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Gastrointestinal stromal tumors represent the most common mesenchymal tumor of the digestive tract, driven by gain-of-
function mutations in KIT. Despite its proven benefits, half of the patients treated with imatinib show disease progression
within 2 years due to secondary resistance mutations in KIT. It remains unclear how the genomic and transcriptomic fea-
tures change during the acquisition of imatinib resistance. Here, we performed exome sequencing and microarray tran-
scription analysis for four imatinib-resistant cell lines and one cell line briefly exposed to imatinib. We also performed
exome sequencing of clinical tumor samples. The cell line briefly exposed to imatinib exhibited few single-nucleotide var-
iants and copy-number alterations, but showed marked upregulation of genes related to detoxification and downregulation
of genes involved in cell cycle progression. Meanwhile, resistant cell lines harbored numerous genomic changes: amplified
genes related to detoxification and deleted genes with cyclin-dependent kinase activity. Some variants in the resistant sam-
ples were traced back to the drug-sensitive samples, indicating the presence of ancestral subpopulations. The subpopula-
tions carried variants associated with cell death. Pre-existing cancer cells with genetic alterations promoting apoptosis
resistance may serve as a basis whereby cancer cells with critical mutations, such as secondary KIT mutations, can establish

full imatinib resistance.

INTRODUCTION

Gastrointestinal stromal tumors (GISTs) are the
most common mesenchymal tumors of the diges-
tive tract and are characterized by the expression
of KI'T' (also known as CD117) and DOGI1. Most
GISTs harbor gain-of-function mutations in the
KIT or PDFGRA genes, which contribute to the
development of sporadic GISTs (Hirota et al.,
1998; Nishida et al., 1998; Hirota et al., 2003). This
knowledge has facilitated the development of tar-
geted therapies with tyrosine kinase inhibitors and
the revolutionary chemotherapeutic drug imatinib
mesylate (Gleevec®; Novartis Pharmaceuticals).
Several clinical studies have demonstrated the effi-
cacy and tolerability of imatinib at the recom-
mended dose of 400 mg/day for advanced,
metastatic, or recurrent GIST. In clinical trials, the
disease control rate was nearly 85%, and corre-
sponding 2-year overall survival rates ranged from
70-80%, indicating markedly improved patient
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outcomes compared with anecdotal data in the
pre-imatinib era (Demetri et al.,, 2002; Verweij
et al, 2004; Blanke et al. 2008). Despite its
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effectiveness, half of GIST's treated with imatinib
develop resistance within 2 years, largely due to
the accumulation of additional kinase domain
mutations accompanied by concomitant reactiva-
tion of the KIT tyrosine kinase, even in the pres-
ence of imatinib.

A common laboratory model of acquired resis-
tance involves the development of drug-resistant
tumor cell lines from drug-sensitive ones (Oxnard
et al., 2011; Dhayat et al., 2015; Ito et al., 2015).
To establish resistant cell lines, parental drug-
sensitive cells are cultured in a stepwise fashion
with increasing drug concentrations until cells
emerge that are 100-fold less sensitive to growth
inhibition. Cells are initially treated with a drug
concentration at which 90% of the cells die, and,
when the resistant cells resume normal growth,
the drug concentration is increased. In this fash-
ion, we established K/7-mutant GIST cell lines
resistant to imatinib, reliably identifying clinically
relevant imatinib-resistance mechanisms, such as
the KI7° D820V and D820Y mutations. Neverthe-
less, the full spectrum of genomic and transcrip-
tomic changes associated with such resistance
mechanisms remains unknown.

