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ABSTRACT

About 85% of GISTs are associated with KIT and PDGFRa gene mutations,
which predict response to tyrosine kinase inhibitors. Although the outcomes in
patients affected by GIST have dramatically improved, tumor progression control
still remains a challenge. The aim of this study is the genomic characterization of
individual metastatic KIT-exon 11-mutant GIST to identify additional aberrations and
simultaneous molecular events representing potential therapeutic targets.

Seven patients with metastatic GIST were studied with whole transcriptome
sequencing and copy humber analysis. Somatic single nucleotide variations were
called; however, no shared mutated genes were detected except KIT. Almost all
patients showed loss of genomic regions containing tumor suppressor genes,
sometimes coupled with single nucleotide mutation of the other allele. Additionally,
six fusion transcripts were found and three patients showed amplifications involving
known oncogenes.

Evaluating the concordance between CN status and mRNA expression levels,
we detected overexpression of CCND2 and EGFR and silencing of CDKN2A, CDKN2C,
SMARCB1, PTEN and DMD. Altered expression of these genes could be responsible for
aberrant activation of signaling pathways that support tumor growth. In this work, we
assessed the effect of Hedgehog pathway inhibition in GIST882 cells, which causes
decrement of cell viability associated with reduction of KIT expression.

Additional genomic alterations not previously reported in GIST were found even if
not shared by all samples. This contributes to a more detailed molecular understanding
of this disease, useful for identification of new targets and novel therapeutics and
representing a possible point of departure for a truly individualized clinical approach.

www.impactjournals.com/oncotarget 42243 Oncotarget



INTRODUCTION

Gastrointestinal stromal tumors (GISTs) are the most
common mesenchymal tumors of the gastrointestinal tract.
About 90% of GISTs are associated with KIT or PDGFRa
gene mutations. The remaining 10-15% of GISTs do not
harbor identified receptor tyrosine-kinase mutations (KIT/
PDGFRa wild-type GIST) and are very different from
mutant GISTs in their clinical and molecular profiles,
to the extent that they are now considered a separate
pathological entity with wide heterogeneity [1, 2].

The in-depth understanding of GIST pathogenesis
led to the development of molecular targeted therapies
with tyrosine kinase inhibitors (TKIs). KIT and PDGFRa
mutational status predicts clinical response to imatinib and
therefore molecular sub-classification of GISTs is essential
to recognize patients who will benefit from therapy [3-4].

Unfortunately, even imatinib-responsive patients
quite invariably acquire resistance after a median time
of about 24 months [5]. In general, the mechanisms of
secondary resistance are divided between those associated
with KIT/PDGFRa receptors, among which secondary
mutations are believed to be most prevalent and frequent,
and those mechanisms independent from KIT/PDGFRa
receptors, such as (i) chromosomal alterations (such as
loss of chromosomes 1p, 14q or 22q), (ii) pharmacokinetic
variables, and (iii) tumor differentiation (such as
sarcomatoid differentiation).

Secondary mutations have been found mainly
in patients who initially had primary KIT mutations
and rarely in those with primary PDGFRo mutations.
Secondary mutations were most often found in the ATP-
binding pocket (exon 13 and 14) or in the kinase activation
loop (exon 17 and 18), producing alterations in KIT
conformation and thus decreasing imatinib affinity [6].
Instead no secondary KIT/PDGFRao mutations have been
documented in KIT/PDGFRa wild-type GIST tumors,
suggesting that imatinib binding could be providing
selective pressure.

To treat patients with acquired imatinib resistance,
a second generation of TKIs, including sunitinib and
regorafenib, has been developed; these TKIs also target the
kinases involved in tumor-related angiogenesis [7-9]. The
need of prolonging life expectancy of patients associated
with the complex biology of progressive disease has led
to a growing urgency and interest in the understanding
the basic biology of GISTs and in the identification of
new strategies to overcome resistance, including new
molecules, drug-drug combinations, and the integration of
loco-regional treatments [10-13].

Over the last decade, advances in next generation
sequencing (NGS) technology enabled simultaneous
examination of numerous gene analyses. The rationale
behind the quest for additional genetic events grows out of
the heterogeneity of clinical outcomes and GIST patients’
treatment responses, which suggests that molecular

events other than gain-of-function mutations in KIT and
PDGFRa are involved in the biological behavior of tumor
aggressiveness.

The aim of this study is a genome analysis for
the characterization of individual metastatic KIT exon
11-mutant GIST, to better understand the range of
additional aberrations occurring in each tumor and
eventually find simultaneous molecular events that are
responsible for tumor progression and may represent
potential new drug target candidates.

RESULTS

SNV, INDEL and fusion detection

Seven patients with metastatic GIST harboring a
KIT exon 11 mutation were studied (Table 1). For each
case, WTS was performed on RNA isolated from fresh-
frozen tissue and WES was done on DNA isolated from
matched peripheral blood.

RNA libraries were sequenced to an average of 42-
fold of tumor coverage. In order to identify novel single
nucleotide variations (SNVs), all variants found in the
dbSNP131 or 1000 Genomes Project with MAF greater
than 0.01 were excluded. An average of 172 (range, 151-
195) novel SNVs were found in each tumor sample, of
which an average of 11,4 (range, 7-17) were somatic. The
effect of these putative mutations were predicted using
two bioinformatic tools: SNPs&GO and PROVEAN. The
list of all novel somatic SN'Vs and insertions and deletions
(INDELs) predicted to be deleterious by at least one tool
is provided in Table 2.

The WTS analysis did not detect any shared mutated
genes among the patients other than KIT, which was
found mutated in six of the seven patients. The insertion
mutation in patient GIST 124 was not detected by NGS
analysis due to the length of the insertion fragment (39
bp), so the mutational status of this patient was assessed
by Sanger sequencing only.

No known oncogenes were found mutated, but four
of the seven patients (GIST 150, 174, 124 and 188)
showed deleterious mutations in two candidates (KEAP1
and LATS2) and in three well-known tumor suppressors
(CDKN2A, CDKNI1B and PTEN).

WTS analysis revealed also the presence of six
fusion transcripts (Table 3 and Figure S1), of which only
the two in patient GIST 150 retained the reading frame.
While the predicted chimeric protein DOK6-MYOS5B
seems to contain no functionally active domain of the two
proteins involved, the predicted MEAF6-SEPSECS fusion
protein retains the histone acetyltransferase subunit NuA4
domain of MEAF6. Additionally the presence of this last
rearrangement was supported by the detection of copy
number alteration in this region (Figure S2).
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Table 1: Clinical and molecular patient characteristics

Patient ID | Sex | Age | Site Distant metastasis | Current status KIT mutational status

GIST 11 77 |Stomach | Peritoneum z&gical satient) | KIT exon 11 ¢.1669_1673del
GIST 124 |M |73 [Stomach Eﬁﬁtgone“m DOD KIT exon 11 ¢.1765-1766 ins
GIST 131 |M |68 |Ileum Liver AWD KIT exon 11 ¢.1706_1735del
GIST 178 |[F |70 |Stomach [EST AWD KIT exon 11 ¢.1676T>A
GIST 150 |F |58 |Stomach |Liver gggical vatienty | KIT exon 11c.1651 1663del
GIST 174 [M |61 |Stomach |Liver gggical satien) | KIT exon 11 ¢.1727T>C
el e N e e

NED: no evidence of disease; DOD: dead of disease; AWD: alive with disease

Integration with copy number variation analysis

SNP-array

identified focal

and macroscopic

amplifications or deletions in all metastatic KIT-mutated
GISTs. All patients showed at least two of the three

&7

f<3<3 <0 <] EECEED
< R

=1
GIST 188

GIST11
GIST124

common events of chromosome arm loss reported in
GIST: 1p, 14q or 22q (Figure 1).

