

Overcoming imatinib resistance:
existing and emerging therapeutic
strategies
More than ten years after the approval of imatinib for GIST,
there is still a very limited number of standard treatment
options approved by the US Food and Drug Administration
(FDA) available to overcome imatinib resistance.
GISTs that progress under the standard treatment of
400 mg imatinib per day can sometimes be controlled by dose
escalation to 600 mg or 800 mg.31 Up to one third of patients
achieve disease stabilization using this strategy, which is
especially beneficial for patients with KIT exon 9 mutations.
For patients with localized progression of only a single or
very few lesions, surgical excision or radiofrequency ablation
can be considered and has been shown to be beneficial.32 For
generalized progression, however, sunitinib malate (Sutent®,
Pfizer, New York City, NY, USA) is the standard second-line
therapy after imatinib failure.
Sunitinib is an oral, broad-range kinase inhibitor
that targets vascular endothelial growth factor receptors
(VEGFR) 1–3, RET (rearranged during transformation),
colony-stimulating factor-1 receptor (CSF-1R), and FMSrelated tyrosine kinase 3 (FLT3) in addition to KIT and
PDGFRA/B (Table 1).33 It was approved by the FDA in
2006 after a placebo-controlled study in imatinib-refractory
patients showed a significant increase in time to disease
progression when compared with the placebo arm. It is of
note that sunitinib is especially beneficial for GIST patients
who carry a KIT exon 9 mutation or are KIT/PDGFRA
wild-type.34
Development of additional therapeutic agents, especially
in the pharmaceutical industry, has mainly focused on further KIT/PDGFRA kinase inhibitors. The main approaches
are either novel broad-spectrum inhibitors similar to sunitinib or tyrosine kinase inhibitors with a narrower kinase
inhibitory spectrum, but with the goal of better and/or more
specific binding to the mutated KIT/PDGFRA kinase (such
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as nilotinib).35 Both approaches have value and a number
of advantages and disadvantages, although tyrosine kinase
inhibitors with a broader range of inhibited kinases seem to
result in better responses in GIST. Another focus has been
the development of non-RTK inhibitors with the aim of
targeting downstream signaling kinases, such as members
of the PI3K/AKT/mTOR and RAS/RAF/mitogen-activated
protein kinase (MAPK) pathways. While some of these
downstream inhibitors are being used as single agents, there
is the possibility to use them in conjunction with each other
or in combination with RTK inhibitors.
In addition, other avenues for therapeutic strategies are
being explored. Many of these focus on not directly targeting
the mutated KIT/PDGFRA kinases, with an aim to bypass
secondary resistance mutations. These approaches include,
but are not limited to, heat-shock protein (HSP) 90 and HSP
chaperone pathway inhibitors (such as CDC37),36,37 histone
deacetylase inhibitors,38 proteasome inhibitors,39 DNA damaging agents,40 agents that target tumor cell quiescence,41 and
humanized antibodies targeting KIT.42
A list of agents that are currently under evaluation in
clinical trials can be found in Table 2. As a result of these
concerted efforts, regorafenib (BAY 73-4506; Stivarga®,
Bayer Schering Pharma AG, Berlin, Germany) has recently
been approved by the FDA as a third-line therapy for GIST
after failure of imatinib and sunitinib (see below).

Pharmacology, mode of action, and
pharmacokinetics of regorafenib
Pharmacology
Regorafenib is a novel oral multikinase inhibitor that belongs
to the group of biaryl urea chemicals. It was identified in
a program aiming to optimize the potency and drug-like
properties of known urea class compounds, such as sorafenib
(Nexavar®, Bayer Healthcare Pharmaceuticals, Montville,
NJ and Onyx Pharmaceuticals, South San Francisco, CA,
USA).43 Regorafenib is structurally very similar to sorafenib,
differing only by a fluorine atom in the center phenyl ring
(Figure 1).44,45 Nevertheless, this minimal structural difference results in a generally higher inhibitory potency and
a broader spectrum of kinases inhibited (see below and
Table 1).46,47
Just like sorafenib, which was originally developed as a
RAF inhibitor,46 regorafenib inhibits several forms of RAF
(RAF-1 and BRAF) as well as mutant BRAF V600E in the
low nanomolar range. It may be speculated, however, that the
main antitumor activity of both drugs, which are effective in
several tumor entities with varying molecular pathogenesis,
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Table 2 Emerging therapies for GIST
Target pathway