We performed an omics-based analysis by inte-
grating single-nucleotide variations (SNVs) and
copy-number alterations (CNAs) from next-
generation sequencing (NGS) data with the tran-
scriptome data from microarrays obtained from
imatinib-resistant GIST cell lines. Several GIST
cell lines exist, including GIST T1, GISTS882,
GIST48, and GIST430 (Tuveson et al.,, 2001;
Taguchi et al., 2002; Bauer et al., 2006; Henze
et al., 2012), and in this study, we succeeded in
generating imatinib-resistant cell lines from the
parental GIST T1 cell line, which was a relevant
cell line for our purpose, because it harbors a 57-
nucleotide (V570-Y578) in-frame deletion in KIT
exon 11 (Taguchi et al., 2002), which is often clini-
cally observed in GIST's (Nishida et al., 2009). We
also conducted exome sequencing of four
imatinib-resistant clinical samples. Our aims were
to comprehensively analyze genomic and tran-
scriptomic changes occurring during the acquisi-
tion of resistance and to investigate how cancer
cells evolve from a drug-sensitive state during
such acquisition, from an omics viewpoint.

MATERIALS AND METHODS

Cell Culture

We used the established human GIST cell line
GIST-T1, the identity of which was confirmed by
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DNA fingerprinting through short tandem repeat
profiling (Yokoyama et al., 2013). T'1 cells were cul-
tured in DMEM 1640 medium supplemented with
10% FBS (HyClone Laboratories, Logan, UT) and
1% penicillin—streptomycin (Nacalai T'esque, Kyo-
to, Japan) at 37°C in a humidified atmosphere of
5% CO,. To generate imatinib-resistant cell lines,
parental cells were cultured with increasing con-
centrations of imatinib starting with 10 nM imati-
nib. Fresh drug was added every 72-96 h. Resistant
cells that grew in 10 M imatinib were established
after 20-60 weeks of culture with the drug. Resis-
tant cells were maintained as polyclonal popula-
tions under constant 1 uM imatinib selection.
DNA-identity testing on both the parental and
resistant cells confirmed that the cells were derived
from the same origin.

Reagents and Antibodies

Imatinib, a selective tyrosine kinase inhibitor of
KIT, was synthesized and provided by Novartis
Pharmaceuticals (Basel, Switzerland). A primary
anti-KI'T antibody (1:1,000) was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA) and
an antiphosphotyrosine antibody (clone 4G10) was
obtained from Upstate Biotechnology (L.ake Plac-
id, NY). The immunoprecipitation and western
blotting methods used were described elsewhere
('Takahashi et al., 2013).

Clinical Samples

Patients with imatinib-resistant metastatic
GIST were enrolled, and four pairs of primary and
imatinib-resistant tumors from the same patients
were selected. The study protocols were approved
by the institutional review boards of Osaka Uni-
versity Hospital (14154-3) and the methods were
carried out in accordance with the approved guide-
lines and with written informed consent from all
the patients.

Whole-Exome Sequencing

Sequence data for the cell lines and clinical sam-
ples used in these analyses are available in the
DDB] Sequenced Read Archive (Kodama et al.,
2015) under the Accession Nos. DRX033325-
DRXO033330 and JGAS00000000039. DNA quality
was determined using a NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific, Waltham,
MA) and the Quant-i'T PicoGreen dsDNA Reagent
and Kit (Life Technologies, Carlsbad, CA). Double-
stranded DNA was used for exome-sequencing
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library preparation. Exomes were captured using the
SureSelect Human All Exon V5 + UTRs Kit (Agi-
lent Technologies, Santa Clara, CA), according to
the manufacturer’s instructions. The exome capture
libraries were sequenced using a HiSeq 1500 system
(Illumina, San Diego, CA) to generate 100-bp
paired-end data.

