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Whatʼs going on in the GIST research world?"

•  clinical trials"
•  predictive/diagnostic biomarkers"

•  immunohistochemistry"
•  CINSARC, aurora A"

•  wt/pediatric GIST"
•  SDH expression/mutation"
•  IGFR"

•  p53, cell cycle"
•  epigenetics, microRNA (ETV1)"
•  immunology"

•  therapeutic (anti-KIT Ab, reg. 
T-cells, NK cells)"

•  prognostic (immune infiltrate, 
neutrophil-lymphocyte ratio)"
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stimulatesMAPK cascade through increasing RAS activity [7]
(Fig. 2). The association between GISTs and NF1 had been
known for years [15, 16]. The NF1-associated GIST are
usually multiple, of the small intestine, often clinically indolent
but poorly responsive to imatinib and does not differ morpho-
logically or immunophenotypically from sporadic intestinal
GISTs [11]. The overall prevalence of NF1-mutated GISTs is
difficult to be assessed. Based upon existing literature, including
population-based studies, it seems to approach 1.2–1.5 % [17,
18]. KIT or PDGFRA mutation in NF1-associated GISTs,
although possible, are exceptional [19] and probably incidental.
NF1-mutated GISTs are represented with a pink narrow rect-
angle (Fig. 1 and ESM Figs. S6–8).

Defects of the succinate dehydrogenase (SDH) complex,
revealed by loss of SDH B subunit (SDHB) at immunohisto-
chemistry, have been reported in juvenile and pediatric GISTs,
either sporadic or syndromic, the latter occurring in Carney–
Stratakis dyad or Carney's triad. Carney–Stratakis dyad is
characterized by the association between paraganglioma and
GIST, with amean age at diagnosis of 19 years, and is inherited
in an autosomal-dominant pattern with incomplete penetrance;
Carney's triad is characterized by the presence of GIST, extra-
adrenal paraganglioma, and pulmonary chondroma, with a
mean age at diagnosis of 22 years, and is not heritable [7, 11,
20–22]. SDH-deficient GISTs account for about 7.5 % of
gastric GISTs and, consequently, about 5 % of total GISTs.
However, a genetic basis for SDH defects, namely a loss or
somatic mutation in SDHwild-type alleles of GISTs in patients
bearing germline alterations of SHD, either sporadic or in
Carney–Stratakis dyad, has so far been evidenced in 2 % of
GISTs only [7, 23–26]. GISTs with SDH defects are wild-type
for KIT and PDGFRA [7]. SDH-defective GISTs arise in the

stomach, display a plexiform architecture and an epithelioid
morphology, intensely express CD117 and DOG1 [27], and
typically express the receptor for type I insulin-like growth
factor [28]. Despite their often alarming presentation with
lymph vessel invasion and/or lymph node metastases (a rather
uncommon finding in other GIST types), SDH-deficient GISTs
behave in a relatively indolent way [27]. However, in malig-
nant cases, imatinib proved ineffective [21]. Promising drugs
under evaluation are hypoxia-inducible factor-1! (HIF1-!) in-
hibitors and derivatives of alpha-ketoglutarate or dichloroacetate
[25]. These counteract the effects of SDH defects, consisting in
an accumulation of succinate, which inhibits prolyl-hydroxylase
in turn decreasing the hydroxylation of HIF1-!, a step which
targets this molecule for degradation and prevents its oncogenic
effect mediated by hypoxia-inducible genes [7] (Fig. 2). SDH-
mutated GISTs are represented in our GISTogram by a light
brown rectangle, entirely included in the larger area of GISTs
with loss of SDHB protein expression, represented with a hor-
izontal parallel line texture (Fig. 1 and ESM Figs. S7–8).

In 2008, Agaram et al. described the occurrence of the
V600E BRAF mutation in imatinib-resistant GISTs [29]. The
imatinib resistance of these cases is well explained by the fact
that BRAF is a serine–threonine kinase located downstream to
KIT and PDGFRA (Fig. 2). V600E BRAFmutations are found
in roughly 2 % of GISTs [7, 30], which do not display
distinctive morphologic or immunophenotypic features with
respect to GISTs in general [31]. V600E BRAF mutations are
usually mutually exclusive to KIT and PDGFRA mutations,
with occasional exceptions possibly explaining the resistance
to imatinib in a small fraction ofKIT-mutated GISTs, of which
the specific KITmutation as such is sensitive to this drug [30,
32]. A light blue rectangle represents V600E BRAF-mutated

Fig. 3 Expected GIST genotypes
for the various clinical settings.
When more options stem from a
single step, the thicknesses of the
arrows approximately reflect their
relative frequencies. The diverse
GIST genotypes are represented
using the same color as in the
GISTogram
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SLOW! 

