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A molecular portrait of gastrointestinal stromal tumors:
an integrative analysis of gene expression profiling and
high-resolution genomic copy number

Annalisa Astolfi', Margherita Nannini?, Maria Abbondanza Pantaleo'?, Monica Di Battista?, Michael C Heinrich?,
Donatella Santini®, Fausto Catena®, Christopher L Corless®, Alessandra Maleddu?, Maristella Saponara?,
Cristian Lolli?, Valerio Di Scioscio’, Serena Formica' and Guido Biasco'*

In addition to KIT and PDGFRA mutations, sequential accumulation of other genetic events is involved in the
development and progression of gastrointestinal stromal tumors (GISTs). Until recently, the significance of these other
alterations has not been thoroughly investigated. We report the first study that integrates gene expression profiling and
high-resolution genomic copy number analyses in GIST. Fresh tissue specimens from 25 patients with GIST were
collected, and gene expression profiling and high-resolution genomic copy number analyses were performed, using
Affymetrix U133Plus and SNP array 6.0. We found that all 21 mutant GIST patients showed both macroscopic cytogenetic
alterations and cryptic microdeletions or amplifications, whereas 75% (three of four) of wild-type patients with GIST did
not show genomic imbalances. The most frequently observed chromosomal alterations in patients with mutant GIST
included 14q complete or partial deletion (17 of 25), 1p deletion (14 of 25) and 22q deletion (10 of 25). Genetic targets of
the chromosomal aberrations were selected by integrated analysis of copy number and gene expression data. We
detected the involvement of known oncogenes and tumor suppressors including KRAS in chr 12p amplification and
KIF1B, PPM1A, NF2 in chr 1p, 14q and 22p deletions, respectively. The genomic segment most frequently altered in
mutated samples was the 14g23.1 region, which contains potentially novel tumor suppressors, including DAAM1, RTN1
and DACT1. siRNA-mediated RTN1 downregulation showed evidence for the potential role in GIST pathogenesis. The
combination of gene expression profiling and high-resolution genomic copy number analysis offers a detailed molecular
portrait of GISTs, providing an essential comprehensive knowledge necessary to guide the discovery of novel target
genes involved in tumor development and progression.
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Gastrointestinal stromal tumors (GISTs) are the most com-
mon mesenchymal tumors of the gastrointestinal tract. These
are characterized by mutually exclusive KIT or PDGFR-«
(PDGFRA) gain-of-function mutations, leading to con-
stitutive ligand-independent activation of each receptor’s
signaling pathways."” The most frequently identified
mutations include KIT exon 11 point mutations (65-70%),
KIT exon 9 point mutations (10-20%), KIT exon 13 point

mutations (1-2%), KIT exon 17 point mutations (<1%),
PDGFRA exon 18 point mutations (6—-7%), PDGFRA exon
12 point mutations (<1%) and PDGFRA exon 14 point
mutations (0.5%). However, approximately 10-15% of GISTs
are defined as wild type (WT) as they lack both KIT and
PDGFRA mutations.” The primary mutational status of KIT
and PDGFRA in a patient has a predictive value of respon-
siveness to tyrosine kinase inhibitors (TKIs). Furthermore,
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acquisition of new point mutations during disease progres-
sion represents the most common mechanism of resistance
to TKIs.*®

In addition to KIT and PDGFRA mutations, sequential
accumulation of other genetic events may be involved in the
development and progression of GIST.” Loss of chromosomes
14 and 22 is the most frequently described genetic aberration
in GISTs, regardless of tumor genotype. These chromosomal
losses may represent an underlying pathogenetic event re-
sulting in the inactivation or haploinsufficiency of tumor
suppressor genes.” 2 However, the biologic significance of
these genetic alterations, as well as their clinical implications,
remains unknown. To address this issue, we performed
an integrative analysis of gene expression profiling and
high-resolution genomic copy number in 25 GIST samples
to investigate the relationship between karyotype and gene
expression profile, and to identify new haploinsufficient
tumor suppressor genes involved in GIST pathogenesis and
tumor progression.