Microarray Experiments

Microarray data were deposited in the Gene
Expression Omnibus database under the GEO
Series Accession No. GSE69465. We performed a
microarray experiment for each sample without tak-
ing replicates. Total RNA was extracted from each
cell line and tumor sample using an RNeasy Kit
(Qiagen, Valencia, CA). RNA quality was assessed
using the Agilent Model 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). Two micrograms of
total RNA was processed for microarray experi-
ments using the Agilent Expression Array for One-
Color (Agilent) according to manufacturer’s proto-
cols. The resultant biotinylated cRNA was frag-
mented and then hybridized to the SurePrint G3
Human GE 8x60K v2 Microarray (Agilent). The
arrays were washed, stained, and scanned using the
Gene Expression Hybridization Kit, the Gene
Expression Wash Buffers Pack, and the Agilent
DNA Microarray Scanner (G2565CA), respectively.
Expression values were generated using Feature
Extraction software (Agilent). Each sample and
hybridization underwent quality-control evaluation.

Ultradeep Sequencing

Sequence data for the cell lines used in these
analyses are available in the DDBJ Sequenced
Read Archive under Accession Nos. DRX033331—
DRX033336. In total, 299 candidate SNVs and the
whole exome sequences of KI7T, KRAS, NRAS,
BRAF, NF1, PTEN, PDGFRA, and PTK2 were tar-
geted for capture and deep sequencing. The
probes were designed for a final capture size of
94.2 kb using the SureDesign system (Agilent).
Target-sequence enrichment was performed using
the Agilent SureSelect Target Enrichment Kit
(Agilent), according to manufacturer instructions.
The capture libraries were sequenced using a
HiSeq 1500 system (Illumina, San Diego, CA) to
generate 100-bp paired-end data.

SNV/Indel Calling

We used an in-house program to call SNVs/
indels. We removed adaptor sequences from NGS

reads and used BWA (Li and Durbin, 2009) to
map reads to the human genome. We filtered out
PCR-duplicated reads as well as reads and bases
with low mapping and base qualities. The remain-
ing variants were further filtered statistically using
Fisher’s exact test to compare foreground and
background samples, remove germline SNPs/
indels, and minimize position-dependent errors.
For cell line samples, we used a daughter cell line
as the foreground sample and the parental cell
line (T'1) as the background sample. For clinical
samples, we used samples obtained before and
after the acquisition of imatinib resistance as the
background and foreground samples, respectively.
"This statistical filtering process was used to screen
for variants with significantly higher variant allele
frequencies (VAFs) than present in the back-
ground sample. A series of filters was used to
remove suspicious variant calls, such as those
related to misalignments. Variants for which the
allele frequencies were significantly greater than
1% in the binomial test were retained. Regarding
indels, we only identified short indels due to the
limitation of the BWA alignment. For cell line
analysis, variants called in at least one daughter
cell line were tabulated and used for downstream
analyses.

CNA Calling

We used segments called by both ExomeCNV
(Sathirapongsasuti et al.,, 2011) and Varscan2
(Koboldt et al., 2012) as CNA segments. More
specifically, after removing the adaptor sequences
from the reads, we used BWA (Li and Durbin,
2009) to map the reads to the human genome. We
also filtered out PCR-duplicated reads. BWA ran-
domly maps reads only once when multiple map-
ping is possible; hence, we used all mapped reads
for CNA calling. From BWA-mapped BAM files,
we ran ExomeCNV following the pipeline recom-
mended on the authors’ website. We used a
daughter cell line and the parental cell line (T'1)
as the foreground and background, respectively,
for the cell line samples. For the clinical samples,
we used samples obtained before and after the
development of drug resistance as the foreground
and background sets, respectively. Similarly, we
ran Varscan2, following the pipeline recom-
mended on the authors’ website. We used overlap-
ping segments called by both tools to minimize
false positives. CNA “fragments” were defined
from CNA segments, as described previously
(Kato et al., 2010).

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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Differentially Expressed Transcript (DET) and
Differentially Expressed Gene (DEG) Calling

We drew ratio-intensity (R-/) plots (Quacken-
bush 2002) for each cell line, where the back-
ground and foreground samples are the parental
and daughter lines, respectively (Supporting Infor-
mation Fig. S1) in the R-/ plots. DETs were
defined as those for which the fold changes were
greater than 2, or greater than 4 when higher strin-
gency was used. DEGs were defined as genes for
which transcripts were compressed into a single
gene by taking a representative transcript with the
maximum expression change.