How did this KIT thing work again? 
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Inhibition of KIT signal transduction"
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OK,  

one more thing… 



How does a cell function? 
(from  DNA to protein)"

Widmung

3.1 Genes and c-kit receptors

Human genetic material is made up of about 30,000 different genes. Each of these
genes is present in the DNA (substance that contains the genetic information) in
every cell of the body.

Genes make sure that the cells form specific types of proteins. Some of these 
proteins communicate with other cells or genes. Cells use receptors (like aerials), as
well as other elements, to help them receive messages sent out by the proteins.The
receptors are constructed according to plans provided by the relevant gene in its
own cell.The c-kit gene, for example, contains a kind of operating instructions
which tell the cell how c-kit receptors are to be produced.

3. Background / genetics
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2. mRNA"
1.DNA"

3. rER"
protein assembly"

4. Golgi"
protein conformation"

5. done!"
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Pathway to Cure GIST 
(and how to tackle the problem)"



Basic Biology of GIST"



GIST stem cells"

Hypothesis: 
KITlowPDGFRAlowCD34+ ICC stem cells 
cause GIST resistance to TKIs 
 
•  constitutively activating KIT 

mutations increase ICC stem cell 
numbers 

•  transformed ICC stem cells give rise 
to KITlow/– GIST-like tumors - similar 
to those found in some long-term 
imatinib-treated patients 

•  ICC stem cells are insensitive to 
imatinib 

Bardsley MR et al., Gastroenterology 2010 



ETV1"

•  “transcription factor”"

•  highly expressed in"
•  GIST"
•  ICC (“interstitial cells of 

Cajal”)"
•  needed for ICC/GIST 

development"
•  regulated by KIT"
•  potential therapeutic target"

Chi P et al., Nature 2010 
Heinrich MC and Corless CL., Nature 2010 [editorial] 



So... You say to yourself... What the heck is ETV1? 
 
 
ETV1 is chief engineering officer "Scotty" for the starship Enterprise.  
KIT receptor is Captain KIRK barking orders for warp 9 tumor growth.  
 
ETV1 (Scotty) implements the orders by making the necessary adjustments to the ship's engines or dilithium crystals. In 
other words ETV1 is the component in the cell's nucleus (the ship's engine room) that performs the actual task of revving 
up the engines...that is facilitating a change in the expression of certain genes that will promote growth and survival of 
the GIST cell.  
 
ETV1 is a "transcription factor." and does it's job in the cell nucleus. It and other proteins bind directly on the DNA of a 
gene to activate gene expression. KIT is a cell surface receptor that acts like a satellite dish and television set to receive 
growth signals from the outside and then to broadcast them into the room (the insides of the cell).  
 
Tie up or disable Scotty (or ETV1) and then Captain Kirk's (KIT) orders can't be carried out. So far, our treatments 
(Gleevec, Sutent, Tasigna, Regorafenib, sta9090) have focused on shutting up KIRK. But we could go down to engine 
room instead and take out ETV1 (Scotty). 

Symcox M, GIST Support International 2010 



DOG1 in GIST"

•  diagnostic marker 

•  co-regulated with but not 
dependent on KIT 

•  specific target, because 
highly expressed 

•  tumor growth partially 
dependent on DOG1 

•  biochemical inhibitors with 
improved selectivity needed 

Simon S et al., Cancer Res 2013 



 

GIST whole genome (sequencing) studies 
 

Goal:  to identify additional mutated genes in GIST that can be 
targeted therapeutically or serve as biomarkers 

YlipääJ et al., Cancer 2011 

•  MDACC"
•  whole genome copy number 

aberrations (CNA; array CGH)"
•  whole genome gene expression"
•  42 GIST vs. 30 LMS"

