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Abstract

Molecular annotated patient-derived xenograft (PDX) models are useful for the preclinical

investigation of anticancer drugs and individualized anticancer therapy. We established 23 PDXs
from 88 surgical specimens of lung cancer patients and determined gene mutations in these PDXs
and their paired primary tumors by ultradeep exome sequencing on 202 cancer-related genes. The
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numbers of primary tumors with deleterious mutations in TP53, KRAS, PI3KCA, ALK, STK11, and
EGFR were 43.5%, 21.7%, 17.4%, 17.4%, 13.0%, and 8.7%, respectively. Other genes with
deleterious mutations in =3 (13.0%) primary tumors were MLL3, SETD2, ATM, ARID1A,
CRIPAK, HGF, BAI3, EP300, KDR, PDGRRA and RUNX1. Of 315 mutations detected in the
primary tumors, 293 (93%) were also detected in their corresponding PDXs, indicating that PDXs
have the capacity to recapitulate the mutations in primary tumors. Nevertheless, a substantial
number of mutations had higher allele frequencies in the PDXs than in the primary tumors, or
were not detectable in the primary tumor, suggesting the possibility of tumor cell enrichment in
PDXs or heterogeneity in the primary tumors. The molecularly annotated PDXs generated from
this study could be useful for future translational studies.

Keywords
Lung cancer; Gene mutations; Tumor models; Patient-derived xenografts; Biomarkers

Introduction

Lung cancer is the leading cause of cancer-related deaths both in the United States and
worldwide, with an annual global incidence of about 1.6 million and mortality of 1.4-1.5
million [1-3]. Recent advances in genomic profiling have led to the identification of a
number of frequently mutated genes in lung cancer [4-7]. Lung cancers with the same
histological diagnosis and clinical stages can be classified into molecular subgroups based
on gene mutations. Substantial efforts have been made to develop genotype-specific
anticancer therapeutics. The finding that lung cancer cells with mutations in the epidermal
growth factor receptor gene (EGFR) are highly susceptible to the EGFR inhibitors gefitinib
[8-10], erlotinib [8,11] and afatinib has made these agents the first choice for treating EGFR
mutant lung cancer. Both gefitinib and erlotinib have been reported to significantly prolong
progression-free survival in patients with EGFR-mutant lung cancer [12,13]. Similarly,
small molecular inhibitors for anaplastic lymphoma kinase (ALK) and ROS1 have been
proven to be highly effective for treatment of lung cancers with ALK and ROSL gene
translocations [14-16]. However, despite the excitement accompanying the targeted
therapeutics, only a subset of patients with the aberration respond and responses are often
unfortunately brief. Furthermore, our knowledge of genetic alterations, their functional
consequences and combinatorial effects in lung cancer is still not comprehensive. For most
potential driver mutations identified in lung cancer, there are no effective therapeutic agents
available. The success of the EGFR inhibitors underscores the urgency of developing
effective genotype-specific anticancer therapeutics.

Anticancer drug development is often impeded by a lack of pre-clinical tumor models that
are highly predictive of therapeutic effects in humans. Previous studies have shown that in
vitro cell line models and in vivo xenograft tumors derived from established human cancer
cell lines have limited predictive value for antitumor activity of a drug in clinical trials [17-
19]. Anticancer agents that showed promising in vivo antitumor activity in xenograft tumor
models have often been ineffective for the same type of cancer in clinical trials [20]. In fact,
only about 5% of anticancer agents evaluated in human studies between 1991 and 2000 were
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successfully registered [20]. The majority of failures in late-phase clinical trials result from a
lack of clinical efficacy caused primarily by the lack of efficacy proof of concept in humans,
lack of predictive biomarkers to identify patient responders, and safety issues [20,21]. Thus,
clinically relevant tumor models that accurately predict therapeutic efficacies would be
highly valuable for anticancer drug development.