Validation

We used ultradeep sequencing data for validat-
ing SNVs/indels. We counted the number of can-
didate variants using mpileup, and calculated the
VAFs. Similar to a prior study (Totoki et al.,
2014), we generated plots in which the variant
positions were sorted according to VAFs or differ-
ences in VAFs (Supporting Information Fig. S2),
after which thresholds for validation calling were
determined.

Heatmap Analysis

All heatmaps were drawn using the R software,
where the Euclidean distance was used as the dis-
tance metric and the Ward method was used for
agglomeration.

Gene Set-Enrichment Analysis

MSigDB (Subramanian et al., 2005) and
DAVID (Huang da et al.,, 2009) were used to
identify pathways or gene ontologies in which the
genes of an identified group were enriched
(P < 0.1). With MSigDB, we used the C2 (canoni-
cal pathways) and C5 (biological processes) data-
bases. With DAVID, we wused functional
annotations to search against the KEGG and
REACTOME pathways and gene ontologies (bio-
logical processes).

Phylogenetic Tree Analysis

A previously described method was used to
reconstruct a phylogenetic tree (Yachida et al.,
2016). Specifically, we calculated Nei’s genetic
distance (Nei, 1978) for synonymous SNVs as
follows:
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where X and Y represent the two cell lines, p rep-
resents the VAF, and 7 and § indicate the variant
site and the number of all variant sites, respective-
ly. We used variant sites (1) at which the depth
was 50 or more for reliable P values and (2) at
which the variants were determined as called in
either of the two cell lines. Then, we used the
neighbor-joining method (Saitou and Nei, 1987) to
construct a phylogenetic tree.

RESULTS

Cell Lines and Genomic Experiments

The GIST T1 parental cell line was exposed to
imatinib, using doses that were increased in a
stepwise manner, and surviving cells were selected
until normal cell growth resumed. We thus inde-
pendently established four imatinib-resistant
GIST cell lines (R2, RA2, R8, and R9), which
exhibited imatinib ICsy values (>10 pM) that
were >500-fold higher than the parental cell line
(Table 1). The culture time was 20 weeks for RS,
45 weeks for RA2, 52 weeks for R9, and 96 weeks
for R2. Western blot analysis demonstrated that
R8 and R9 exhibited phosphorylated KI'T, which
was indicative of KIT reactivation (Supporting
Information Fig. S3). Sanger sequencing revealed
that R8 harbored K/7T D820Y and R9 had KIT
D820V as secondary K/7T mutations ('T'able 1). Sec-
ondary mutations at D820 (including those just
mentioned) are frequently (~10%) observed in

TABLE I. Cell Lines

KIT

phosphorylation
Cell IM duration IM ICsq under IM Secondary
line®  (weeks) (1M) (I mM) KIT mutation
Tl N/A 0.02 - None
TIH7 7 N/A - None
R8 20 >10 + Exonl7 D820Y
RA2 45 >10 - None
R9 52 >10 + Exonl7 D820V
R2 60 >10 - None

*Four resistant cell lines (R8, RA2, R9, and R2) were established from
the T1 parental cell line harboring the KIT exon || deletion. T117
was exposed to imatinib (IM) for 7 weeks and had not yet acquired
full resistance. R8 and R9 had secondary mutations, which were con-
firmed by Sanger sequencing.
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clinical resistance (Antonescu et al., 2005; Nishida
et al., 2008, 2009). R2 and RA2 showed no elevat-
ed KIT phosphorylation and had no secondary
mutations. It took at least 20 weeks for these cell
lines to acquire full imatinib resistance, defined as
normal cell proliferation in the presence of
>10 pM imatinib. Meanwhile, we developed
another resistant cell line (T'117), which was
derived from GIST T1 but was exposed to imati-
nib for only 7 weeks. T'117 showed only slight pro-
liferation ~ when  increasing the  imatinib
concentration from 0.1 to 0.2 pM. We refer to this
cell line here as the “briefly exposed” cell line.