•  Med. Uni. Vienna"
•  whole genome CNA (SNP array) 
•  whole exome sequencing 

focusing on target regions"
•  29 GIST (CNA), 13 exome"

•  OHSU"
•  unbiased whole exome 

sequencing"
•  GIST primary tumors and cell 

lines"
•  18 GIST patients, 4 cell lines"

Corless CL, Heinrich MC, personal communication 

Figure 2. Subtypes of gastrointestinal stromal tumors (GISTs) are illustrated according to chromosomal aberrations. (A) Hierarch-
ical clustering of copy number data reveals 4 subtypes of GIST (genomic instability stage 1 [GIS1] through GIS4). Green indicates
losses, and red indicates gains. Locations of the key chromosomes are indicated on the top of the heat map. On the right, the 4
groups identified by hierarchical clustering are indicated by blue (GIS1; n! 12), light blue (GIS2; n!8), red (GIS3; n! 12), and dark
red (GIS4; n! 10). The same colors highlight the most distinct aberrations in each group that are visible in the heat map, in which
the main characteristics of Group 1 are the losses of distal 1p and 22q; Group 2 has losses of distal 1p, 22q, and an additional loss
of chromosome 14q; Group 3 has losses of 1p, 22q, and 14q and also features a loss of 15q; and Group 4, although more heteroge-
neous, is characterized by losses of 1p, 22q, 14q, and 15q and loss of chromosome 10. Black boxes on the right side of the heat
map illustrate some of the known survival-affecting characteristics of individual tumors. WT indicates wild type. (B) Kaplan-Meier
survival estimates are shown for each group. (C) Patients with late-stage GIST (GIS3 and GIS4; n!22) hypothetically have a sig-
nificantly worse prognosis (P! .006) than patients with early stage GIST (GIS1 and GIS2; n!20). (D) Although v-kit Hardy-Zuck-
erman 4 feline sarcoma viral oncogene homolog (KIT) exon 9 and 11 mutations and imatinib treatment significantly affect
survival, they are distributed among all 4 groups and, thus, do not affect the survival estimate for any 1 group significantly more
than another. (E) This box plot illustrates the prevalence of aberrations for each GIST subtype and chromosome. The height of
each box was computed as the square of the amount of aberrant probes divided by the total amount of probes in the chromo-
some. The plot emphasizes both the relative size of aberrations with respect to the length of the chromosome and the total
amount of aberrated loci. This procedure is needed to illustrate the importance of both completely aberrant, small chromosomes
and partially aberrant, large chromosomes in the same scale. The plot illustrates the sequential nature of chromosome-scale aber-
rations in the 4 GIST subtypes, which is revealed best in the highlighted chromosomes and also is visible, for example, in the
increased amplification of chromosomes 3, 4, 5, and 6. The overall lower prevalence of aberration in GIS4 is explained by the
greater genomic heterogeneity within that group.

Figure 3. Sequential chromosomal aberrations were corre-
lated with gene expression in survival-critical genes. (A,B)
The stepwise loss of chromosome 15q, where the A kinase
(protein kinase A) anchor protein 13 gene (AKAP13) and the
chromosome 15 open reading frame 5 gene (C15orf5) genes
are located, also is reflected in the lower median gene
expression in genomic instability stage 3 (GIS3) and GIS4.
(C) The oxidase (cytochrome c) assembly 1-like gene
(OXA1L) exhibits a clear gene-dosage effect according to
loss of chromosome 14q in GIS2 through GIS4. (D) Although
amplifications affected gene expression less than deletions,
expression of the switch/sucrose nonfermentable-related,
matrix-associated, actin-dependent regulator of chromatin
subfamily A member 3 (SMARCA3) gene has a pattern similar
to that of chromosome 3 in Figure 2E. All 4 genes are aber-
rated recurrently and affect survival significantly.

Figure 4. Key changes in genome level confer changes in
transcriptome level. The most prominent copy number
changes that characterize the 4 stages are shown on the top
of the figure. These and smaller scale aberrations convey vari-
ous tumor-promoting properties to the cell by disrupting key
biochemical pathways and biologic processes. The transition
from genomic instability stage 1 (GIS1) to GIS2 is character-
ized by altered antiapoptotic processes and DNA repair as
well as chromosomal organization and regulation of tran-
scription. Mitotic, cell cycle, and growth terms were abundant
in the transition from GIS2 to GIS3. The list of altered proc-
esses in the last transition was longer and more diverse than
the previous list, probably because Group 4 was the most
heterogeneous. Chromosomal changes, growth, and cell-cell
adhesion were among the most relevant cancer-related
processes.