The analyses were then restricted to genomic events
that affected target “driver” genes, thus it was focused on
focal gains with copy number (CN) higher than 3, likely
involving dominant oncogenes, or on focal losses affecting

GIST 124

A

T
i)

AMSEEE
I
- I

GIST11

Figure 1: CNV analysis on metastatic KIT-mutated GIST. Genomic region losses (red) or gains (blue) are shown for each
chromosome in each patient. GIST178 had a triploid genome, so only in this case the CN=3 state was not considered altered, while regions
with CN=2 were considered as LOSS of one allele and CN=4 were considered as GAIN of one copy.
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Table 2: All novel somatic SNVs and INDELSs detected in metastatic KIT-mutated GISTs and predicted deleterious
with at least one predictor

GENE exon | cDNA Protein Alteratio | Ch | Genom | Refere | Altere | Coverag | SNPs& | PROVEAN
mutation mutation | n type r. |ic nce d Base (e Ratio | GO prediction
coordi |Base Tumor | predict
nate RNA seq | ion
GIST_11
KIT 11 ¢.1669 167 | p.557_558d | Non 4 |555936 | AGTG |- 0.43 NA Deleterious
3del el frameshif 01 GA
t deletion
DDT 2 c.G280A p.D94N SNV 22 |243159 |C T 0.72 Deleteri | Deleterious
61 ous
GNAI3 3 ¢.G299C p-R100T SNV 1 |110116 |G C 0.34 Neutral | Deleterious
655
GIST_124
KIT 11 c.1765- p-589insQL | Non 4 555936 |- CAAC |- NA Deleterious
1766ins PYDHWE | frameshif 01 TATT
FPRNR t CTAT
insertion GACC
ACTG
GGA
ATTT
CCTA
GGA
ACAG
G
CDKN2A |2 c.C247T p-H83Y SNV 9 (219711 |G A 1.00 Deleteri | Deleterious
11 ous
FAM21C |9 c.T746C p-M249T |SNV 10 | 462455 | T C 0.52 Neutral | Deleterious
57
PCTP 2 c.G188A p-C63Y SNV 17 | 538447 |G A 0.59 Deleteri | Deleterious
42 ous
TRIM28 |4 ¢.T658C p-F220L SNV 19 [ 590588 |T C 0.38 Neutral | Deleterious
14
UBRI1 32 |c.A3614G |[p.N1205S |SNV 15 432947 | T C 0.59 Neutral | Deleterious
98
AUP1 2 c.75delG p.L25fs Frameshi |2 |747566 |C - 0.54 NA frameshift
ft 02
deletion
GIST_131
KIT 11 c.1706_173 | p.569_578d | Non 4 1555936 | TGTTT |- 0.52 NA Deleterious
Sdel el frameshif 38 ACAT
t deletion AGAC
CCAA
CACA
ACT
ZCCHCI1 |26 c.A3965C |p.KI132IT |SNV 1 |529026 | T G 0.96 Neutral | Deleterious
24
ALDOB 5 c.C524A p-A175D | SNV 9 |104189 |G T 0.55 Deleteri | Deleterious
780 ous
NRP1 5 ¢.G800A p-S267N SNV 10 [335452 |C T 0.45 Deleteri | Neutral
58 ous
POTEE 15 c.2387_240 | p.796_803d | Frameshi |2 |132021 | TGGC |- 0.55 NA frameshift
9del el ft 415 TCCC
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deletion GAGG
AGCA
Cccc
ATC
GIST_150
KIT 11 c.1651_166 |p.551_554d | Non 4 1555935 | AACC |- 0.99 NA Deleterious
3del el frameshif 83 CATG
t deletion TATG
ASUN 9 c.G923C p.G308A | SNV 12 | 270706 | C G 0.60 Neutral | Deleterious
33
KEAP1 4 c.G1385A | p.G462E SNV 19 | 106004 | C T 0.42 Deleteri | Deleterious
70 ous
KIAA0564 | 16 c.C1874T | p.P625L SNV 13 1423909 |G A 0.50 Neutral | Deleterious
07
TMEMBA |4 ¢.G509C p.G170A |SNV 16 | 427163 |C G 0.36 Neutral | Deleterious
FNBP4 10 c.1607_160 |p.T536fs Frameshi |11 [ 477556 |- T 0.94 NA frameshift
8 ins ft 56
insertion
CSAD 8 c.745delC | p.L249fs Frameshi | 12 | 535523 |G - 0.60 NA frameshift
ft 33
deletion
GIST_174
KIT 11 c.T1727C | p.L576P SNV 4 555936 |T C 1.00 Deleteri | Deleterious
61 ous
LATS2 8 c.C2809T |p.Q937X Stop 13 [215494 |G A 0.40 Deleteri | Deleterious
gained 67 ous
PRPF31 12 c.G1153C | p.E385Q SNV 19 | 546324 |G C 0.47 Neutral | Deleterious
38
PTEN 7 c.C697T p-R233X | Stop 10 | 897176 |C T 0.69 Deleteri | Deleterious
gained 72 ous
TOMMT70 |2 c.T357A p.-NI19K |SNV 3 100105 [A T 0.91 Neutral | Deleterious
A 790
ZNF12 6 c.C1864T | p.P660S SNV 7 1673059 |G A 0.71 Neutral | Deleterious
5
GIST_178
KIT 11 c.TI676A |p.V559D |SNV 4 555936 | T A 0.63 Deleteri | Deleterious
10 ous
CES1 7 c.C852G p.-H284Q [SNV 16 | 558534 |G C 1.00 Neutral | Deleterious
98
SGSM2 11 c.A1247G |p.Y416C SNV 17 1226859 | A G 0.32 Neutral | Deleterious
4
IL17RC 19 c.1835 183 |p.612 613d | Frameshi |3 |997473 |CGCT |- 0.68 NA frameshift
9del el ft 6 G
deletion
GIST_188
KIT 11 c.1690_172 | p.564_576d | Non 4 |555936 | AATG |- 0.51 NA Deleterious
8del el frameshif 09 GAAA
t deletion CAAT
TA....
CATA
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GACC
CAAC
ACAA
CTT
KIT 17 c.T2466G | p.N822K |SNV 4 555993 | T G 0.46 Deleteri | Deleterious
40 ous
EAF1 2 c.T155C p.V52A SNV 3 | 154714 | T C 0.54 Neutral | Deleterious
71
HSPAIL |2 c.C1472T | p.T4911 SNV 6 317782 |G A 0.64 Neutral | Deleterious
78
SHC1 5 c.C368T p.T2331 SNV 1 | 154941 |G A 0.42 Neutral | Deleterious
023
TAPTI 14 c.G1600T |p.E534X Stop 4 1161650 |C A 0.59 Deleteri | Deleterious
gained 35 ous
TEF 4 c.G758A p-R283H SNV 22 417919 |G A 0.97 Deleteri | Deleterious
00 ous
CDKNIB |2 c.479delC | p.S160fs Frameshi | 12 | 128717 |C - 0.85 NA frameshift
ft 62
deletion
EIF4G3 9 c.1277 127 | p.426 _427d | Non 1 |212682 |GAG |- 0.97 NA Deleterious
9del el frameshif 00
t deletion
TIMM22 |4 ¢.568 569i |p.D190ins |Non 17 [ 904311 |- ATT |0.26 NA Deleterious
ns DY frameshif
t
insertion

NA=analysis not available for insertion or deletion

known tumor suppressors or homozygous losses (selected
using the Cancer Genes Census database http://cancer.
sanger.ac.uk/cosmic/census).