We performed exome sequencing and microar-
ray expression profiling in all cell lines. The aver-
age depth of exome sequencing was 83
(Supporting Information Table S1). We identified
SNVs/indels and CNAs specifically in the daugh-
ter cell lines, using the parental T'1 line as a refer-
ence. During microarray analysis, we obtained
log2 expression ratios (exRs) for each daughter
cell line by comparison to the parental line. We
validated 92% (262/285) of the SNV/indel calls by
ultradeep sequencing with an average sequencing
depth of 60,323  (Supporting Information
Table S2).

Genomic Features

T'he briefly exposed cell line T'117 had far fewer
genetic changes (SNVs and CNAs) than did the
resistant cell lines (Fig. 1). That is, the number of
SNVs and CNAs and the total size of the CNAs
were significantly lower (chi-squared  test,
P < 0.01) in 'T117 than in the other cell lines. The
VAFs of the SNVs were significantly lower in
T'117 for both nonsilent and synonymous SNVs
(Fig. 1, Kolmogorov—Smirnov test, P < 0.01). Log
values of copy-number ratios (cnRs), which repre-
sent the degrees of amplification and deletion,
were significantly lower for amplification in T'117
(Fig. 1, Kolmogorov—Smirnov test, P < 0.01). In
contrast, transcriptome analysis showed that the
most drastic expression changes occurred in T117,
as shown by the number of DET's (Fig. 1 and Sup-
porting Information Fig. S4; binomial test,
P < 0.01). Except for the number of twofold upre-
gulated DE'TSs, there was no obvious distinction
between the cell lines with or without secondary
KIT mutations (Fig. 1).

We then generated heat maps to identify the
associations of these alterations between multiple
cell lines (Fig. 2 and Supporting Information
Fig. S5). As shown in the SNV heatmap, most

SNVs found in T117 were also found in the other
cell lines. Ultradeep sequencing results showed
that almost all SNVs found in T'117 (average VAF:
8%) were also present in T'1 at smaller VAFs (5%)
and in all other cell lines at much higher VAFs
(30%) (Supporting Information Table S3), though
the resistant cell lines carried a unique set of var-
iants (Fig. 2). Gene set-enrichment analysis
(GSEA) showed that most genes shared by all cell
lines were associated with the functional terms
“calcium-dependent cell-cell adhesion” and
“responses to cell death” (Fig. 2). The cell death-
related genes included KLKS, NEFH, OBSCN, and
UNC5D.

DEGs showed drastic changes in 'T'117 and lesser
changes in other cell lines (Fig. 2). No gene clusters
maintained the same degree of expression changes
across all cell lines. Strongly upregulated genes
(shown in dark red) in T'117 were mostly associated
with the functional terms “response to organic sub-
stance,” “negative regulation of defense responses,”
and “responses to alkaloids.” The set of strongly
downregulated genes (dark blue) was enriched in
“cell cycle” and “response to nutrient/estradiol
stimulus.” Expression changes for these genes were
less drastic in the resistant cell lines. In 'T'117, which
showed much slower proliferation than did the other
resistant cell lines, many downregulated genes (e.g.,
PLKI, AURKB, and CCNAZ2) were related to cell
cycle regulation.

CNAs exhibited the least change in the briefly
exposed cell line, while the resistant cell lines exhib-
ited large-scale changes (Fig. 2). The CNAs were
mostly cell-line specific, with few regions shared
across the resistant cell lines. GSEA showed that the
amplified regions were associated with “transport,”
“calcium-independent cell—cell adhesion,” “the
estrogen receptor o pathway,” “natural killer cell-
mediated cytotoxicity,” and “the HNF3A pathway.”
Deletions were related to “metabolic process,”
“regulation of cyclin-dependent protein  Kkinase
activity,” “integrin—cell surface interactions,” and
“the immune system.” In the resistant cell lines,
many genes related to cell—cell contact were ampli-
fied, including CLDNS, CL.LDN14, and CLLDNI7. In
contrast, CDKN2C' and CDKNZD, which regulate
cyclin-dependent protein kinase activity, showed
copy-number loss.