MATERIALS AND METHODS
Fresh tissue specimens of GISTs from 25 adult patients were
collected, snap-frozen in liquid nitrogen and stored at
—80°C. Patient characteristics are listed in Table 1.
Mutational analysis of KIT (exons 9, 11, 13 and 17)
and PDGFRA (exons 12, 14 and 18) revealed the following:
14 patients had KIT gain-of-function mutations (13 in exon
11 and 1 in exon 9), 7 patients had PDGFRA activating
mutation (3 in exon 12, 1 in exon 14 and 4 in exon 18) and
4 patients had WT disease.

SNP Array

Genomic DNA was extracted using the QIAamp DNA kit
(Qiagen), labeled and hybridized to an oligonucleotide SNP
array (Genome Wide SNP 6.0; Affymetrix), which in-
vestigates 1.8 million markers (SNP and CNV probes) on all
chromosomes. Quality control was performed by Contrast
QC and MAPD calculation. Copy number analysis was per-
formed by Partek Genomics Suite, which compares Signal
log, ratios to a reference of 270 normal Hapmap samples.
Genomic segmentation was used to detect amplified and
deleted segments with stringent parameters (P<0.0001, >20
markers, signal/noise >0.6, minimal region size =100 mar-
kers) To control for hyperfragmentation adjacent segments
separated by <50 probes were combined into one single
segment, and only segments > 100 probes were considered.
Multiple hypothesis correction by Benjamini and Hochberg
and by cghFLasso algorithm®' was applied and FDR thresh-
old was set at 0.05. Correspondence with gene expression was
calculated by Spearman’s (rank) correlation coefficient. SNP,
gene and cytogenetic band locations are based on the hgl8
Genome build. y>-Statistics was used to determine the
correlation between copy number alterations (CNAs) and
mutated phenotype.

Gene Expression
Cellular RNA was extracted using RNeasy Spin columns
(Qiagen), quality-controlled and labeled as directed by the
Affymetrix expression technical manual before hybridization
to U133Plus 2.0 arrays. Gene expression data were quantified
by the RMA algorithm, filtered and analyzed with supervised
techniques by Limma modified #-test** and corrected for
multiple testing by Benjamini and Hochberg method for the
detection of differentially expressed genes. Gene expression
and differential P-value on chromosome 14 were plotted
against chromosomal position. Genes mapping in minimal
overlapping regions in more than four samples were cross-
referenced on the CancerGene resource (http://cbio.mskec.
org/CancerGenes). Oncogenes and tumor suppressor genes
were selected only if showing a high correlation between copy
number state and gene expression (P-value of correlation
<0.05).

Gene expression and SNP array raw data were submitted to
the GEO database with the identifier GSE20710.

Quantitative PCR (qPCR)

Total RNA was reverse transcribed using Superscript II
(Invitrogen Life Technologies) with oligo-dT primers, accord-
ing to the manufacturer’s guidelines. Gene-specific primers
were designed with Primer Express 3.0 Software (Applied
Biosystems) and qPCR was performed using FastStart Sybr
Green (Roche) on the LightCycler 480 apparatus (Roche).
DDCt method was used to quantify gene product levels re-
lative to the GAPDH housekeeping gene. Significance was
estimated by the Mann—Whitney U-test.

Cell Lines and siRNA Gene Knockdown

GIST882 cells (kind gift from Professor Jonathan A Fletcher,
Harvard Medical School, Boston, MA, USA) were cultured in
RPMI + 15% FBS. This cell line harbors an exon 13 missense
mutation, resulting in a single amino-acid substitution,
K642E. Cells (2 x 10°) were transfected with 100 pmol
Hs_RTN1_5 and Hs_RTN1_6 HP siRNA (Qiagen) or non-
targeting pooled siRNA (Dharmacon, Thermo Scientific) by
Amaxa Electroporator Nucleofector (Lonza, Basel, Switzer-
land) using the Mirus Ingenio Electroporation solution
(Mirus Bio LLC, Madison, WI, USA). After 4 h of incubation
cells were seeded in 96-well plates in triplicate. Cell growth
was measured after 72h of incubation with WST1 cell
proliferation reagent assay (Roche).