Target molecule(s)

Compound

Trade name

Company

KIT/PDGFR

KIT, PDGFRB, BCR-ABL, LCK,
EPHA3/8, DDR1/2, MAPK11, ZAK
KIT, PDGFRB, VEGFR2/3, RAF-1,
BRAF, FGFR1, FLT3, RET
KIT, PDGFRA/B, BCR-ABL, SRC

Nilotinib
(AMN107)a
Sorafenib tosylate
(BAY 43-9006)
Dasatinib
(BMS-354825)d
Pazopanib
Masitinib
(AB1010)
Ponatinib

Tasigna

Novartis

Nexavar®

Bayer

Sprycel®

Bristol-Myers Squibb

Votrient®
Kinavet®

GlaxoSmithKline
AB Science

Iclusig®

Ariad Pharmaceuticals

Vatalanib
(PTK787/ZK222584)
Motesanib
(AMG 706)
XL820
OSI-930

–

Bayer

–

Amgen

–
–
–

Exelixis
Astellas Pharma/OSI
Pharmaceuticals
Novartis

–

Arog Pharmaceuticals

–

ImClone

Avastin®
–
Tarceva®

Genetech/Roche
Astellas Pharma/OSI
Pharmaceuticals
Genentech/Roche

Erbitux®
–
–
–
Afinitor®
Torisel®
–
–
–
–
–
Zolinza®
Isodax®

Bristol-Myers Squibb
Novartis
Novartis
Aeterna Zentaris
Novartis
Pfizer
Novartis
Infinity Pharmaceuticals
Synta Pharmaceuticals
Astex Pharmaceuticals
Biogen Idec
Merck
Celgene

Velcade®
Erivedge®
Flavopiridol®
–

Millennium Pharmaceuticals
Genentech/Roche
Tolero Pharmaceuticals
Pfizer

Yervoy®
Camptosar®
Temodar®, Temodal®,
Temcad®
–
Paraplatin®
Platin®
FUDR®

Bristol-Myers Squibb
Pfizer
Merck, Cadila
Pharmaceuticals
Cell Therapeutics
Bristol-Myers Squibb
Cadila Healthcare
Mayne Pharma

KIT, PDGFRA/B, VEGFR1/2/3
KIT, PDGFRA/B, LYN, FGFR3
KIT, PDGFRA, VEGFR2, FGFR1,
BCR-ABL, FLT3, RET, EPH, TIE2
KIT, PDGFRB, VEGFR1/2/3
KIT, PDGFRA/B, VEGFR1/2/3
KIT, PDGFRB, VEGFR2
KIT, PDGFRB, VEGFR1/2/3
KIT, VEGFR1/2/3, FLT3, FGFR1/2/3

Proteasome
Hedgehog
CDK

26S subunit
SMO
CDK1/2/4/6/7
CDK4/6

CTLA
DNA replication

CTLA-4
Topoisomerase I
DNA (alkylation)

Dovitinib
(TKI258)
Crenolanib besylate
(CP-868,596)g
Olaratumab
(IMC-3G3)f
Bevacizumabb,e,f
Linsitinib
(OSI-906)
Erlotinib
(CP-358,774, OSI-774)b,e
Cetuximabe,f
BYL719b
BKM120b
Perifosineb
Everolimus (RAD001)a
Temsirolimus
NVP-AUY922
IPI-504
Ganetespib (STA-9090)
AT13387a
BIIB021
Vorinostat (SAHA)
Romidepsin
(FK228, FR9011228)
Bortezomib
Vismodegib
Alvocidib
Palbociclib
(PD-0332991)
Ipilimumabb,e,f
Irinotecane,h
Temozolomideh