Genomic Characterization of GIST & LMS/Ylipää et al

Cancer January 15, 2011 387



Biomarkers"



CINSARC GIST study"

•  Goal: prognostic markers for 
clinical outcome"

•  CINSARC(Complexity INdex in 
SARcomas) signatures and 
tumor Genomic Index (GI)"

•  more sensitive in prediction 
recurrence than current  
histopathologic risk scheme 

•  GI index is an independent 
prognostic factor 

•  identifies poor prognosis 
patients in intermediate-risk 
group 

Lagarde P et al., Clin Cancer Res 2012 



free circulating tumor DNA"

•  free DNA (à not inside a cell) 
circulating in the blood"

•  increased in cancer patients "
•  dying cells inside a tumor 

disintegrate and release DNA"
•  live tumor cells can get into 

bloodstream, but disintegrate 
there"

•  detected with highly sensitive 
techniques"
•  mutated KIT as low as 0.01% 

(1 in every 10,000!)" Figure 3. A–E, LINE1 and mutant fcDNA in correlation with clinical response in individual patients over time. LINE1 (long interspersed nuclear elements; left y-
axis) re!ects total fcDNA; mutant allele in percentagewt indicates the amount ofmutant fcDNA (right y-axis). Treatments and results of imaging (MRI, CT, and
FDG-PET/CT) are shown below the time line (x-axis). Patient numbers correspond to Fig. 2. A, patient 5 (age, 76 years; female),CKIT exon 9 insertion AY502-
503 mutation (BSC, best supportive care). B, patient 7 (age, 75 years; female), CKIT exon 11 deletion Y553-Q556 mutation.

Mutant Free Circulating Tumor DNA in GIST

www.aacrjournals.org Clin Cancer Res; 19(17) September 1, 2013 4863

Research. 
on September 12, 2013. © 2013 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst July 5, 2013; DOI: 10.1158/1078-0432.CCR-13-0765 

Maier J et al., Clin Cancer Res 2013 

complete “liquid biopsy” 
  à heterogeneity of tumors and metastases in GIST! 



New Therapeutic Targets"



ROR2 as therapeutic target in GIST"

•  receptor tyrosine kinase"
     (ligand = Wnt5)"
"
•  enhances invasion in vitro"
     (GIST and LMS)"
"
•  knockdown inhibits invasion 

and decreases tumor size in 
xenografts"

"
•  expression level correlates with 

outcome"
     (high ROR2 = poor outcome)"

•  therapeutic target in GIST"

!"!# $%&'$ (% (%')*+,*, (%-+,(&%

!"!# $%&'$(&)% (*'+*,-*- .*%&/+,01 -23*

Edris B et al., J Pathol 2012 



The Notch pathways as therapeutic target in GIST"

•  neural function and 
development"

à ICC?"

•  cell-to-cell signaling"
•  receptor on one cell"
•  ligand on second cell"

•  cell proliferation"
"

Dumont AG et al., Carcinogenesis 2012 

hypothesis that treatment with SAHA could upregulate Notch genes in 
GIST cells, we treated these cells with SAHA by increasing concen-
trations for 72 h. We found that Notch1 mRNA expression was signi!-
cantly upregulated in all three cell (Figure"3A). Notch1 mRNA level 
increase with treatment with 2"!mol/l SAHA (6- and 1.5-fold increase 
in GIST-T1 and GIST882 cells, respectively, P"<"0.05 in both cases). In 
GIST48IM, treatment with 5"!mol/l SAHA was required to upregulate 
Notch1 mRNA expression by a 2-fold (P"<"0.05). To determine whether 
this increased of the Notch1 transcript level translated to Notch1 protein 
expression on the surface of these cells, we performed #ow cytometry 
analysis using a monoclonal antibody speci!c for Notch1 protein. The 
#ow cytometry analysis indicated that, at the basal level, Notch1 recep-
tor is absent from the surface of the GIST cells, and upregulated after 
treatment with SAHA (Figure"3B). A"signi!cant upregulation of Hes1 
mRNA expression is also observed after SAHA treatment in GIST-T1 
and GIST882 (P" <" 0.05) although this upregulation remains small 
(Supplementary Figure S2, available at Carcinogenesis"Online).