Merging the data obtained from WTS and CNV
analyses, it was possible to complete the mutational profile
of oncogenes and tumor suppressors in the metastatic

Oncogenes

Normal CN

KIT-mutated GIST group (Suppl. Table 1). Recurrence
of copy alterations in these genes was evaluated also in
eight patients with localized KIT-mutated GIST (Figure 2).
In addition to the first mutation on exon 11, a secondary
alteration on KIT was detected in three patients with
metastatic disease. While patient GIST 188 showed a
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BRAF/
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TERT

~ MYCN
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GIST_124 INS

(%)
2
<

GIST_131 DEL

GIST_150 DEL

Metastatic

GIST_174
GIST_178
GIST_188

SNV*
SNV
DEL+SNV

STOP STOP

DEL

GIST_02 SNV

GIST_08 SNV

GIST_09 INS

GIST_13 SNV

GIST_121 SNV

Localized

GIST_125 SNV

GIST_129 DEL

GIST_135 DEL

Figure 2: Mutational profile of KIT-mutated GIST. Seven cases of metastatic KIT-mutated GIST are analyzed by RNA-seq and
SNP-array, and data obtained are merged in the upper panel of the figure. Comparison with SNP-array data of eight patients with localized
GIST is shown in the lower panel. In dark green are represented the homozygous loss, in light green the loss of one copy. Similarly in
orange are the genes carrying gains of one copy, and in red the genes with gains of two or more copies. Light yellow indicates that the
genes have a normal CN state. For each patient are reported the major oncogenes (left panel) and the major tumor suppressors (right panel)
altered. INS=insertion; DEL=deletion; SNV=single nucleotide variation; STOP=stop codon gained. *Loss of heterozygosity. §GIST178

had a triploid genome.
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Table 3: Fusion events detected with RNA-sequencing in three metastatic KIT-mutated GISTs

Sk 3 Ne°
breakpoi breakpoi | N° SPA | Fram
nt nt SPLIT |N e
Chr S5'|mRNA Chr 3'|mRNA |READ [REA |retain | Fusion
Sample |5' gene | gene exon 3' gene | gene exon S DS ed Event
Intra-
GIST_1 chromosomal
50 DOK6 | chrl8 ex3 MYOS5SB | chrl8 ex34 34 9 YES Complex
GIST_1 | MEAF SEPSE Inter-
50 6 chrl ex4 CS chr4 ex8 21 6 YES | chromosomal
Intra-
GIST_1 chromosomal
78 PACS2 | chrl4 exl IGHD chrl4 exl 25 8 no Complex
Intra-
GIST_1 | FAM1 DMGD chromosomal
78 T4A chrs exl H chrs ex16 26 16 no Complex
ex2 Intra-
GIST_1 | KDM4 (not ODF3L chromosomal
31 B chrl9 | coding) 2 chrl9 ex3 17 19 no Complex
ex2 Intra-
GIST 1 | KDM4 (not chromosomal
31 B chrl9 | coding) | SHC2 chr19 ex2 12 5 no Complex
second mutation on exon 17, GIST 150 and GIST 174 loss of genomic regions containing tumor suppressor
expressed only the mutated KIT; in the first case it was genes, and few events were detected in the localized
due to an LOH event, while in the other it was due to an group. CDKN2A and CDKN2B losses were the most
amplification (CN = 3) of the mutated allele. No localized frequent event; in particular, chr9 p21.3 region was
tumor carried secondary mutation of KIT. deleted in homozygosis in four patients (GIST 11,
Among the patients in the metastatic group, 150, 174, 188) and in heterozygosis in two patients
amplifications involving known oncogenes were detected (GIST 124 and 131). As described above, in addition to
in three of the seven tumors, while no alterations of these the heterozygous deletion of this locus, patient GIST 124
genes were detected in the localized tumors. In specific, carried a deleterious SNV in the CDKN2A gene that
patient GIST 11 carried a focal amplification of CCND2 led to the complete loss of function of the protein. It is
(CN = 6) and KRAS (CN =4); GIST 174 was affected by noteworthy that none of the localized tumors carried
amplification of BRAF (CN =6), ETV1 and EGFR (CN = alterations of CDKN2A/B. Furthermore, two other cyclin-
4); and GIST 178 showed remarkable focal amplifications dependent kinase inhibitors were altered. In particular, one
involving MYCN (CN = 5) and TERT (CN = 6) genes. allele of CDKN2C (chrl) was deleted in five patients, and
Similarly, almost all metastatic patients showed both alleles were lost in patient GIST 188. This latter
CDKN2A/2B CDKN2C SMARCB1 PTEN SMAD4 CCND?2 EGFR
34 34 34 34 34 44 44
34 34
24 24 24 24 24 I
° o
% ®
“ - 24 24
2 *k% E
3 B |B 5 H
14 o 1 N 14 14 o wE *
14 i
= = = ! B
0l—— otl—— o+ ol ol —— 0l—= ol——
g D & & © & g D & & x & &
FFF S TS S &S F & F &

Figure 3: mRNA expression of candidate cancer-related genes. mRNA expression level of cancer related genes are shown
according to their CN status. Tumor suppressor genes are shown in the left panel, oncogenes in the right. Gene expression levels were
evaluated using the cpm (normalized count of reads mapping each gene) normalized on the mean cpm of the cohort. The p value of
differential expression was estimated with a t test: *p < 0,05; **p <0,01; ***p < 0,001.
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patient also lost one copy of chr12p arm, coupled with a
frameshift deletion in the CDKN1B gene. One copy loss
of CDKN2C was also detected in one localized tumor.

The loss of the chromosome arm 1p in six patients
with metastatic disease (GIST 124, 131, 178, 150,
174, 188) led also to one copy deletion of KIF1B and
of the tumor suppressor ARID1A, a known SWI/SNF
chromatin remodeling gene. Another member of this
family, SMARCBI on the chromosome arm 22q, was
deleted in four patients (focal in GIST 188, and whole
arm in GIST 11, 131, 174). Loss of one copy of
ARID1A and SMARCBI was detected also in one and two
localized tumors respectively. Moreover, the loss of PTEN
was detected in patients GIST 131 and GIST 174 (in this
latter patient, the remaining allele carried a premature
STOP codon) and one copy focal loss of SMAD4 was
detected in GIST 131 and _188.

A

GLI1 GLI2
c 151 2.0-
ke
%]
0n
o 1.5
S 1.0
3
y 1.0
2
+ 0.5 *
(]
< 0.5-
o
0.0- 0.0-
& & & 3
MRS MRS Y
B
100
80
c
2 60
2
T 40-
N
204
c I | 1
1.0 1.5 2.0

Log GANT61 [M]

Finally, patient GIST 174 harbored two focal
homozygous deletions in two putative tumor suppressors:
COP1 on chrl (a protein that negatively regulates ETV1,
ETV4 and ETVS5) and DMD on chr X. This last gene was
also focally lost in patient GIST 131, and one copy loss
was detected in GIST 178 and GIST _188.