DNA (minor groove)
DNA crosslinking
DNA crosslinking
Thymidilate synthase

Brostallicinh
Carboplatinc,e,h
Cisplatinc,e,h
Floxuridineh

PDGFRA D842V

PDGFRA D842V (PDGFRA/B, FLT3)
PDGFRA

VEGFR
IGFR

VEGF-A
IGF-1R, IR

EGFR

EGFR
EGFR
P13K
P13K
PI3K, AKT
mTOR
mTOR
HSP90
HSP90
HSP90
HSP90
HSP90
HDAC
HDAC

PI3K

mTOR
HSP90

HDAC

DNA repair/DNA
synthesis
DNA synthesis

®

(Continued)
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Table 2 (Continued)
Target pathway

Target molecule(s)
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DNA backbone
cleavage
Tumor hypoxia

Compound

Trade name

Company

Trabectedin
(ecteinascidin 743)h
TH-302b

Yondelis

Zeltia

–

Threshold Pharmaceuticals

®

Notes: Compounds currently in clinical trial for GIST, according to clinicaltrials.gov as of September 10, 2013. aAlso tested in combination with imatinib or sunitinib; bonly tested in
combination with imatinib or sunitinib; conly tested in combination with chemotherapy agents or radiation therapy; dalso tested in combination with other small molecule inhibitors;
e
only tested in combination with other small molecule inhibitors; fantibody; gspecifically tested on advanced GIST with the PDGFRA D842V mutation; hchemotherapeutic agent.
Abbreviations: AKT, v-AKT murine thymoma viral oncogene homolog; BRAF, v-RAF murine sarcoma viral oncogene homolog B1; BCR-ABL, break point cluster region-Abelson;
CDK, cyclin-dependent kinase; CSF-1R, colony stimulating factor 1 receptor; CTLA, cytotoxic lymphocyte-associated; DDR, discoidin domain receptor; EGFR, epidermal growth
factor receptor; EPH, ephrin receptor; FGFR, fibroblast growth factor receptor; FLT, FMS-related tyrosine kinase 3; HDAC, histone deacetylase; HSP90, heat shock protein 90;
IGFR, insulin-like growth factor receptor; IR, insulin receptor; KIT, kitten; LCK, lymphocyte-specific protein-tyrosine kinase; LYN, v-YES-1 Yamaguchi sarcoma viral related oncogene
homolog; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; PDGFR, platelet-derived growth factor receptor; PI3K, phosphoinositide 3-kinase; RAF-1,
v-RAF-1 murine leukemia viral oncogene homolog; RET, rearranged during transfection; SMO, smoothened; SRC, v-SRC avian sarcoma viral oncogene homolog; TIE, tyrosine kinase
with immunoglobulin and EGF factor homology domains; VEGFR, vascular endothelial growth factor receptor; ZAK, leucine zipper- and sterile alpha motif-containing kinase.

does not primarily stem from the inhibition of RAF family
members, but rather from the entire inhibitory spectrum of
regorafenib and sorafenib targeting RTKs involved in the
regulation of tumor angiogenesis and the tumor microenvironment, such as VEGFR 1–3 and platelet-derived growth
factor receptor beta (PDGFRB), respectively. Compared
with sorafenib, the IC50 of regorafenib towards most of these
kinases is 2–20-fold lower (see below). Other kinases that
are inhibited by regorafenib include TIE-2 (tyrosine kinase
with immunoglobulin and EGF factor homology domains 2;
also called TEK, endothelial tyrosine kinase), fibroblast
growth factor receptor 1 (FGFR1), and KIT (the latter two
are also inhibited by sorafenib) as well as the non-receptor
p38 MAPK. Although preclinical studies of sorafenib in
GIST were quite promising48 and Phase II clinical trials in
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Figure 1 Chemical structure of regorafenib and sorafenib. (A) Regorafenib
(Stivarga®). (B) Sorafenib (Nexavar®). Note the difference of only one fluorine/
carbon atom in the central phenyl ring (pink and arrows). Regorafenib is sometimes
referred to as “fluoro-sorafenib”.
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GIST patients resistant to imatinib and sunitinib reported
clinical benefit from treatment with sorafenib in up to
75% of cases,49–51 it was regorafenib that was approved by
the FDA for the treatment of imatinib-resistant and sunitinibresistant GIST in February 2013. One reason for this may
be the lack of data from randomized Phase III clinical trials
testing sorafenib. In addition, it is likely that the particular
effectiveness of regorafenib in GISTs can be attributed to the
fact that it inhibits wild-type and mutated KIT (KIT K642E)
almost ten times more potently than does sorafenib.52