SAHA decreases cell growth, increases apoptosis and suppresses 
KIT expression in GIST!cells
To determine the antiproliferative effects of SAHA, we performed colori-
metric MTS assays to evaluate the GIST cell proliferation after treatment 
with this HDAC inhibitor. Speci!cally, we treated the GIST cell lines 
with SAHA at clinically relevant concentrations for 72 h (100"nmol/l to 
5"!mol/l). As observed previously, we found a dose-dependent growth 

inhibition in imatinib-sensitive GIST-T1 and GIST882 cells and in 
imatinib-resistant GIST48IM cells (Figure"4A) (33).

To con!rm that the antiproliferative effect of SAHA on GIST cells 
is related to apoptosis, we performed cell cycle analysis of detached 
and attached cells treated with SAHA. We found a dose-dependent 
increase in the number of sub-G1 cells for all three cell lines 
(Figure" 4B). Notably, in GIST-T1 cells, treatment with 2" !mol/l 
SAHA resulted in a 25-fold increase in the sub-G1 population over 
that in cells treated with control DMSO. In GIST48IM cells, the effect 
of treatment with 2"!mol/l SAHA was minimal and treatment with 
5"!mol/l was required to achieve a 2.5-fold increase of the sub-G1 
population compared with control"cells.

In addition, to determine whether SAHA affects KIT expression, 
we !rst investigated the effects of treatment with SAHA on KIT 
mRNA level in GIST cells. To prevent the confounding late 
effects of apoptosis on KIT expression, we performed quantitative 
RT–PCR analysis to measure the KIT mRNA expression in the 
three GIST cell line at an early time point (24 h). In agreement 
with published !ndings, KIT mRNA level decreased in a 
dose-dependent manner with treatment with 2"!mol/l SAHA (85 
and 62% in GIST-T1 and GIST882 cells, respectively). In the 
imatinib-resistant GIST48IM, treatment with 5" !mol/l SAHA 
downregulated KIT mRNA expression by 73% (Figure" 4C). In 
contrast, treatment with imatinib did not decrease KIT mRNA level 
compared with DMSO"control.
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Fig. 1. ICN1 inhibits GIST cells proliferation. (A) Graph of the percentage of GFP+ GIST cells over time after stable retroviral transduction of vector alone 
(MigR1) or containing ICN1 (normalized to day 2 after transduction). GIST-T1, GIST882 and GIST48IM cells were transduced with the control vector or ICN1, 
statistical differences: **P"<"0.01. (B) Graphs of the percentage of GFP+ GIST-T1 cells over time (normalized to day 2)"after retroviral transduction with MigR1 
alone, Hes1 or Hes5, statistical differences: *P"<"0.05. 
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The DREAM complex as therapeutic 
target in GIST"

•  imatinib leads to a reversible 
cell cycle exit in GIST cells 
(tumor cell “sleep”)"

•  cells are not dividing or growing 
– BUT are metabolically active 
and not dead"

•  potential reservoir for resistant 
clones"

"
•  Key molecular regulator:"
     DREAM complex"
"
•  can be targeted therapeutically 

to enhance apoptotic effect of 
imatinib"

Boichuk S et al., Cancer Res 2013 



Targeting the ubiquitin-proteasome 
machinery in GIST"

•  the FDA-approved proteasome 
inhibitor bortezomib (Velcade®) 
induces apoptosis in GIST cells 
(Bauer S et al. Cancer Res. 2010)"

•  new therapeutic option for GIST 
patients, BUT suboptimal 
pharmacokinetics"

•  second-generation proteasome 
inhibitors "

•  drug X:"
     à FDA-approved for!
         multiple myeloma (MM)!
•  drug Y:"
     à Phase II for MM!

drug X 

drug Y 

Duensing Lab, work in progress 



High-throughput gene knockdown studies"
siRNA/shRNA library screens"