Evidence from recent studies has shown that patient-derived xenografts (PDXs) established
directly from patients’ primary tumors preserve the histomorphologic features,
heterogeneity, gene expression pattern (including cytokine expression by tumor stromal
cells), DNA copy number alterations, and gene mutations of the original tumors [22-24].
These features were preserved after a series of passages of the tumorgrafts in mice [22,24].
When PDXs were treated with agents used in a parallel patient population, response rates
similar to those reported in human studies were observed, suggesting that the PDX model is
clinically relevant for evaluating the efficacy of anticancer drugs [22,25-28]. A remarkable
correlation between drug activity in PDXs and clinical outcome was reported when patients
with advanced cancer were treated with selected regimens based on the treatment responses
of their PDX [29,30], suggesting that PDXs could provide robust models for identifying
effective treatment for cancer patients and for predicting clinical efficacy of drug candidates.
Consequently, PDXs derived from various types of cancers have been reported recently,
including those established from lung cancer [23,26,28,31]. Those studies have
demonstrated the feasibility of using PDXs for translational studies in drug development, for
molecular characterization of cancer biology, and for strategic development of
individualized therapy. Nevertheless, few molecularly-annotated lung cancer PDXs are
reported in literature and are not readily available for preclinical studies.

Our purpose here was to develop molecularly annotated PDXs for evaluation of
investigational anticancer agents and mechanistic characterization of lung cancers. We
established PDXs from surgical specimens of lung cancer patients and characterized the
gene mutations in those PDXs and the corresponding primary tumors. Our results show that
some novel genes were frequently mutated in primary lung cancers and that the mutations in
primary tumors can be recapitulated by their corresponding PDX.

Materials and methods

Human lung tissue specimens

Fresh lung cancer samples were collected in 2012 and 2013 from surgically resected
specimens under approved research protocols with informed consent from the patients. This
study was approved by the Institutional Review Board at The University of Texas MD
Anderson Cancer Center.

Generation of patient-derived xenografts in immune-defective mice

All animal experiments were carried out in accordance with Guidelines for the Care and Use
of Laboratory Animals (NIH publication nhumber 85-23) and the institutional guidelines of
MD Anderson Cancer Center. Six- to eight-week-old immune-defective non-obese or
diabetic severe combined immunodeficiency (NOD-SCID) mice were obtained from
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Jackson Laboratory (Bar Harbor, Maine) or Charles River Laboratories, Inc. (Wilmington,
MA).

Fresh surgical specimens of lung cancer were cut to about 2 mm3 in size, briefly soaked in
matrigel, and implanted into the flank subcutaneous space of mice (2 or 3 mice/patient
specimen), as described elsewhere within 1 hour of surgical resection [32]. The mice were
monitored for up to 10 months for tumor growth. The tumors were harvested when they
reached 1.5 cm in diameter. The tumors (labeled F1 for the first passage in animals) were
divided into 2-3 mm3 specimens which were frozen in liquid nitrogen for future
investigation, analyzed for molecular biological characterization, or reimplanted into mice to
generate more tumorgrafts (F2, F3, etc., for subsequent passages).

Whole-exome sequencing for 202 cancer-related genes

Genomic DNA was isolated from primary tumor tissues and PDX tissues by proteinase K
digestion and phenol extraction. The whole-exome sequencing for 202 cancer-related genes
is shown in Supplement Table S1. Briefly, DNA samples were quantified by Qubit
(Invitrogen, Grand Island, NY) and their quality was assessed using Genomic DNA Tape for
the 2200 Tapestation (Agilent, Santa Clara, CA). DNA from each sample was sheared by
sonication using an E220 instrument (Covaris, Woburn, MA). To ensure the proper fragment
size, samples were checked on the TapeStation using the DNA High Sensitivity kit
(Agilent). The sheared DNA proceeded to library preparation with the KAPA library
preparation kit (KAPA Biosystems, Wilmington, MA) following the manufacturer's
protocol. Samples were quantified using the KAPA gPCR quantification kit. Equimolar
amounts of DNA were pooled for capture (8—-12 samples per pool).