Gene expression of candidate genes

The expression levels of the cancer-related
genes identified above were determined from RNA-
seq data, with the aim to find the concordance between
copy number status and mRNA expression (Figure 3).
Interestingly, among the oncogenes, CCND2 and EGFR
perfectly correlated between the two analysis performed,
suggesting that the oncogenic events in these two

GLI3 PTCH1
1.5 2.0q
1.5
1.0
1.0
0.5+
0.5
*
*
0.0- 0.0-
& c_,o $ & %0 Q’é
SN S
KIT CDKN1A
c 1.6 144 -
S 13-
A 124
qg- 1.0 114
3 1o
2
32 0.5 24
L *
[0} 1
[a's
oo NI
«Q' %O § «Q’ q,o §
e MRS N

Figure 4: Effect of Hedgehog pathway inhibition in GIST882 cell line. GIST882 cells were treated with GANT61 (concentration
range, 6.25-100 uM) for 72 hours. A. The mRNA relative expression of hedgehog pathway genes (GLI1, GLI2, GLI3, PTCHI1) was
significantly downregulated in treated samples. B. Decrease of cell viability shown after GANT61 treatment. C. Effect of GANT61 on
mRNA expression with downregulation of KIT and upregulation of CDKN1A. The p value of differential expression with respect to vehicle
control (DMSO-only) was estimated with a t test: *p <0.05; **p <0.01.
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chromosomal regions (12p13 and 7p12 respectively) could
be the amplification and the resulting overexpression of
these two genes. In particular, patients GIST 11 (CN = 6)
and GIST 178 (CN = 3) showed a three-fold amplification
of CCND2 with respect to disomic samples (p = 0,0027).
The same was detected for EGFR in patients GIST 174
(CN=4) and GIST 188 (CN = 3), with an average of two-
fold overexpression (p = 0,0066). The other oncogenes
did not showed an evident correlation between CN status
and mRNA expression. For example, KRAS was also
overexpressed in CN = 2 samples (GIST 150 and _174)
in addition to GIST 11; (CN = 4) (data not shown).
On the other hand, among the tumor suppressor genes,
CDKN2A/2B showed a highly significant silencing of
the two mRNAs in the homozygously deleted samples
(GIST_11, 150, 174 and 188) with respect to both
CN =2 and CN = 1 samples. The simultaneous presence
of a CN loss and a SNV of CDKN2A/2B in patient
GIST 124 did not affect the mRNA expression level.
Conversely, the other tumor suppressor genes showed
significant down-regulation also in samples with CN =
1 status. In particular, CDKN2C mRNA, located in 1p32
chromosome region, was significantly underexpressed
in CN = 1 samples (GIST 124, 131, 174 and 178)
and there was almost no CDKN2C mRNA expression
detected in patient GIST 188 (CN = 0). Moreover PTEN
(» = 0,0062), SMARCBI (p = 0,0009) and SMAD4 (not
significant) showed a marked gene expression reduction
in concordance with CN status. Finally, DMD deletions in
patients GIST 131, 174 and 188 were also associated
with a significant down-modulation of mRNA expression,
as reported elsewhere [14].

Hedgehog pathway inhibition

GIST882 cells were exposed to GANT61, a GLI
small-molecules agonist, to assess the effect of Hedgehog
pathway inhibition. To assess the specificity of GANT61
treatment, relative quantification of Hedgehog pathway
gene expression was evaluated by real-time PCR. mRNA
levels of GLI1, GLI2, GLI3, PTCH1 were significantly
down-regulated under treatment condition (Figure 4A).
After 72 hrs treatment with scalar doses of GANT61,
the calculated dose response curve showed an important
inhibition of cell viability (Figure 4B). This effect was
accompanied by a significant down-regulation of KIT and
by up-regulation of CDKN1A mRNA expression (Figure
4C).

DISCUSSION

In our study, we performed a WTS analysis on
seven patients with metastatic KIT exon 11-mutant GIST.
Analysis of fusion transcripts did not reveal any recurrent
events. However, the MEAF6-SEPSEC rearrangement

detected in one patient, GIST 150, is noteworthy since
MEAF®6 has recently been reported as translocated with
PHF1 in endometrial stromal sarcomas and in ossifying
fibromyxoid tumors [15-17]. Conversely, integration of
WTS with CNV analysis allowed the identification of a
mutational profile specific for metastatic KIT exonll-
mutated GIST. In addition to the first mutation, a
secondary alteration on KIT was detected in three patients
with metastatic disease and in none of the patients with
localized tumors. Moreover, several tumor suppressors
(CDKN2A/B, CDKNI1B, CDKN2C, ARIDIA, KIF1B,
SMARCBI, PTEN, DMD, LATS2 and SMAD4) and
oncogenes (CCND2, KRAS, BRAF, ETV1, EGFR,
MYCN, SMO and TERT) were found recurrently altered
in metastatic GIST specimens and rarely in localized
tumors. In particular, CDKN2A/B, PTEN and DMD were
found altered exclusively in the metastatic cohort. With
the aim of identifying potential pathogenic driver events
and evaluating the possible effects of these alterations, the
concordance between CN status and mRNA expression
level was assessed.

Among oncogenes, the most significant
overexpressed genes detected in association with copy
number gains are CCND2 and EGFR, found respectively
in the 12p13 and 7p12 chromosomal regions.

CCND2 is a well-conserved cyclin that forms a
complex with CDK4 or CDK6, whose activity is required
for cell cycle G1/S transition. High-level expression of
this gene was observed in ovarian and testicular tumors
[18, 19]. In our cohort CCND2 was found amplified and
overexpressed in two metastatic samples.

Mutations of EGFR lead to ligand overexpression,
which has been associated with a number of cancers.
In consequence, the identification of EGFR as an
oncogene has led to the development of many therapeutic
approaches aimed at the EGFR pathway [20-23]. In our
study two advanced GISTs showed amplification and high
expression of EGFR, but EGFR overexpression should
be evaluated in studies in larger cohorts to assess the
possibility of targeting this pathway to treat GISTs.

With CNV analysis, we also found amplification of
two known oncogenes, KRAS and BRAF. While somatic
activating mutations of KRAS and BRAF proteins are
common in several types of malignancies, including
GISTs [24-30], and they may correlate with response
to the specific inhibitors [31], few data are available on
their overexpression [32-35]. Our study reports for the
first time the presence of BRAF amplification in one KIT
exon 11-mutated GIST (GIST_174). In the CNV analysis,
patient GIST 174 also showed amplification of ETV1.
Studies based on microRNAs strongly targeting ETV1
have showed that ETV1 inhibitors could have therapeutic
potential in GIST management [36].

Regarding tumor suppressor genes, the deletion
and the consequent loss of expression of CDKN2A/2B,
located on the short arm of chromosome 9 at position 21.3,
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was observed in six patients in our study. The products
encoded by this gene (p16INK4 and pl4ARF) through
the regulatory roles of CDK4 and p53, share a common
functionality in cell cycle Gl-phase control. Pan-CDK
inhibitors such as flavopiridol (Alvocidib or HMR-1275)
and palbociclib (PD0332991) are under investigation in
many clinical trials. Moreover, loss of p16 is considered a
prognostic factor for a high rate of malignancies and poor
outcomes in patients with GISTs [37, 38]. Consistent with
these findings, in our experiments no localized tumors
showed deletion of this locus.

Loss of the upper arm of chrl seemed to have an
effect on the transcription level of CDKN2C, which
encodes another cyclin-dependent kinase inhibitor
(p18IN4) that controls cell cycle G1 progression through
the interaction with CDK4 or CDK6. In particular, we
found five cases with a significant down-modulation
of CDKN2C expression. In the same chromosomal
region, ARIDIA monoallelic loss was detected in six
of the seven samples. A broad spectrum of cancers has
been shown to carry mutations in ARID1A, particularly
deletion or nonsense mutations that are distributed
throughout the ARID1A gene [39]. ARID1A is a member
of the chromatin-remodeling SWI/SNF complex, which
is involved in the regulation of many cellular processes,
including differentiation, proliferation, DNA repair, and
tumor suppression [40].