Evolutionary Viewpoint

We reconstructed a phylogenetic tree (Fig. 3A),
in which branch lengths represent evolutionary
time measured by VAF increments. The resistant

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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Figure 1. Statistics of SNVs/indels, CNAs, and transcripts. The paren-
tal cell line (T1) was used as the background set to identify all types of
alterations. The culture time shown is expressed in weeks. Asterisks (*)
indicate cell lines with secondary KIT mutations known to cause drug
resistance. (A) Graphs regarding SNVs/indels, which show the number of
SNVs/indels and the distributions of their VAFs. Nonsilent mutations
were composed of nonsynonymous, stop gain/loss, frame-shift, and

cell lines appear to have branched from nearly the
same point, which stretches back to the T1 and
T'117 cell lines, and branch lengths roughly corre-
lated with culture time. The briefly exposed cell
line (T'117) was very close to T1. Interestingly,
some SNVs were found in all cell lines studied
(Fig. 3A). A notable gene with a traceable SNV is
KILKS, a cell death-related gene expressed in sev-
eral types of malignancies, including ovarian, cer-
vical, head and neck, and salivary gland cancers
(Kishi et al., 2003; Cane et al., 2004; Darling et al.,
2008). We checked T'1 and T'117 for the secondary
KIT mutations found in R8 and R9, but did not
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total length of CNA segments and the distribution of their log cnRs. (C)
Graphs illustrating gene expression, which show the numbers of DETs
with >2- and 4-fold changes and the distribution of log exRs for genes
with >2-fold changes. For reference, we drew a line indicating the num-
ber of all expressed transcripts in microarrays on the right axis. [Color
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observe them at the SNV detection limit of NGS,
that is, a VAF of ~0.1% (Supporting Information
Table S3).

Sequencing in Clinical Samples

We also performed exome sequencing of GIST
samples taken from four patients before and after
the acquisition of imatinib resistance. The average
depths were 148, 131, 63, and 21 (Supporting
Information Table S4). We called SNVs/indels
that were present specifically in the resistant sam-
ples, finding 35, 19, 10, and 35 nonsilent SNVs in
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Non-silent mutations in cell death-related genes (FADD and TPT1, clinical; KLKS, cell line)

Transcriptional
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Secondary KIT mutations exist with VAF<0.01%

Figure 3. Evolutionary analysis and model of GIST imatinib resis-
tance. (A) Phylogenetic tree and SNVs traceable to TI. The root of
the tree can be assumed as Tl or located near Tl. SNVs that can
be tracked back to Tl are shown in the table, where the percen-
tages of VAFs from ultra-deep sequencing are filled in the cells. VAFs
shown in yellow are nearly 50%, which indicates that all cells in the
cell lines should have a variant. VAFs shown in red correspond to
the VAFs of the same SNVs in TI117 and TI. For reference, we listed
the secondary KIT mutations, where the symbol “~” indicates VAFs
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Cells with

Genetic drug resistance

Possibility 2

De novo secondliy KIT mutations

below the detection limit of NGS. (B) A possible evolutionary mod-
el. A strong tribe pre-exists at the indicated percentages, resisting
cell death under imatinib exposure. A small number of cells in the
tribe with secondary KIT mutations (possibility | shown in the fig-
ure) or cells that have acquired the mutations (possibility 2) ulti-
mately dominate the population. During the evolutionary process,
they may change their early transcriptional responses and be later
selected based on genetic alterations. [Color figure can be viewed at
wileyonlinelibrary.com]
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TABLE 2. Nonsilent SNVs in Apoptosis-Related Genes Found in Both Drug-Resistant and Initial Pretreatment Clinical Samples