Mode of action
Based on structural studies, the mechanism of action of
regorafenib is similar to that of sorafenib. Like sorafenib,
regorafenib is considered to be a type II kinase inhibitor
that binds the inactive form of the target kinase.52 In contrast to type I kinase inhibitors, type II inhibitors exploit the
position of the DFG residues (aspartate [D]-phenylalanine
[F]-glycine [G]) of the activation loop being folded away
from the ATP-binding pocket (“DFG out”) in addition to
using the ATP-binding site of the target kinase. This allows
the inhibitor to make additional hydrophobic and hydrogen
bonding interactions and typically results in potent cellular
activity. In addition, type II inhibitors only indirectly compete with ATP. Interestingly, imatinib is another known type
II kinase inhibitor. In contrast, type I kinase inhibitors (such
as sunitinib and dasatinib) target the ATP-binding site of the
enzyme in the open (ie, active) conformation.

Preclinical studies: kinase inhibition
In preclinical biochemical assays, regorafenib effectively
inhibited a number of angiogenic and tumorigenic kinases,
as mentioned above. In these assays, using recombinant
human or murine kinases, RET (IC50 1.5 nM), RAF-1
(IC50 2.5 nM), VEGFR2 (IC50 4.2 nM), and KIT (IC50 7 nM)
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were the kinases most potently inhibited by regorafenib.52
In contrast, when measuring kinase activity in a cellular
system in vitro, VEGFR2 expressed in NIH-3T3 cells was the
most effectively inhibited kinase tested (IC50 3 nM). Kinase
inhibition in primary tumor cell lines showed potent inhibition of mutant KIT K642E (in GIST882 cells, IC50 22 nM),
mutant RET C643W (in human medullary thyroid carcinoma
TT cells, IC50 10 nM), and ERK1/2 (in MDA-MB-231 breast
cancer cells, IC50 43 nM). Importantly, strong KIT inhibitory
activity of regorafenib (IC50 values 12–130 nM) was also
observed in imatinib-resistant KIT double-mutants containing a primary deletion of amino acids 557–558 in the KIT
juxtamembrane region (exon 11) and a secondary mutation in
the ATP-binding pocket (T670I or V654A) or the activation
loop (D816G, N882K, or Y832D).52
Consistent with the effective biochemical inhibition of
oncogenic and angiogenic kinases indicated above, regorafenib significantly decreased proliferative capacity in a
broad spectrum of tumor cell lines with different activating
oncogenic mutations. Although the antiproliferative activity of regorafenib varied according to the cell line used, it
was most effective in the GIST 882 cell line (IC50 42 nM)
and thyroid TT cells.52 The antitumor effects of regorafenib
were confirmed in vivo in a wide range of preclinical human
tumor xenografts derived from colon, lung, pancreatic, and
ovarian cell lines. Unfortunately, no GIST xenograft model
was included in these studies. Treatment resulted in growth
inhibition and reduction of the proliferative index as measured immunohistochemically by the percentage of Ki67positive cells.52 The effective dose of regorafenib in these
models varied between 10 to 30 mg/kg, which corresponds
to clinically effective doses. Given that no animal lethality
or significant weight loss was observed in mice treated with
up to 100 mg/kg of regorafenib, the therapeutic index of
regorafenib was considered to be high.

Antiangiogenic effects and preclinical
pharmacodynamics
Further preclinical tests evaluated the antiangiogenic properties of regorafenib. Consistent with its ability to inhibit
VEGFRs, regorafenib inhibited the proliferation of various
vascular cells in vitro.52 Proliferation of VEGF-stimulated
human umbilical vein endothelial cells was inhibited at an
IC50 value of 2.6 nM, whereas growth of FGF2-stimulated or
PDGF-BB-stimulated human aortic smooth muscle cells was
affected at 127 nM and 146 nM (IC50), respectively.
Furthermore, the pharmacodynamic effect of regorafenib
on tumor vasculature was tested in vivo using dynamic
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contrast-enhanced magnetic resonance imaging (DCE-MRI)
in rat GS9L glioblastoma tumor xenografts.52 It was shown that
a single oral dose of regorafenib (10 mg/kg) effectively inhibited tumor perfusion and extravasation of the macromolecular
contrast agent, Gadomer-17. This effect was seen 10 hours
after a single treatment and persisted for up to 2 days. Similar
results were obtained after multiple treatments in a daily dosing
scheme. The antiangiogenic activity of regorafenib correlated
very well with its therapeutic antitumor activity in this shortterm model. The authors reported that no tumor regrowth was
observed 4 days after discontinuation of regorafenib.