After library preparation, 202 genes predicted to be clinically relevant in cancer were
selected for capture. Biotin-labeled probes were designed with Roche Nimblegen for
capturing all exons in the 202 genes, following the manufacturer's protocol for the capture
step. The cutoff for enrichment was 50-fold minimum. The captured libraries were
sequenced on a HiSeq 2000 (lllumina Inc., San Diego, CA) on a version 3 TruSeq paired
end flow cell according to the manufacturer's instructions at a cluster density between 700
and 1000 K clusters/mm?2. Sequencing was performed on a HiSeq 2000 for 2 x 100 paired
end reads with a 7-nt read for indexes using Cycle Sequencing v3 reagents (lllumina). The
resulting BCL files containing the sequence data were converted to “.fastq.gz” files, and
individual libraries within the samples were demultiplexed using CASAVA 1.8.2 software
with no mismatches.

Data analysis

We aligned the T200 target-capture deep-sequencing data to human reference assembly
hgl19 by using Burrows—Wheeler Aligner software [33] and removed duplicated reads by
using SAMtools [34] (both Sourceforge open source software, Slashdot Media, San
Francisco, CA). We called single nucleotide variants and small insertions/deletions by using
VarScan2 [35] and called copy number alterations by using a previously published
algorithm [36] that reports gain or loss status of each exon. Genomic DNA from the SCID
mouse was used to exclude nucleotide variants observed in the mouse genome. To ensure
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specificity, variants with an allele frequency less than 10% were not reported. To understand
the potential functional consequence of detected variants, we compared them with the
dbSNP, COSMIC [37], and TCGA databases and annotated them using SIFT [38], Polyphen
[39], Condel [40], and Mutation Assessor [41].

Establishing patient-derived xenografts from lung cancer specimens

We collected surgically resected tumor samples from 88 NSCLC patients and implanted
each specimen into 2-3 NOD-SCID mice to develop PDXs. We obtained 23 PDXs (Table
1). The overall implantation rate for development of a PDX was 26%. Squamous cancer and
neuroendocrinal carcinoma had relatively higher implantation rates than adenocarcinoma.
Moderately and poorly differentiated tumors had relative high implantation rates than well
differentiated tumors (Fig. 1A). Nevertheless, the difference among those groups was not
statistically significant (P = 0.09-0.35). The time from inoculation of the surgical specimen
until harvest of the first generation of PDX (1.5 cm in diameter) ranged from 2 to 10
months, with an average of 4 months. The tumor engraftment rate is comparable to the rate
reported for establishment of subcutaneous PDXs in SCID mice [31] but lower than that
reported for engraftment from tumor specimens implanted under the renal capsule [26]. The
tumors were harvested when they reach 1.5 cm in diameter. The tumors (labeled as F1 for
the first passage in animals) were divided into several portions of about 2-3 mm3, which
were frozen in liquid nitrogen for future investigation, or analyzed for biomarker and
molecular biological characterization, or replanted into mice for generating additional
generations of tumorgrafts (F2, F3, etc., for subsequent passages). Tumors capable of
generating subsequent passages were used for molecular characterizations. All the F1 PDXs
generated in this study could successfully generate F2—F4 tumors in nude mice. We
performed histological analysis on two F2 PDXs and their corresponding primary tumaors.
The results showed that the histological morphology in these PDXs matched with that of
primary tumors (Fig. 1B).