RESULTS

Recurrent Genomic Copy Number Alterations in GIST
We analyzed genomic CNAs in 25 GIST samples by high-
resolution SNP 6.0 mapping arrays. A genome-wide view of
the frequency of copy number changes is shown in Figure la.
The most relevant alterations are reported in Supplementary
Table S1. GIST samples are very heterogeneous about the
number and size of karyotypic alterations. The majority of
patients showed few genomic imbalances, mainly as whole
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Table 1 Patients’ characteristics
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ID Gender Age Site Disease status
at diagnosis
GIST_02 F 85 Stomach Localized
GIST_04 M 79 Stomach Localized
GIST_05 M 68 Stomach Localized
GIST_07 F 28 Stomach Metastatic
GIST_08 M 62 Stomach Localized
GIST_09 M 54 Stomach Localized
GIST_10 M 30 Stomach Metastatic
GIST_11 M 65 Stomach Localized
GIST_12 F 66 Stomach Localized
GIST_13 M 46 Small intestine Localized
GIST_14 M 56 Stomach Metastatic
GIST_15 F 64 Stomach Localized
GIST_16 F 62 Stomach Localized
GIST_17 M 37 NA Metastatic
GIST_18 M NA NA NA
GIST_19 M 85 Stomach Metastatic
GIST_20 M 38 Small intestine Metastatic
GIST_21 F 25 Stomach NA
GIST_22 F 76 Stomach NA
GIST_23 F 47 Stomach NA
GIST_24 F 18 Stomach Metastatic
GIST_25 M 84 NA NA
GIST_26 M 49 Stomach Localized
GIST_27 M 52 NA NA
GIST_28 F 87 NA NA

Mutational status

KIT exon 11 V560D

KIT exon 9 AY502-503 insertion

PDGFr-o. exon 12 SPDGHE566-571RIQ

KIT and PDGFr-o0 WT

KIT exon 11 V559D

KIT exon 11 insertion TQLPYDHKWEFP574-585 at P585
KIT and PDGFr-o WT

KIT exon 11 deletion WK557-558

PDGFr-o. exon 14 K646E

KIT exon 11 V559D

KIT exon 11 homozygous deletion WK557-558
PDGFr-o. exon 18 del DIMH842-845

KIT exon 11 L576P

PDGFr-o. exon 12 del SPDGHE566-571R

KIT Exon 11 V559G

PDGFr-o. exon 18 Y849C

KIT exon 11 deletion MYEVQW552-557Z+KIT exon 18 point mutant
A829P+SNP L862L

KIT and PDGFr-oo WT

PDGFr-a exon 18 pm D842V

KIT exon 11 V559D

KIT and PDGFr-a WT

KIT del WKV557-559F

PDGFr-o exon 12 V561D

KIT exon 11 del KV558-559N

KIT exon 11 W557G

chromosome gains and losses. Twenty-one patients showed
both macroscopic and cryptic cytogenetic alterations,
whereas four patients (three of four WT) showed no genomic
imbalances. The mean number of CNAs per patient was
10.76 + 2.73, whereas the mean number of chromosomes
harboring at least one alteration was 6.44 £ 1.3. Deletions
outnumbered amplifications nearly threefold. The cyto-
genetic profiles were highly heterogeneous (Figure 1b). In
particular, although the majority of patients showed a mean
of four CNAs, six patients showed a very complex karyotype,
averaging 17 chromosomes altered and an abnormally high
number of CNAs (32.1 mean CNAs; >75% percentile of the
distribution; Supplementary Figure S1). All the chromo-
somes showed at least one CNA, with the most frequently
altered chromosomes including chromosome 14 (17 of 25
patients), chromosome 1 (14 of 25 patients) and chromo-
some 22 (10 of 25 patients) (Figure la). Although WT
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patients did not show any alteration of chromosome 14, it
was consistently altered in nearly all patients bearing a KIT or
PDGFRA mutation (17 of 21 patients), either as an entire
arm loss (monosomy) or as an interstitial deletion. Deletions
on chromosome 14 showed various overlapping regions
spanning inside cytobands 14q21.3, q23.1, q23.3-q31.3,
q32.12 and q32.2-q32.33 (Supplementary Figure S2).