Notably, PTEN is the second most frequently
mutated tumor suppressor gene in cancer after pS3. This
gene negatively regulates the PI3K/AKT/mTOR signaling
pathway. Monoallelic loss with low protein expression has
been shown to recur frequently in imatinib-resistant GIST,
causing the activation of the PI3K/AKT/mTOR pathway
[41, 42]. Moreover, this pathway has been shown to be
activated in GIST with imatinib secondary resistance [43],
representing a rational target for GIST therapy. To this
end, several preclinical experiments and early studies have
been conducted [44]. Some of them have showed limited
success, probably due to the paradoxical reactivation of the
PI3K pathway that occurs following mTORCI] inhibition.
However, an upstream or more complete PI3K/AKT/
mTOR pathway inhibition, or the association of inhibitors,
such as everolimus and temsirolimus, with imatinib, may
represent innovative therapeutic strategies to maximize
blockade of the mTOR pathway and lead to greater
antitumor activity. In our study, we showed that loss of this
gene occurred in three of the seven patients with metastatic
GIST while no patients with localized tumors showed
deletion of this locus, suggesting a role of PTEN in the
progression of this pathology. Additionally, we report for
the first time in advanced GIST a nonsense mutation of
PTEN in association with a loss of heterozygosity event
that leads to depletion of mRNA expression.

Another interesting observation is the involvement
of DMD gene in our patients (GIST 131, GIST 174,
GIST 178 and GIST 188), as it has recently been

reported in cancers with myogenic programs. DMD is
the dystrophin gene, which is the largest known human
gene and is located on the short arm of the X chromosome
at position 21.2. Wang and colleagues identified DMD
deletion as shared factor contributing to the development
of myogenic cancers [45], hypothesizing that DMD
inactivation promotes metastatic potential due to its role in
regulating migration, invasion, anchorage and invadopodia
formation. Recently our group has also reported the
recurrence of dystrophin deletion in nine of 35 GIST
samples [14]. These were all KIT/PDGFRa-mutant
GISTs, whereas none of the 6 KIT/PDGFRo wild-type
GIST samples showed DMD alterations. From a clinical
point of view, patients harboring this alteration have
more aggressive features and almost all have metastatic
disease. Since dystrophin interacts with a complex of other
proteins and glycoproteins, it is possible to compensate
for dystrophin deficiency using them as potential point
of therapeutic attack, as postulated in the development
of new treatments for muscular dystrophies. As a result,
treatment options under evaluation in clinical trials for
Duchenne dystrophy also warrant evaluation for the
treatment of GISTs and myogenic cancer.

SMARCBI, a core subunit of the SWI/SNF
complex, is a known tumor suppressor and its loss was
associated with rhabdoid tumor onset [46, 47]. In our
work, four of the seven metastatic GISTs harbored
a heterozygous deletion of part or the entire arm of
chromosome 22, on which SMARCBI is located, resulting
in a significant down-regulation of SMARCB1 mRNA
expression. Several pathways are regulated through the
SMARCBI and SWI/SNF complex, such as chromatin
remodeling, cyclin DI1/CDK4 activation, WNT/B-
Catenin and sonic hedgehog signaling [48]. In particular,
SMARCBI was shown to interact with GLI molecules
and, through its loss, the Hedgehog (Hh) pathway could
be activated [49]. Activation of this pathway has been
implicated in the development of various cancers and
several molecules modulating its activity have been
developed. The description of a GIST-like mouse model
triggered by the inactivation of PTCHI1 suggests that
Hh could also have a role in GIST biology [50]. To our
knowledge there are no published data evaluating the
effects of Hedgehog inhibition in GIST. In our work, we
tested the in vitro efficacy of GANT61 (a GLI-inhibitor)
and demonstrated that this treatment could affect the
viability of GIST cells and modulate the expression of
key genes for tumor progression, such KIT and CDKNI1A.
These data are a first attempt to evaluate the effects of Hh
inhibitors in GIST cell lines; further studies are needed to
assess the consistency of these results in other GIST cell
lines in association with different mutational backgrounds.

Our findings provide a more comprehensive
molecular background for GISTs and improve our
understanding of genomic aberrations and processes
that drive GIST tumorigenesis, tumor progression, and
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malignancy.

These data, even though preliminary and not found
in large series, may identify druggable targets for new
treatments that could provide additional therapeutic
options on a patient-specific basis. In particular, since
almost all GISTs harboring KIT exon 11 mutations
develop a resistance to TKIs, these data have important
clinical implications that should be investigated further.
Furthermore, using this approach, we detected and
described aberrations that have not been previously
reported in GIST, thereby contributing to a more detailed
molecular understanding of this disease and identifying a
possible point of departure for validating new prognostic
markers associated with disease progression.

In conclusion, we found additional genomic
alterations beyond those related to the ‘classic’ KIT
receptor, even if they are not shared by all GIST samples.
Further studies are needed in order to uphold our findings
and to increase the dataset; additional supporting data
may validate new genomic events that could be useful
for clinical and molecular classification of GIST patients,
identification of new targets, and the development of novel
therapeutics.

MATERIALS AND METHODS

This study on genome sequencing was approved by
local Ethical Committee and the genomic analysis was
done after the patients’ written consent. This study was
approved by the institutional review board of Azienda
Ospedaliero-Universitaria Policlinico S. Orsola-Malpighi,
Bologna, Italy (approval number 113/2008/U/Tess).

Patient selection and tumor sample collection

Seven patients with metastatic GIST harboring
a KIT exon 11 mutation were studied. The tumor and
patient characteristics are illustrated in Table 1. All
patients underwent surgery after treatment with imatinib
or sunitinib. Tumor specimens of the primary lesions were
collected, immediately frozen and stored until NGS study.
For all metastatic samples, matched peripheral blood was
collected during a follow-up visit. Additionally, tumor
specimens of eight patients with localized KIT exon
11-mutant GIST were collected as control group for CN
analysis.

Next generation sequencing

Whole-transcriptome sequencing was performed
on RNA isolated from fresh-frozen tumor tissue of seven
patients with KIT exon 11-mutant metastatic GIST and
whole exome sequencing was done on isolated DNA from
matched peripheral blood.

Total RNA was isolated from fresh-frozen tumor

tissues using the RNeasy spin-column method (Qiagen,
Milan, Italy). Whole-transcriptome RNA libraries
were prepared in accordance with Illumina’s TruSeq
RNA Sample Prep v2 protocol (Illumina, San Diego,
California). Poly(A)-RNA molecules from 500 ng of
total RNA were purified using oligo-dT magnetic beads.
Following purification, the mRNA was fragmented and
randomly primed for reverse transcription followed by
second-strand synthesis to create double-stranded cDNA
fragments. These cDNA fragments went through a
terminal-end repair process and ligation using paired-end
sequencing adapters. The products were then amplified
to enrich for fragments carrying adapters ligated on both
ends and to add additional sequences complementary to
the oligonucleotides on the flow cell, thus creating the
final cDNA library.

DNA was extracted from peripheral blood with
QiaAmp DNA mini kit (Qiagen) following manufacturer’s
instructions. Whole exome libraries were prepared in
accordance with Nextera Exome Enrichment protocol
(Illumina). Briefly, 50 ng of genomic DNA was tagmented
(tagged and fragmented) by the Nextera transposome
technique to an average library size of 300-350 bp. The
Nextera transposome simultaneously fragments the
genomic DNA and adds adapter sequences to the ends.
DNA libraries were denatured to single stranded DNA
and hybridized to biotin-labeled 95-mer probes designed
to enrich more than 200000 exons, spanning 20794
genes, including exon-flanking regions, then eluted from
magnetic beads.

RNA and DNA library size were checked and
sized with Agilent DNA 1000 chips on the Bioanalyzer
2100 (Agilent Technologies, Taiwan), then libraries were
quantified using both PicoGreen assay (Life Technologies)
and KAPA library quantification kit (KAPA Biosystem,
Boston,USA). 12pM paired-end libraries were amplified
and ligated to the flowcell by bridge PCR, and sequenced
at 2x75bp read length for RNA and 2x100bp for exome
sequencing, using Illumina Sequencing by synthesis
(SBS) technology. An average of 77 and 34 million reads
per sample were obtained for WTS and WES analysis
respectively.