GIST cells 

apoptosis 
cell viability 

Goal: identify important survival genes in GIST 
besides KIT/PDGFRA 

siRNA libraries 

focus on whole 
genome 

approaches 

focus on 
“druggable” gene 

subgroups 



High-throughput gene knockdown studies"
siRNA/shRNA library screens"

genome-wide screen 
 

•  CDC37 
•  crucial cofactor for KIT 

expression 
•  interacts with oncogenic 

KIT 
•  regulates expression and 

activation of KIT and 
downstream signaling 
intermediates 

•  knockdown leads to KIT 
inhibition 

•  promising target for 
inactivating KIT 

Marino-Enriquez A et al., Oncogene 2013 

dependencies on proteins that are requisite for KIT/PDGFRA
transforming activity. One such biologic dependency is HSP90
chaperoning, required for folding, localization and stabilization of
the mutant KIT/PDGFRA oncoproteins in GIST.12 Preclinical
validations have shown compelling responses to HSP90
inhibition in GIST, in vitro and in vivo: after HSP90 inhibition by
a variety of compounds, KIT oncoproteins are rapidly degraded,
with antiproliferative and pro-apopotic consequences.12,13

However, clinical translation of HSP90 targeting has been
challenging, presumably because inhibition of HSP90 also
targets HSP90-dependent, non-oncogenic, client proteins
limiting the tolerance to chronic and potent HSP90 inhibition.
These considerations, together with issues relating to trial design
and patient selection criteria, might explain why initial clinical
trials of ansamycin-analog HSP90 inhibition in GIST—although
showing evidence of biological activity—have had low response
rates accompanied by toxicity.14 To identify candidate targets that
might have greater specificity for KIT-mutant GIST, we undertook a
genome-scale functional screen in which stable gene knockdowns
were achieved by RNA interference.

RESULTS AND DISCUSSION
shRNA pooled library screen performance in GIST-T1 and GIST882
cells
Reproducibility of short hairpin RNA (shRNA) enrichment and
depletion profiles was evaluated across the experimental repli-
cates, as a quality control. The GIST882 and GIST-T1 screen
replicates clustered closely within each cell line by both
unsupervised and consensus clustering of shRNA depletion and
enrichment profiles, attesting to the robustness of the screens. In

addition, the GIST882 and GIST-T1 replicates clustered next to
each other when compared with a reference data set of 12
publicly available cancer cell line data sets,15 as well as after
linkage analysis in the context of additional unpublished sarcoma
cell lines (Supplementary Figure 1). A comprehensive list of the
11 194 ranked genes, along with annotation for the shRNA clones,
is provided in Supplementary Table 1.

CDC37 is essential for GIST cell survival
In the pooled proliferation screens, cells carrying shRNAs that
targeted proliferation-essential genes were depleted from the cell
population over time. Scored according to the second best-
scoring shRNA within each hairpin set, 25 out of 56 genes ranked
in the top 0.5% of the distribution for both GIST882 and GIST-T1
(Table 1, left column). Of these 25 genes, 19 were also within the
top 0.5% in at least 8 of 12 comparison non-GIST cancer lines,15

and were thus identified as ‘commonly essential’ genes not
specific to GIST (Figure 1a). These genes belonged to functional
categories known to be essential in cancer cell lines: regulation of
mRNA splicing and processing, protein translation, and ribosome
and proteasome structure and function. The other six genes were
selectively essential for the two GIST cell lines vs the other
lines (bold italic font, Table 1 left column): five of these encode
mRNA processing proteins, whereas the remaining gene, CDC37,
encodes an HSP90 cofactor. CDC37 is known to coordinate
HSP90 chaperoning activity for a subset of HSP90 client
proteins, including several kinases,17,18 by mechanisms involving

Table 1. Top 0.5% essential genes according to the second best-
scoring hairpin in GIST882 and GIST-T1 (n! 56 for each)