Identification of Potential Oncogenes and Tumor
Suppressors in GIST

To pinpoint the genetic alterations beyond KIT and PDGFRA
that promote GIST pathogenesis, we integrated whole-gen-
ome gene expression with copy number data on 22 of 25
patients. This approach identifies gene expression promoted
directly by copy number state, thus narrowing the list of
potential oncogenic events by excluding those genes whose
expression is not influenced by the cytogenetic alteration.
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Figure 1 (a) Genomic copy number alterations in GIST samples. The frequency of each CNA is shown as a histogram (blue, deletion; red, amplification)
inside each chromosome. The height of the histogram is proportional to the number of samples showing the CNA in each chromosomal region.
(b) Heatmap representation of copy number state: genomic deletions (blue) and amplifications (red) in 25 GIST samples.

A high level of correlation between CNAs and the corre-  multiple samples, we first selected genomic regions amplified
spondent gene expression profile was observed, with the or deleted in more than four samples. These regions were
mean correlation coefficient of 0.115, significantly higher  cross-referenced with genes that map to the area and to the
than the value expected by chance (P<0.0001; Supplementary ~ CancerGene database. Only those genes that showed a high
Figure S3). To search for common oncogenic events in  correlation between gene expression and copy number state
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were selected (P-value of correlation <0.05). As expected,
amplified oncogenes were less frequently observed as com-
pared with deleted tumor suppressor genes (Tables 2 and 3).
KRAS was identified as the promoter oncogene related to
12p12.1 amplification (4 of 22 patients), whereas many genes
(GLI3, RALA and IGFBP3) are functionally related to 7p
amplification. No significant correlation was observed between
c-MYC expression and 8q amplification, even if the number
of samples analyzed suggests to interpret negative findings
with caution. Gene expression and copy number data in-
tegration allowed the identification of many haploinsufficient
tumor suppressor genes linked to a 1p deletion found in
almost half of the samples. In particular, inside region 1p36,
many tumor suppressor genes (KIF1B, UBE4B, DNAJCII,
PRDM2 and TP73) were significantly underexpressed.
Chromosome 9p deletion showed a peak region on 9p21.3,
where CDKN2A and 2B map, but the strongest correlation
with gene expression was found with the nearby MTAP gene.
CDKN2A and 2B showed significant expression silencing
when associated with a focal event of homozygous deletion
(three patients; data not shown), suggesting an involvement
in GIST tumorigenesis that would deserve a deeper analysis
in a wider sample data set. Chromosome 14 showed a
common deletion region on the 14q23.1 cytoband, linked to
a marked downregulation of PPMIA tumor suppressor gene,
whereas loss of chromosome 22q was associated with NF2
underexpression.

Identification of Shared Alterations in Mutated GIST

To identify new oncogenic alterations promoting pathogen-
esis in KIT- or PDGFRA-mutated GIST samples, we first
identified the regions of chromosomal aberration more fre-
quently associated with the mutated phenotype. Significant
regions (P<0.05) were found only on chromosomes 1 and
14. The most significant association was in the q23.1-qter
region of chromosome 14, with peak significance located in a
region on 14q23.1 cytoband (Figure 2). To identify candidate
genes in these regions, we merged copy number data with
gene expression data, selecting only genes differentially ex-
pressed in WT vs mutated samples (P <0.05). The majority
of these genes (71 of 74, 96%) were downregulated in mu-
tated samples (Figure 3). Not surprisingly, many of these
genes have a role in cancer progression, such as DAAMI,
RTNI1, PPMIA, DACT1, MPP5, SNW1, FOXN3 and PTPN21
(Table 4). RTN1, DAAM]1 and DACTI, located in the q23.1
cytoband, showed the strongest downregulation in mutant
samples. Differential expression of select candidate genes was
validated by qPCR. Notably, the genes located in the q23.1
region, particularly RTNI, DAAMI and DACTI, were con-
firmed as showing the highest separation with more than
fourfold expression difference (Figure 4). These genes are of
high interest as they have a key role in the control of apop-
tosis and the WNT7/f-catenin pathway. In particular RTN1
seems an interesting candidate target gene in GIST because of
its well-documented role in the induction of apoptosis.*>**
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Table 2 Target genes in amplified regions

Gene
expression

Amplified
(gene expression)

Normal
(gene expression)

Target gene

Correlation

Amplification

difference

P-value

s.e.m Mean s.e.m.