Clinical pharmacokinetics and
pharmacodynamics
Regorafenib is metabolized by the cytochrome P450 3A4
and glucuronosyltransferase 1A9 enzymatic systems in the
liver and its main metabolites, M-2 (N-oxide metabolite; BAY
75-7495) and M-5 (N-oxide/N-desmethyl metabolite; BAY
81-8752), have been shown to be pharmacologically active in
preclinical studies.52 Pharmacokinetic data obtained in a Phase
I dose-escalation study in patients with advanced solid tumors
showed that both regorafenib and its metabolites exhibited a
similar steady-state profile.53 A dose-dependent increase in
exposure of regorafenib reached a plateau at 140–160 mg.53,54
The terminal half-life of regorafenib was 20–40 hours, thus
supporting a once-daily treatment schedule. Compared with
the parent compound, M-2 and M-5 had similar or even
higher systemic exposure, and similar or slower elimination.
For example, the terminal half-life for M-2 was comparable
with that of the parent compound (26–28 hours), whereas
elimination of the M-5 metabolite was much slower, with an
estimated half-life of 51–64 hours. Given that the M-2 and
M-5 metabolites were shown to be pharmacologically active,
as mentioned above, they can be considered to contribute to
the clinical activity of regorafenib.
The pharmacodynamic effects of regorafenib were
evaluated in the Phase I trial mentioned above by measuring
plasma angiogenic cytokines as well as by analyzing tumor
perfusion using DCE-MRI.53 A dose-dependent reduction
of soluble VEGFR2 as well as an increase in plasma VEGF
concentration was observed. In addition, tumor perfusion
after 21 days of treatment was decreased according to DCEMRI assessments.

Safety, tolerability, and efficacy
Safety and tolerability
The safety and tolerability of regorafenib were determined
in a Phase I dose-escalation study in patients with advanced
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solid tumors.53 Fifty-three patients were enrolled and received
10–220 mg of regorafenib once daily in repeating 28-day
cycles. Regorafenib was given for 21 days followed by
7 days off treatment. Based on the data obtained from this
trial, 160 mg once daily was determined as the maximum
tolerated dose and was recommended for future studies.53 The
most common adverse effects observed in this study were
hoarseness, hand-foot skin reaction (HFSR), mucositis, diarrhea, and hypertension. Eighty-three percent of the patients
experienced at least one treatment-related adverse effect and
49% had a grade 3 or 4 adverse reaction.
This safety profile for regorafenib held up for GIST
patients in two subsequent Phase II and Phase III studies.55,56
Both studies were conducted in patients with metastatic
and/or unresectable GIST that was refractory to imatinib
and sunitinib. The Phase II study, which enrolled a total of
34 patients, reported HFSR (85%), fatigue (79%), hypertension (67%), and diarrhea (61%) as the most frequent toxicities
at any grade, while hypertension (36%), HFSR (24%), hyperuricemia (6%), and thrombosis (3%) were the most common grade 3 and 4 adverse effects.55 Dose reduction based
on toxicity was necessary in 27 (82%) patients, and most
patients were eventually treated with 120 mg of regorafenib
or less (80 mg or 60 mg) per day. Results from the larger
placebo-controlled, double-blind Phase III study (enrolling
199 patients) reported that the most common drug-related
side effects in regorafenib-treated patients versus placebotreated patients were HFSR (56% versus 14%), hypertension
(49% versus 17%), diarrhea (40% versus 5%), fatigue (39%
versus 27%), and oral mucositis (38% versus 8%).56
Of note, although similar adverse effects were seen in
studies treating other tumor entities with regorafenib, their
incidence (in particular HFSR) varied significantly according to tumor type. For instance, HSFR was observed in
71.4% and 60.2% of patients with renal cellular carcinoma
and GIST, respectively, whereas the frequency of HFSR
in patients with hepatocellular carcinoma and metastatic
colorectal cancer was much less (50.0% and 46.6%,
respectively).57