Bioinformatic analysis

The short reads were processed and mapped on the
human reference genome by TopHat/Bowtie pipeline,
while variation calling was performed with SAMtools
and SNVMix2, thus identifying all the point mutations,
insertions and deletion present in the sample (SNV and
InDels). Variants present in dbSNP and 1000 Genomes
with frequency greater than 1% were excluded. All
variants from the matched normal-tumor pairs that were
unique in the tumor sample were called as somatic. The
effect of coding SNV was predicted at the protein level
with a suite of computational tools, such as SNPs&GO
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and PROVEAN. Truncations and frameshift mutations
were analyzed in relation to the annotations available on
the protein sequence (eg from UniProt, PFAM, SCOP) in
order to identify possible domain/site loss, disruption or
gain that can affect protein function. Large chromosomal
rearrangements were detected with several bioinformatic
tools (DeFuse, ChimeraScan and FusionMap).

Gene expression analysis

RNA seq data were analyzed in order to evaluate
the gene expression profile of the seven GIST samples.
After the alignment procedure, the BAM file obtained
was manipulated with SAMtools in order to remove
the optical/PCR duplicate, and to sort and index it. The
function HTSeq-count (Python package HTSeq) was
adopted to count the number of reads mapped (cpm)
on known genes, included in the Ensembl release 72
annotation features (http://www.ensembl.org).

Copy number analysis

Genomic DNA extracted from eight localized
and seven metastatic GIST specimens was labelled
and hybridized to SNP array Genome Wide SNP 6.0
(Affymetrix) following manufacturer’s instructions.
Quality control was performed by Contrast QC and
MAPD calculation. Copy number analysis was performed
by Genotyping Console and visualized with Chromosome
Analysis Suite (ChAS) Software (Affymetrix). Hidden
Markov Model algorithm was used to detect amplified and
deleted segments with stringent parameters. To control for
hyperfragmentation, adjacent segments separated by < 50
probes were combined into one single segment, and only
segments > 50 probes were considered.

RT-PCR validation of fusion transcripts

RNA was reverse transcribed to cDNA using the
Transcriptor First-Strand ¢cDNA Synthesis Kit (Life
Technologies) with oligo dT primers. Primers specific for
the breakpoint flanking regions of the fusion transcripts,
identified with RNA-seq analysis, were used to amplify
and sequence the fusion transcript using the Sanger
method.

Cell line culture and treatment

GIST882 (kindly provided by Dr. Jonathan A.
Fletcher, Harvard Medical School, Boston, Massachusetts,
USA) was cultured in RPMI1640+15% FBS. The
GIST882 cell line is characterized by monosomy of
chromosome 22 [51] and thus was used as a GIST model
of SMARCBI1 monoallelic loss. The GLI inhibitor

GANT61 (Calbiochem, San Diego, CA) was used to
evaluate the effects, on mRNA and viability, of Hedgehog
inhibition. Cells were cultured for 72 hrs in a medium
supplemented with GANT61 (concentrations range 6.25-
100 uM). To assess specificity, vehicle control samples
(treated with 1.6% dimethyl sulfoxide [DMSO]) were
added in each experiment.

qPCR

For mRNA extraction, cells were seeded into a 24-
well plate at a density of 3x10° cells/well. After 72 hrs
of treatment with GANT61, total RNA was extracted
with RNA mini kit (Qiagen) and retro-transcription was
performed with oligo-dT primers. qPCR amplification
of the gene of interest was performed with real-time
LightCycler 480 instrument (Roche). Fold-change was
estimated by DDCt method, using ATPS and YWHAZ
genes as housekeeping controls. The p value of differential
expression with respect to vehicle control (DMSO-only)
was estimated with a t test.

Cell viability

For the cell viability measurement, cells were seeded
in triplicate into a 96-well plate at a density of 4x10* cells/
well. After 72 hrs of treatment with GANT61, the vitality
of the cells was assessed using by WST-1 assay (Roche)
and percent of inhibition was evaluated with respect to
vehicle control (DMSO only). A dose response curve was
drawn for estimation of the inhibition of cell viability.
GraphPad PRISM Software was used for graph design and
statistical analysis.

ACKNOWLEDGMENTS

Special thanks to the GIST Study Group members,
all from the University of Bologna, Bologna, Italy:
Annalisa Altimari, Rita Casadio, Paolo Castellucci, Fausto
Catena, Antonia D’Errico, Monica Di Battista, Stefano
Fanti, Walter Franco Grigioni, Elisa Gruppioni, Pier-
Luigi Martelli, Nico Pagano, Paola Tomassetti, Valerio Di
Scioscio, and Maurizio Zompatori.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This work was supported by AIRC (ITALIAN
ASSOCIATION FOR CANCER RESEARCH), Grant

www.impactjournals.com/oncotarget

42254

Oncotarget



name: My First Grant 2013; Grant number: 14327 and
by a personal research contribution of Lara Magoni in
memory of Roberto Cornelli.

REFERENCES

1. Corless CL, Fletcher JA, Heinrich MC. Biology of
gastrointestinal stromal tumors. J Clin Oncol 2004; 22:
3813-3825.

2. Nannini M, Biasco G, Astolfi A, Pantaleo MA. An overview
on molecular biology of KIT/PDGFRA wild type (WT)
gastrointestinal stromal tumours (GIST). J Med Genet.
2013; 50: 653-661.

3.  Demetri GD, von Mehren M, Blanke CD, Van den Abbeele
AD, Eisenberg B, Roberts PJ, Heinrich MC, Tuveson DA,
Singer S, Janicek M, Fletcher JA, Silverman SG, Silberman
SL, et al. Efficacy and safety of imatinib mesylate in
advanced gastrointestinal stromal tumors. N Engl J Med.
2002; 347: 472-480.

4. Heinrich MC, Corless CL, Demetri GD, Blanke CD, von
Mehren M, Joensuu H, McGreevey LS, Chen CJ, Van den
Abbeele AD, Druker BJ, Kiese B, Eisenberg B, Roberts PJ,
et al. Kinase mutations and imatinib response in patients
with metastatic gastrointestinal stromal tumor. J Clin Oncol.
2003; 21: 4342-4349.

5. Maleddu A, Pantaleo MA, Nannini M, Di Battista M,
Saponara M, Lolli C, Biasco G. Mechanisms of secondary
resistance to tyrosine kinase inhibitors in gastrointestinal
stromal tumours (Review). Oncol Rep. 2009; 21: 1359-
1366.

6. Antonescu CR, Besmer P, Guo T, Arkun K, Hom G,
Koryotowski B, Leversha MA, Jeffrey PD, Desantis D,
Singer S, Brennan MF, Maki RG, DeMatteo RP. Acquired
resistance to imatinib in gastrointestinal stromal tumor
occurs through secondary gene mutation. Clin Cancer Res.
2005; 11: 4182-4190.

7. Demetri GD, van Oosterom AT, Garrett CR, Blackstein
ME, Shah MH, Verweij J, McArthur G, Judson IR, Heinrich
MC, Morgan JA, Desai J, Fletcher CD, George S, et al.
Efficacy and safety of sunitinib in patients with advanced
gastrointestinal stromal tumour after failure of imatinib: a
randomised controlled trial. Lancet. 2006; 368: 1329-1338.