Mean

Gene name

Average Coefficient P-value Symbol

No of

Start End Length

Cytoband

Genomic and gene expression analysis in GISTs

samples CN

(bp)

0.018

0.1

13.23

0.059

1291

Guanine nucleotide-binding protein-f8

0.0098  GNB2L1

3.00 0.538

5

180375026 180722927 347902

50353

polypeptide 2-like 1

0.099 7.93 0.24 0.006

7.21

v-ral simian leukemia viral oncogene

RALA

35380424 4 2.68 0.405 0.0616

8836021 44216444

7p15-p13

homologue A (ras related)

0.031

0.80
0.

11.99
8.78
10.84

0.34
0.16
0.12

1013

Insulin-like growth factor binding protein 3

IGFBP3
GLI3

0.521 0.0129
0.0570
0.0042

2.68
2.68

8853957 4
3.22

35380424

53158630
44216444
25698435

44304674

7p13-p12

0.042
0.022

7.94 36

10.18

GLI-Kruppel family member GLI3

0412

4

8836021
24991089

7p13

0.14

v-Ki-ras2 Kirsten rat sarcoma viral oncogene

KRAS

0.586

4

707 347

12p12.1

homologue

0.007
0.048

0.077

12.08
1145

0.072

11.60

RAP1B, member of RAS oncogene family
1.1

4 2.85 0.528 0.0116  RAPIB
2. 0.658

28814732
32369745

85836547
130692 602

57021816

12q14

A Astolfi et al

0.099

0.072

RAN, member RAS oncogene family

0.00088 RAN

83

4

98322858

124243
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Figure 2 Integration of CNA and differential gene expression on chromosome 14. (a) y*-Analysis of the association of a specific copy number alteration to
the WT or mutated samples class. Higher histogram height and red vs blue represent greater association; (b) gene expression log, ratio in WT samples
regarding mutant samples. The red area under the curve represents the highest gene expression fold change.
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Figure 3 Scatter plot representation of average gene expression in WT
(black) and mutant (gray) samples in the minimal overlapping region on
chr14 deleted in 16 of 22 samples. The maximal gene expression difference
and statistical significance is found in the region on 14g23.1 cytoband that
harbors RTN1, DAAM1 and DACT1 genes.

Indeed complete inhibition of its expression in GIST882 cell
line by siRNA determined a significant increase in cell growth
regarding nontargeting siRNA-transfected cells (Figure 5).

DISCUSSION

Until recently, only abnormalities of KIT and PDGFRA were
identified as molecular events underlying GIST development,
and as the only target of medical therapies. However,
sequential accumulation of other genetic events besides KIT
and PDGFRA mutations may be involved in GIST develop-
ment and progression. The significance of these changes has
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not been thoroughly investigated.” A comprehensive and
integrative analysis of gene expression profiling and high-
resolution genomic copy number could improve our
understanding of GIST tumor development and progression.
Here, we report the first study integrating gene expression
profiling and high-resolution genomic copy number analyses
in GISTs.

Of 25, 21 patients showed both macroscopic cytogenetic
alterations and cryptic microdeletions or amplifications by
SNP array copy number data analysis, whereas the remaining
4 patients showed no genomic imbalances. Cytogenetic
profiling of each sample was extremely heterogeneous in that
a high variability of alterations both per chromosome and per
patient was observed. The most frequently observed chro-
mosomal alterations were 14q complete or partial deletion
(17 of 25), 1p deletion (14 of 25) and 22q deletion (10 of 25).

Chromosome 14 was consistently altered in almost all
patients bearing KIT or PDGFRA mutations (17 of 21), either
as a whole chromosome arm loss (monosomy) or as an in-
terstitial deletion. WT patients did not show any alteration in
chromosome 14. Previous studies determined losses of 14q
and 22q are the most common cytogenetic abnormalities in
GISTs, followed by loss of 1p, 9p, 15q, 13q. This suggests that
these genetics aberrations may be important in both early
tumor development and progression.®*° Gunawan et al®
have recently proposed an oncogenetic tree model identifying
three major cytogenetic pathways in 203 primary GISTs: one
initiated by —14q, one by —1p and another by —22q, with
different biologic and clinical behavior. GISTs involving the
—14q pathway were predominantly gastric tumors with
stable karyotype and more favorable clinical course. GISTs
involving the —1p pathway were mostly intestinal GISTs,
with a greater cytogenetic complexity and more aggressive
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Figure 4 Boxplot representation of gene expression levels measured by qPCR of candidate target genes in WT and mutated samples.
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