KIT mutation® KIT mutation®

Amino VAF (%) VAF (%) VAF (%)
acid in sensitive VAF (%) in in sensitive in resistant
Sample ID  Chr® Position Variant  Gene  change cells resistant cells cells cells
S00l1 I 70052259 A FADD V103l 4.0 30.0 ~0° 27.8
S003 13 45914267 A TPTI A52V 2.4 313 ~0° 31.8

The two samples had only six, including these SNVs, nonsilent SNVs identified in both drug-sensitive and -resistant states. No gene functions other
than apoptosis for genes harboring the six SNVs were shared between the two samples.

*Chr, chromosome.

®For reference, we have also listed the secondary KIT V654A mutation, which was the only nonsilent SNV independently found in the two (and

another) resistant samples, thereby indicating a source of the resistance.

“Values below the NGS detection limit.

the four samples. Three samples had V654A in
exon 13 of KI/7T and one sample had Y823D in
exon 17 of KIT, suggesting it as a clear source of
resistance. From the exome data, we also called
CNAs that were present specifically in the resis-
tant samples. When we selected amplifications
overlapped in at least two out of the four samples,
we found totally 134 Mb amplification regions.
GSEA showed an intensely significant involve-
ment of drug metabolism and detoxification
(KEGG “metabolism of xenobiotics by cyto-
chrome p450” with an FDR g-value of 4 X 10%
REACTOME “glucuronidation” with an FDR ¢
value of 6 X 1077). Deletions were only 0.5 Mb,
and GSEA did not show any significant pathways
or gene functions.

We looked at nonsilent SNVs in the resistant
samples that were also present in the initial pre-
resistance samples. Excluding SNVs detected by
only one sequence read, we found only six SNVs
in two samples. Among the functions of genes
with the SNVs, apoptosis was the only gene func-
tion that was shared between the two samples
through FADD and TPT1 (Table 2). This finding
is interesting because our cell-line results showed
that some SNVs in cell death-related genes (such
as KLKS) were already present in the parental cell
line T1.

DISCUSSION

Resistance from a Genomic Viewpoint

We were surprised to find drastic gene-
expression changes, but only a few SNV/CNA
changes in the briefly exposed cell line T117. In
contrast, the resistant cell lines showed numerous
genomic changes but less pronounced differences
in their gene-expression profiles. There were no
clear common—or  heritable—Transcriptional
changes between the cell lines, unlike the

common patterns observed in the SNV heatmap
(Fig. 2). These observations suggested that most
GIST cells first respond to imatinib by altering
transcription; subsequently, those cells harboring
genetic variants conducive to drug resistance (e.g.,
changing a protein conformation to interfere with
drug binding) survive and the transcriptomic
response, now unnecessary, subsides. It is also pos-
sible that cells carrying these genomic variants
have simply survived without transcription
alterations.

A previous investigation of resistant cell lines
focused on the importance of CNAs in generating
drug resistance (erlotinib and afatinib in EGFR-
mutated lung cancers) (Jia et al., 2013). Using a
briefly exposed cell line, we identified the impor-
tance of transcriptional responses prior to the
acquisition of full drug resistance. Interestingly,
the altered transcriptional programming in the
briefly exposed cell line appears to have slowed
cell cycle progression and strengthened the resis-
tance to stress (based on responses to alkaloids
and biological oxidation; Fig. 2). The cell line also
showed upregulated expression of y-amino butyric
acid (GABA)-related genes (ABAT and GABRRI).
Because GABA regulates the proliferation of plu-
ripotent and neural stem cells in embryonic and
adult tissues (Young and Bordey, 2009), these
observations suggested that the briefly exposed
cell line has stem cell characteristics.