8. Demetri GD, Reichardt P, Kang YK, Blay JY, Rutkowski
P, Gelderblom H, Hohenberger P, Leahy M, von Mehren
M, Joensuu H, Badalamenti G, Blackstein M, Le Cesne
A, et al; GRID study investigators. Efficacy and safety
of regorafenib for advanced gastrointestinal stromal
tumours after failure of imatinib and sunitinib (GRID): an
international, multicentre, randomised, placebo-controlled,
phase 3 trial. Lancet. 2013; 381: 295-302.

9. Heinrich MC, Maki RG, Corless CL, Antonescu CR,
Harlow A, Griffith D, Town A, McKinley A, Ou WB,
Fletcher JA, Fletcher CD, Huang X, Cohen DP, et al.
Primary and secondary kinase genotypes correlate with
the biological and clinical activity of sunitinib in imatinib-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

resistant gastrointestinal stromal tumor. J Clin Oncol. 2008;
26: 5352-5359.

Saponara M, Pantaleo MA, Nannini M, Biasco G.
Treatments for gastrointestinal stromal tumors that are
resistant to standard therapies. Future Oncol. 2014; 10:
2045-2059.

Gronchi A, Fiore M, Miselli F, Lagonigro MS, Coco
P, Messina A, Pilotti S, Casali PG. Surgery of residual
disease following molecular-targeted therapy with imatinib
mesylate in advanced/metastatic GIST. Ann Surg. 2007;
245: 341-346.

Lolli C, Pantaleo MA, Nannini M, Saponara M, Pallotti
MC, Scioscio VD, Barbieri E, Mandrioli A, Biasco G.
Successful radiotherapy for local control of progressively
increasing metastasis of gastrointestinal stromal tumor.
Rare Tumors. 2011; 3: e49.

Jones RL, McCall J, Adam A, O’Donnell D, Ashley S, Al-
Muderis O, Thway K, Fisher C, Judson IR. Radiofrequency
ablation is a feasible therapeutic option in the multi
modality management of sarcoma. Eur J Surg Oncol. 2010;
36: 477-482.

Pantaleo MA, Astolfi A, Urbini M, Fuligni F, Saponara
M, Nannini M, Lolli C, Indio V, Santini D, Ercolani G,
Brandi G, Pinna AD, Biasco G. Dystrophin deregulation is
associated with tumor progression in KIT/PDGFRA mutant
gastrointestinal stromal tumors. Clin Sarcoma Res. 2014; 4:
9.

Micci F, Gorunova L, Gatius S, Matias-Guiu X, Davidson
B, Heim S, Panagopoulos I. MEAF6/PHF1 is a recurrent
gene fusion in endometrial stromal sarcoma. Cancer Lett.
2014; 347: 75-78.

Panagopoulos I, Micci F, Thorsen J, Gorunova L, Eibak
AM, Bjerkehagen B, Davidson B, Heim S. Novel fusion of
MY ST/Esal-associated factor 6 and PHF1 in endometrial
stromal sarcoma. PLoS One. 2012; 7: €39354.

Antonescu CR, Sung YS, Chen CL, Zhang L, Chen HW,
Singer S, Agaram NP, Sboner A, Fletcher CD. Novel
ZC3H7B-BCOR, MEAF6-PHF1, and EPCI1-PHF1
fusions in ossifying fibromyxoid tumors—molecular
characterization shows genetic overlap with endometrial
stromal sarcoma. Genes Chromosomes Cancer. 2014; 53:
183-193.

Kyronlahti A, R&m6é M, Tamminen M, Unkila-Kallio L,
Butzow R, Leminen A, Nemer M, Rahman N, Huhtaniemi
I, Heikinheimo M, Anttonen M. GATA-4 regulates Bcl-2
expression in ovarian granulosa cell tumors. Endocrinology.
2008; 149: 5635-5642.

von Eyben FE. Chromosomes, genes, and development
of testicular germ cell tumors (Review). Cancer Genet
Cytogenet. 2004; 151: 93-138.

Mitsudomi T, Morita S, Yatabe Y, Negoro S, Okamoto
I, Tsurutani J, Seto T, Satouchi M, Tada H, Hirashima
T, Asami K, Katakami N, Takada M, et al; West Japan
Oncology Group. Gefitinib versus cisplatin plus docetaxel

www.impactjournals.com/oncotarget

42255

Oncotarget



21.

22.

23.

24.

25.

26.

27.

28.

29.

in patients with non-small-cell lung cancer harbouring
mutations of the epidermal growth factor receptor
(WITOG3405): an open label, randomised phase 3 trial.
Lancet Oncol. 2010; 11: 121-128.

Zhou C, Wu YL, Chen G, Feng J, Liu XQ, Wang C, Zhang
S, Wang J, Zhou S, Ren S, Lu S, Zhang L, Hu C, et al.
Erlotinib versus chemotherapy as first-line treatment for
patients with advanced EGFR mutation-positive non-small-
cell lung cancer (OPTIMAL, CTONG-0802): a multicentre,
open-label, randomised, phase 3 study. Lancet Oncol. 2011;
12: 735-742.

Heinemann V, von Weikersthal LF, Decker T, Kiani
A, Vehling-Kaiser U, Al-Batran SE, Heintges T,
Lerchenmiiller C, Kahl C, Seipelt G, Kullmann F, Stauch
M, Scheithauer W, et al. FOLFIRI plus cetuximab versus
FOLFIRI plus bevacizumab as first-line treatment for
patients with metastatic colorectal cancer (FIRE-3): a
randomised, open-label, phase 3 trial. Lancet Oncol. 2014;
15: 1065-1075.

Perez EA, Romond EH, Suman VJ, Jeong JH, Davidson
NE, Geyer CE Jr, Martino S, Mamounas EP, Kaufman
PA, Wolmark N. Four-year follow-up of trastuzumab plus
adjuvant chemotherapy for operable human epidermal
growth factor receptor 2-positive breast cancer: joint
analysis of data from NCCTG N9831 and NSABP B-31.J
Clin Oncol. 2011; 29: 3366-3373.

Agaimy A, Terracciano LM, Dirnhofer S, Tornillo L,
Foerster A, Hartmann A, Bihl MP. V600E BRAF mutations
are alternative early molecular events in a subset of KIT/
PDGFRA wild-type gastrointestinal stromal tumours. J Clin
Pathol. 2009; 62: 613-616.

Martinho O, Gouveia A, Viana-Pereira M, Silva P, Pimenta
A, Reis RM, Lopes JM. Low frequency of MAP kinase
pathway alterations in KIT and PDGFRA wild-type GISTs.
Histopathology. 2009; 55: 53-62.

Daniels M, Lurkin I, Pauli R, Erbstosser E, Hildebrandt
U, Hellwig K, Zschille U, Liiders P, Kriiger G, Knolle J,
Stengel B, Prall F, Hertel K, et al, Agaimy A, Schneider-
Stock R. Spectrum of KIT/PDGFRA/BRAF mutations and
Phosphatidylinositol-3-Kinase pathway gene alterations in
gastrointestinal stromal tumors (GIST). Cancer Lett. 2011;
312: 43-54.

Lasota J, Xi L, Coates T, Dennis R, Evbuomwan MO,
Wang ZF, Raffeld M, Miettinen M. No KRAS mutations
found in gastrointestinal stromal tumors (GISTs): molecular
genetic study of 514 cases. Mod Pathol. 2013; 26: 1488-
1491.

Hostein I, Faur N, Primois C, Boury F, Denard J, Emile
JF, Bringuier PP, Scoazec JY, Coindre JM. BRAF mutation
status in gastrointestinal stromal tumors. Am J Clin Pathol.
2010; 133: 141-148.

Agaram NP, Wong GC, Guo T, Maki RG, Singer S,
Dematteo RP, Besmer P, Antonescu CR. Novel V600E
BRAF mutations in imatinib-naive and imatinib-resistant
gastrointestinal stromal tumors. Genes Chromosomes

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cancer. 2008; 47: 853-859.