Efficacy
Evaluation of drug efficacy in the initial dose-escalation study
showed promising results.53 Forty-seven of the 53 enrolled
patients were evaluable, and 35 patients (66%) achieved disease control (ie, partial response or stable disease). Amongst
these were patients with colorectal cancer, renal cancer,
malignant melanoma, or sarcoma. Three patients achieved
a partial response (one patient each with colorectal cancer,
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renal cell carcinoma, and osteosarcoma); however, no complete response was seen. No GIST patients were enrolled in
this study.
Based on its potent KIT inhibitory activity and preclinical
efficacy with regard to inhibition of growth of GIST cell lines
(see above), a multicenter Phase II trial of regorafenib was
performed in patients with advanced GIST who failed standard therapy.55 The trial enrolled 34 patients with metastatic
GIST refractory to imatinib and sunitinib on a 160 mg/day
oral 3 weeks on/one week off cycle. The primary endpoint
of this trial was the clinical benefit rate, which was defined
by the composite of complete responses, partial responses,
and stabilization of disease for longer than 16 weeks. Thirtythree of the 34 patients were evaluable, and clinical benefit
was shown in 26 (79%): a partial response was achieved
in four patients (12%), whereas stabilization of the disease
for longer than 16 weeks was seen in 22 patients (67%). In
addition, four patients had stabilization of the disease for less
than 16 weeks. However, no complete response was reported.
Secondary endpoints in this trial included progression-free
survival and an evaluation of the safety and tolerability of
regorafenib. Median progression-free survival was calculated
at 10 months, and toxicities of any grade occurred in at least
25% of patients. Severe (grade 3 and higher) toxicities were
observed in less than 5% of patients, and included HFSR,
hypertension, and hypophosphatemia (also see above). There
were six deaths observed in this trial; five were secondary to
disease progression and one was unrelated to the underlying
malignancy. Median overall survival was not reached.
Since then, the efficacy and safety profile of regorafenib in GIST patients was examined in the GRID
(GIST –Regorafenib In progressive Disease) trial, a randomized, double-blind, placebo-controlled, Phase III study56 that
randomized 199 patients with advanced GIST which had
progressed despite treatment with imatinib and sunitinib.
Patients were randomized in a 2:1 ratio to receive the drug
or placebo plus best supportive care (in both groups), respectively. The regorafenib group (n=133) received the drug once
daily (160 mg) for the first 3 weeks of each 4-week cycle (see
above). The trial protocol included the possibility to unmask
treatment assignment in the event of tumor progression, and
patients in the placebo group were then allowed to cross over
to receive regorafenib. The primary endpoint of this trial was
progression-free survival as assessed by modified Response
Evaluation Criteria In Solid Tumors (RECIST)58 including
a central, blinded radiology review. Secondary endpoints
included overall survival, time to progression, tumor response
rate, disease control rate, and duration of response. The GRID
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trial met its primary endpoint of improving progressionfree survival in GIST: the median progression-free survival
was 4.8 months in the regorafenib-treated patients versus
0.9 months in the placebo group (P,0.0001) based on the
central review. Interestingly, investigator-assessed response
showed a median progression-free survival of 7.4 months in
the regorafenib-treated patients and 1.7 months in the placebo
group. Very few patients achieved a partial response under
regorafenib (4.5%) and no complete response in either treatment arm was seen. However, treatment with regorafenib led
to disease stabilization (at any time for any duration) in more
than 71% of the patients (33.3% in the placebo group). There
was no statistically significant difference in an interim overall
survival analysis between the two groups, while the median
overall survival had not been reached at publication of the
study. However, most of the patients in the placebo group
(56 of 66, 85%) crossed over to regorafenib after disease
progression, hence masking a potential statistical difference
in this parameter between the two groups.
Almost all assessable patients treated with regorafenib
(98%) in this trial had at least one drug-related adverse effect.
The toxicity profile of regorafenib was very similar to that in
previous studies, with HFSR being the most common adverse
effect, seen in 56% of patients. The most common high
grade (at least grade 3) unwanted effects were hypertension,
HFSR, and diarrhea. Most adverse effects, however, were
manageable with dose modification, which was necessary
in 72% of regorafenib-treated patients. Discontinuation of
treatment due to adverse effects was noted in only 6% of
regorafenib-treated patients.