Critical mutations such as secondary K/7 muta-
tions have been identified as factors in drug resis-
tance (Corless, 2014; Nishida et al., 2014); however,
our findings lead us to suggest that other subsidiary
SNVs/CNAs may assist in generating drug-resistant
cancer cells. GSEA indicated an importance of
pathways that could enable cancer cells to escape
cell death (“response to cell death” and “natural
killer cell mediated cytotoxicity”), to repress cell
cycle activities (“regulation of cyclin-dependent
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protein kinase activity”), and to activate detoxifica-
tion (“transport”, “HNF3A pathway”). We did not
identify any decisive pathways that were specific to
cell lines without secondary K77 mutations, for
which the acquisition of additional samples with
imatinib resistance would be necessary.

Resistance from a Cancer Evolutionary Viewpoint

Our analysis of VAFs (Fig. 3A) showed that
SNVs saturated (approximately 50% VAFs) in all
resistant cell lines had lower VAFs in T1 cells
than in 'T'117, supporting an evolutionary dynamic
in which a small subpopulation of T1 cells gradu-
ally grew in the briefly exposed cell line, after
which the population was overtaken by the resis-
tant cells (Fig. 3B). Considering that the common
SNVs across all the cell lines were enriched in
genes that mediate responses to cell death, there
might be a cell death-resistant “tribe” among T'1
cells (Fig. 3B). Most importantly, we also found
evidence of such a “strong tribe” in clinical sam-
ples: the nonsilent SNVs in FADD and 7TP71,
apoptosis-related genes, was present at a low per-
centage in the sample prior to the emergence of
imatinib resistance.

The tribe seemed to substantially occupy the
parental drug-sensitive cell populations. We esti-
mated the tribe fraction to be 12-20% in the
parental cell line, as VAFs in T'1 for the saturated
SNVs (Fig. 3A) were 6-10% (assuming they are
heterozygous and not in CNAs). Similarly, the
tribe fraction in the clinical initial sample was esti-
mated to be 8-13% (2.4/31.3-4.0/30.0), because
the SNV VAFs in the initial and resistant samples
were 2.4 and 31.3% for TP77 and 4.0% and 30.0%
for FADD (these resistant samples’ VAFs were
similar to the VAFs of the K/7 V654A mutation),
respectively (assuming the same tumor purities in
the clinical samples before and after treatment).

Compared with the tribe fraction, the presence
of the secondary K/7 mutations seems negligible.
Our resistant cell lines, which were independently
cultured, did not always carry the same secondary
KIT mutation. This indicates that the secondary
mutations were newly acquired or present at a suf-
ficiently low fraction in T1 or T117 to be easily
influenced by chance. The prevalence of this frac-
tion was <0.1% (the detection limit of NGS), or
potentially below 0.01%, because T117, in which
the secondary mutations were not detected, were
derived from <10% of the T'1 cells. For reference,
a previous study of colorectal cancer with KRAS
mutations related to panitumumab resistance
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theoretically predicted the prevalence of the drug-
resistant fraction to be on the order of 0.0001%
(2,000-3,000 cells out of one billion cells) (Diaz
et al., 2012).

Considering these fractions and their functional
importance, a combination of cell death resistance
and secondary K/7 mutations would have provid-
ed cells with a better growth advantage as com-
pared with secondary K/7 mutations alone. The
tribe may have endured exposure to imatinib ini-
tially, changing its transcriptional responses (as in
T'117), and then having acquired secondary muta-
tions that conferred full resistance to the cancer
cells (Fig. 3B). Another alternative is that the criti-
cal mutations initially existed as well, and the
combination of these mutations with alterations
promoting cell death resistance provided cells
with full resistance to imatinib (Fig. 3B). We pro-
posed these models in imatinib-resistant GIST's
from genome-scale observation analysis. The next
step will be to test them by molecular-
intervention experiments on multiple cell lines
and to verify them using a critical number of clini-
cal samples.
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