Miranda C, Nucifora M, Molinari F, Conca E, Anania
MC, Bordoni A, Saletti P, Mazzucchelli L, Pilotti S,
Pierotti MA, Tamborini E, Greco A, Frattini M. KRAS and
BRAF mutations predict primary resistance to imatinib in
gastrointestinal stromal tumors. Clin Cancer Res. 2012; 18:
1769-1776.

Falchook GS, Trent JC, Heinrich MC, Beadling C, Patterson
J, Bastida CC, Blackman SC, Kurzrock R. BRAF mutant
gastrointestinal stromal tumor: first report of regression
with BRAF inhibitor dabrafenib (GSK2118436) and whole
exomic sequencing for analysis of acquired resistance.
Oncotarget. 2013; 4: 310-315.

Birkeland E, Wik E, Mjes S, Hoivik EA, Trovik J,
Werner HM, Kusonmano K, Petersen K, Raeder MB,
Holst F, @yan AM, Kalland KH, Akslen LA, et al. KRAS
gene amplification and overexpression but not mutation
associates with aggressive and metastatic endometrial
cancer. Br J Cancer. 2012; 107: 1997-2004.

Valtorta E, Misale S, Sartore-Bianchi A, Nagtegaal ID,
Paraf F, Lauricella C, Dimartino V, Hobor S, Jacobs B,
Ercolani C, Lamba S, Scala E, Veronese S, et al. KRAS
gene amplification in colorectal cancer and impact on
response to EGFR-targeted therapy. Int J Cancer. 2013;
133: 1259-1265.

Little AS, Balmanno K, Sale MJ, Newman S, Dry
JR, Hampson M, Edwards PA, Smith PD, Cook SIJ.
Amplification of the driving oncogene, KRAS or BRAF,
underpins acquired resistance to MEK1/2 inhibitors in
colorectal cancer cells. Sci Signal. 2011; 4: ral7.

Cepero V, Sierra JR, Corso S, Ghiso E, Casorzo L, Perera
T, Comoglio PM, Giordano S. MET and KRAS gene
amplification mediates acquired resistance to MET tyrosine
kinase inhibitors. Cancer Res. 2010; 70: 7580-7590.

Gits CM, van Kuijk PF, Jonkers MB, Boersma AW, van
Ijcken WF, Wozniak A, Sciot R, Rutkowski P, Schoffski
P, Taguchi T, Mathijssen RH, Verweij J, Sleijfer S, et al.
MiR-17-92 and miR-221/222 cluster members target KIT
and ETV1 in human gastrointestinal stromal tumours. Br J
Cancer. 2013; 109: 1625-1635.

Zhang Y, Cao H, Wang M, Zhao WY, Shen ZY, Shen DP,
Ni XZ, Wu ZY, Shen YY, Song YY. Loss of chromosome
9p21 and decreased p16 expression correlate with malignant
gastrointestinal stromal tumor. World J Gastroenterol. 2010;
16: 4716-4724.

Schneider-Stock R, Boltze C, Lasota J, Miettinen M, Peters
B, Pross M, Roessner A, Giinther T. High prognostic value
of p16INK4 alterations in gastrointestinal stromal tumors. J
Clin Oncol. 2003; 21: 1688-1697.

Wu RC, Wang TL, Shih [eM. The emerging roles of
ARIDI1A in tumor suppression. Cancer Biol Ther. 2014 Jun
1;15:655-64.

Reisman D, Glaros S, Thompson EA. The SWI/SNF
complex and cancer. Oncogene. 2009; 28: 1653-1668.

WWW

.impactjournals.com/oncotarget

42256

Oncotarget



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Quattrone A, Wozniak A, Dewaele B, Floris G,
Vanspauwen V, Van Looy T, Schoffski P, Rutkowski P,
Sciot R, Debiec-Rychter M. Frequent mono-allelic loss
associated with deficient PTEN expression in imatinib-
resistant gastrointestinal stromal tumors. Mod Pathol. 2014;
27:1510-1520.

Bauer S, Duensing A, Demetri GD, Fletcher JA Oncogene.
KIT oncogenic signaling mechanisms in imatinib-resistant
gastrointestinal stromal tumor: PI3-kinase/AKT is a crucial
survival pathway. 2007 Nov 29;26:7560-8.

Li J, Dang Y, Gao J, Li Y, Zou J, Shen L. PI3K/AKT/
mTOR pathway is activated after imatinib secondary
resistance in gastrointestinal stromal tumors (GISTs). Med
Oncol. 2015; 32: 111.

Schoffski P, Reichardt P, Blay JY, Dumez H, Morgan
JA, Ray-Coquard I, Hollaender N, Jappe A, Demetri
GD. A phase I-II study of everolimus (RADO001) in
combination with imatinib in patients with imatinib-
resistant gastrointestinal stromal tumors. Ann Oncol. 2010
Oct;21:1990-8.

Wang Y, Marino-Enriquez A, Bennett RR, Zhu M, Shen
Y, Eilers G, Lee JC, Henze J, Fletcher BS, Gu Z, Fox EA,
Antonescu CR, Fletcher CD, et al. Dystrophin is a tumor
suppressor in human cancers with myogenic programs. Nat
Genet. 2014; 46: 601-606.

Versteege 1, Sévenet N, Lange J, Rousseau-Merck
MF, Ambros P, Handgretinger R, Aurias A, Delattre
O. Truncating mutations of hSNF5/INI1 in aggressive
paediatric cancer. Nature. 1998 Jul 9;394:203-6.

Roberts CW, Galusha SA, McMenamin ME, Fletcher CD,
Orkin SH. Haploinsufficiency of Snf5 (integrase interactor
1) predisposes to malignant rhabdoid tumors in mice. Proc
Natl Acad Sci U S A. 2000 Dec 5;97:13796-800.

Kim KH, Roberts CW. Mechanisms by which SMARCB1
loss drives rhabdoid tumor growth. Cancer Genet. 2014
Sep;207:365-72.

Jagani Z, Mora-Blanco EL, Sansam CG, McKenna ES,
Wilson B, Chen D, Klekota J, Tamayo P, Nguyen PT,
Tolstorukov M, Park PJ, Cho YJ, Hsiao K, Buonamici
S, Pomeroy SL, Mesirov JP, Ruffner H, Bouwmeester T,
Luchansky SJ, Murtie J, Kelleher JF, Warmuth M, Sellers
WR, Roberts CW, Dorsch M. Loss of the tumor suppressor
Snf5 leads to aberrant activation of the Hedgehog-Gli
pathway. Nat Med. 2010 Dec;16:1429-33.

Pelczar P, Zibat A, van Dop WA, Heijmans J, Bleckmann
A, Gruber W, Nitzki F, Uhmann A, Guijarro MV, Hernando
E, Dittmann K, Wienands J, Dressel R, Wojnowski L,
Binder C, Taguchi T, Beissbarth T, Hogendoorn PC,
Antonescu CR, Rubin BP, Schulz-Schaeffer W, Aberger
F, van den Brink GR, Hahn H. Inactivation of Patched] in
mice leads to development of gastrointestinal stromal-like
tumors that express Pdgfra but not kit. Gastroenterology.
2013 Jan;144:134-144 ¢6.

Tuveson DA, Willis NA, Jacks T, Griffin JD, Singer S,
Fletcher CD, Fletcher JA, Demetri GD. STI571 inactivation

of the gastrointestinal stromal tumor c¢-KIT oncoprotein:
biological and clinical implications. Oncogene. 2001 Aug
16;20:5054-8.

www.impactjournals.com/oncotarget

42257

Oncotarget