Patient-focused perspectives
In light of the very high frequency of drug-related adverse
effects in patients treated with regorafenib (98% of patients
in the regorafenib arm of the GRID trial had “any adverse
event”), one is tempted to ask about its effect on quality of
life. Unfortunately, no data regarding this issue have been
published as yet for GIST patients, although health-related
quality of life data and health utility values were collected in
the GRID trial with a plan to be published at a later time.56
By contrast, quality of life data were included in the initial
report of the CORRECT (COloRectal cancer treated with
REgorafenib or plaCebo after failure of standard Therapy)
trial in metastatic colorectal cancer.59 Values were measured
using the European Organization for Research and Treatment of Cancer QLQ-C30 and EQ-5D, in which higher
scores represent a higher level of functioning and better
health-related quality of life, respectively.60,61 The recorded
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scores dropped for both systems while the patients were on
study, indicating that treatment with regorafenib did not lead
to an improvement in quality of life. On the other hand, there
was no significant difference between the regorafenib and
placebo group with respect to quality of life score, pointing
to the fact that the treatment itself was not associated with
detrimental effects on quality of life.62
According to both the GRID and CORRECT trials,
drug-related adverse effects were generally deemed to be
manageable and comprised of typical reactions associated
with tyrosine kinase inhibitors, especially those with antiangiogenic properties.55,56,59

Correlative science studies
Only limited data exist on mechanistic and correlative
aspects of the effectiveness of regorafenib in GIST. George
et al55 investigated the role of the underlying KIT mutation in the response to regorafenib. Mutational data were
available for the majority of patients (30 of 34 in total)
enrolled in the Phase II trial testing regorafenib in imatinibresistant and sunitinib-resistant GIST patients.55 Amongst
this small group, there was no difference in the clinical
benefit rate among genotypes. Kaplan–Meier estimates
showed a significantly longer progression-free survival in
patients with KIT exon 11 mutations when compared with
KIT exon 9 mutant GIST, but only three patients with the
latter genotype were included in the study. In addition,
immunoblotting of serial tumor biopsies before and after
treatment showed that target inhibition as measured by KIT
phosphorylation correlated with clinical outcome, while
inhibition of signaling kinases downstream of KIT (AKT
and MAPK) was variable.

Conclusion
Based on the data detailed above, Bayer submitted a New Drug
Application for regorafenib to the FDA on August 30, 2012. It
contained the recommendation for the use of regorafenib in the
treatment of metastatic and/or unresectable GIST in patients
whose disease has progressed despite prior treatment with
imatinib and sunitinib. On February 25, 2013, regorafenib was
approved for the treatment of patients with advanced GIST
that cannot be surgically removed and no longer responds
to other treatments approved by the FDA for this disease.
Regorafenib is thus the only approved third-line treatment
in patients with locally advanced, unresectable, or metastatic
GIST who have failed imatinib and sunitinib therapy.56,63
Taken together, imatinib mesylate (Gleevec) as treatment for GIST was the first small molecule kinase inhibitor
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to be approved for a solid tumor in 2002. While the search
for second-line compounds has resulted in FDA approval of
sunitinib malate (Sutent) in 2006, it took another 7 years to
identify and for the FDA to approve a third-line treatment,
regorafenib (Stivarga), for GIST. This highlights the fact
that although many target compounds for tyrosine kinase
inhibitor-resistant GIST are being studied, effective treatments may become harder to identify with each treatment
level. It also calls for a more personalized approach that
targets specific patient entities that may be specifically
sensitive to a given treatment. This approach, however,
will be difficult to pursue in GIST because of the relative
rarity of the disease. Nevertheless, our current knowledge
on GIST pathogenesis and tyrosine kinase inhibitor resistance mechanisms will help overcome at least part of these
obstacles.
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