GIST882 and GIST-T1 GIST882 only GIST-T1 only

CDC37 UBC PSMC4
POLE DYNC1H1 EFTUD2
RPS18 VCP PSMA2
PSMA3 HNRPK PRPF3
SFRS3 PABPN1 NCBP2
EIF3S10 SNRPD1 ABCB7
RPS13 PSMC1 EIF3S3
RPS29 FRAP1 ATPBD1C
RPL23A AFG3L2 RPAP1
PSMB2 LOC375133 RBM8A
RPL5 PSMA6 DDX48
RPS9 EIF3S5 RNPS1
RPS17 TSG101 COPS2
RPL31 PTPRCAP RPS10
ARCN1 TUBB MLXIP
PHB2 RPS19 ATP1A1
RPS7 KARS POLR2F
RPS27A SNRPD2 RUVBL2
RPS8 PSMA1 NUP205
RPS15A RPS14 MKI67IP
PSMD1 HNRPU RAN
U2AF2 RPS6 RPS3A
CHD4 RPS3 RPS4X
AQR ASCC3L1 RPS11
NHP2L1 RPL34 RPL7

NDUFA4L2 RPL6
RPSA EIF5B
USP39 EIF2S2
PHB SNRPE
EIF1AX HSPE1
TPR U2AF1

Abbreviation: GIST, gastrointestinal stromal tumor. Genes in bold font
(upper fields) scored top 0.5% in the gene distribution in GIST lines but not
in 12 non-GIST reference cancer cell lines of various lineages (described by
Luo et al.15). Genes in regular font (lower fields) scored top 0.5% in both
GIST and the 12 non-GIST reference set.

Figure 1. Primary shRNA pooled screen. Development and applica-
tions of the 54K lentiviral shRNA pooled library from the RNAi
Consortium (TRC) have been described previously.16 In brief, GIST
cells were infected with a pool of 54 020 viruses targeting 11 194
genes and subjected to puromycin selection. Replicates of 20 million
infected GIST-T1 and GIST882 cells were established after the
infections and allowed to proliferate independently for 6–7 weeks.
Genomic DNA was isolated from final harvests of cultured cells for
shRNA amplification and massively parallel sequencing as described
previously.16 The 54 020 shRNAs were ranked by their relative
depletion from the cell pool, and the corresponding 11 194 genes
were then scored according to the rank of the second-most depleted
shRNA (out of B5 shRNAs targeting each gene), using the GENE-E
program (http://www.broadinstitute.org/cancer/software/GENE-E/
download.html). (a) Most of the top 0.5% essential genes for
GIST882 and GIST-T1 were commonly essential genes, based on their
ranks in at least 8 of 12 non-GIST cancer cell lines of various lineages.
However, six genes, including CDC37, were selectively essential in
GIST882 and GIST-T1 compared with the non-GIST lines. (b) Gene
ranks (red) and shRNA ranks (black) corresponding to CDC37, KIT and
ETV1 in GIST882 cells. Essential genes (oncogenes) rank on the top of
the distribution.
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(Figure 2). CDC37 shRNA-mediated knockdowns resulted in490%
reduction of KIT expression and activation in the KIT-dependent
GIST882, GIST430 and GIST-T1 lines (Figure 3a). KIT inhibition was
associated with inactivation of downstream growth and survival
signaling intermediates, including AKT. By contrast, AKT was not
inhibited by CDC37 knockdown in the KIT-negative cell line
GIST48B, suggesting that the observed inhibition of downstream
signaling pathways in GIST882, GIST430 and GIST-T1 was KIT
dependent (Figure 3a). CDC37 knockdown, unlike direct HSP90
inhibition,21 resulted in persistent inhibition of KIT expression for
420 days, indicating that GIST cells have few compensatory
pathways for CDC37 function. The above-mentioned biochemical
responses to CDC37 knockdown were accompanied by decreased
GIST proliferation and survival as assessed by bright field
microscopy and CellTiter-Glo assays (Figures 3b and c). Notably,

these responses were also seen in GIST lines resistant to imatinib
(GIST430) or to the ansamycin HSP90 inhibitor 17-AAG (GIST-T1/
AAG and GIST882/AAG). CDC37 knockdown induced an increased
sub-G0 cell cycle peak, consistent with a pro-apoptotic effect
(Figure 3d).
shRNA-mediated CDC37 knockdown in GIST-T1 cells resulted in

decreased tumor growth in vivo, with decreased tumor volume,
overall decreased cellularity and decreased mitotic activity in
mouse xenografts (Figure 4).

Celastrol does not enable selective CDC37:HSP90 pharmacologic
inhibition
Preclinical pharmacologic validations were attempted using the
HSP90:CDC37 interface inhibitor celastrol.22 However, celastrol

Figure 4. shRNA-mediated CDC37 knockdown inhibits growth of GIST xenografts in mice. Athymic nude mice were injected subcutaneously
with GIST-T1 cells expressing CDC37-targeting shRNA in one flank (shRNA1: TRCN0000116632; shRNA 2: TRCN0000116633; n! 3 each) and
empty pLKO.1 lentiviral vector in the other flank (n! 3). In all, 2" 106 infected cells on puromycin selection were resuspended in BD Matrigel
and implanted subcutaneously at each injection site. Tumor volume was evaluated weekly. Mice were killed by CO2 inhalation and necropsied
6 weeks after injection. (a, b) Tumors were resected and photographed, demonstrating significantly decreased tumor growth on CDC37
knockdown. (c) Western blot confirming inhibition of CDC37 expression in GIST-T1 cells infected with CDC37 shRNA1 and shRNA2, compared
with pLKO.1 lentiviral vector. (d) Histologic evaluation of formalin-fixed and paraffin-embedded samples after hematoxylin and eosin staining
demonstrates sparsely cellular areas with no mitotic activity in CDC37-knockdown GIST xenografts, in comparison with highly cellular and
mitotically active xenografts of pLKO.1 lentiviral-infected cells.
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New Therapies"



Regorafenib (Stivarga®)"

•  oral multikinase inhibitor"
•  KIT, PDGFR, FGFR, 

VEGFR2/3, TIE-2, B-RAF"
•  significant activity in patients 

with advanced GIST"
•  FDA-approval"

•  potent inhibitor of KIT exon 11 
mutations"

•  significant activity against KIT 
exon 17 (activation loop) 
secondary mutations"

•  less active against KIT exon 13 
(V654A, ATP-binding pocket) 
mutations than SU" Serrano-Garcia C et al., ASCO 2013 

Demetri GD, Lancet 2013 



PI3K inhibitor GDC-0941"

•  significant reduction in  tumor 
volume alone and in 
combination with imatinib"

•  higher histological reponse in 
combination treatment arm, 
especially apoptotic activity "

•  no tumor re-growth after 
treatment discontinuation in 
the combination treatment arm"

•  combination treatment 
(imatinib + GCD-0941) yields 
long-lasting effect (in mice!)"

Grade 3 histologic 
response in  
a combination 
treatment 

KIT/CD117 
Floris G et al., Clin Cancer Res 2012 



KIT-specific compounds against 
gatekeeper mutation (T670I)"
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In silico-mutated KIT T670I 

Richters A et al., J Med Chem 2013 



Combined Therapies for GIST"
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Combined Therapies for GIST"

The combination of imatinib, a PI3K inhibitor and a MAPK inhibitor can 
control all known GIST cell lines - while IM is unable to control GISTs 
with either resistant KIT mutations (5R) or those that have switched 

over to another oncogenic pathway (10R)"

Rubin BL, personal communicaiton 



anti-KIT antibody as therapy in GIST"

•  TKI-resistant GIST still 
dependent on KIT expression 
and activation"

"
•  progressing disease can have 

several secondary resistance 
mutations à difficult to target 
with TKI"

"
•  anti-KIT mAb SR1"

•  inhibits GIST cell viability"
•  xenograft growth"

"
•  alternative to TKI therapy in 

GIST, especially in IM-resistant 
disease"

Anti-CD117 mAb (SR1) in vitro
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Drug compound screens"

GIST cells 

apoptosis 
cell viability 

Goal: identify active compounds for the  
treatment of GIST 

drug compound libraries 

focus on kinase 
inhibitors 

focus on FDA-
approved drugs 

treatment in 96-well plates 



Screen has identified two major FDA-
approved drug classes effective in GIST"

•  ~100 FDA-approved drugs tested   à drug repurposing 
•  transcriptional and topoisomerase II inhibitors are active in GIST cell 

lines and xenograft models 
•  clinical trials are being discussed 

Boichuk S et al. (in revision) 



Summary: 
 

What is going on in the GIST research world?"

  basic biology"
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  predictive biomarkers"
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  new therapeutic targets"
"

  new therapies"
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A lot is going on 
in the GIST research world!!! 

Summary: 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