Batch consistency of exome sequencing data

We isolated genomic DNA from 23 pairs of primary tumors and their corresponding PDXs
(passages 1-4). Clinical information for the 23 patients is shown in Table 1. Eleven of the
tumors were adenocarcinoma, 9 were squamous cell carcinoma, and 3 were neuroendocrine
tumors or had neuroendocrine features. The DNA was subjected to exome sequencing
analysis in 4 different batches of assays. The mean coverage for each data point was 500—
700 reads. With a few exceptions, most data points had coverage of greater than 200 reads.
One pair of samples was analyzed twice, and the two sets of results for this pair of samples
are compared in Table 2. Except for the mutations with allele frequencies of about 10%,
mutations were reliably detected in the same sample in the 2 different assays, with high
consistency in their allele frequencies. This result demonstrated that, except for mutations
detected at a borderline allele frequency, most mutations can be reliably detected by the
assay approach.
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Gene mutations in primary tumor tissues

The number of mutations detected in primary tumor samples varied from 2 to 103. A total of
315 mutations were detected in 122 genes in the 23 primary tumors, an average of 13.7
mutations/ tumor. Possible deleterious or damaging mutations were detected in 91 genes, an
average of about 8.8/tumor (range, 1-36). Fig. 2 shows the mutation status for the 23
primary tumors of 29 genes that had a potentially deleterious mutation in at least 2 primary
tumors. Those genes were highly mutated in the tumors from patients 14, 20, 22, and 23,
suggesting possible genomic instability in those samples. In contrast, the tumors of patients
8, 16-19 had very few mutations. Because only a few of these patients had disease
recurrence or had died, we were not able to correlate gene mutations with recurrence or
survival outcome.

Table 3 lists the most frequently mutated genes in the primary tumors and Table 4 the
mutated kinase genes detected in the primary tumors. The numbers of primary tumor with
deleterious mutations previously implicated in therapeutic responses for lung cancer patients
in TP53, KRAS, PI3KCA, ALK, STK11, and EGFR were 10, 5, 4, 4, 3, and 2, respectively.
Other genes with deleterious mutations in =3 primary tumors were MLL3, SETD2, ATM,
ARID1A, CRIPAK, FAM135B, HGF, AR, BAI3, EP300, KDR, PAPPA2, PDGRRA and
RUNXZ1. Several of those genes, such as ATM [7], MLL3 [42], and SETD2 [6,43], were
recently reported to be frequently mutated/changed in lung cancers, suggesting that their
mutations may be used as biomarkers for these cancers. A number of large genes included in
the analysis, such as CSDM3, CSDM1, HYDIN, LRP2, LRP1B, PCLO, and RYR2, most of
them encoding proteins with >4000 amino acids, were also found to have high mutation
frequencies. The frequent mutations detected in those large genes are consistent with a
previous report on their mutations in various cancer samples, possibly due to mutational
heterogeneity associated with gene expression levels and DNA replication times during cell
cycles [44].

Gene mutations in patient-derived xenografts

Of 315 mutations detected in primary tumors, 293 (93%) were also detected in their
corresponding PDXs, suggesting that PDXs were able to recapitulate the majority of
mutations in primary tumors. Nevertheless, there were 149 mutations detected in PDX that
were not detected in primary tumors (Fig. 3A). A substantial number of the mutations
detected in both primary tumors and PDXs had dramatic differences in their allele
frequencies (>1.5 fold). Examples of those variations are shown in Fig. 3B and C. In the pair
represented in Fig. 3B, 7 mutations were detected in the primary tumor but 43 mutations
were detected in the PDX. In the pair shown in Fig. 3C, all 103 mutations were detected in
both primary tumor and PDX, but a substantial number of the mutations had higher allele
frequencies in the PDX than in the primary tumor. Those differences could be caused either
by enrichment of tumor cells in the PDX or by heterogeneity in the primary tumor. It is
important to note that the PDXs were derived from a region of the primary tumor different
from that from which the DNA was isolated for sequencing.

To determine whether mutant allele frequencies vary between different passages, we
performed sequencing analysis on a pair of samples derived from the same PDXs but from
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different passages (F1 and F3, respectively). The results showed that all 48 mutations were
detected in both the F1 and F3 tumors. Correlation analysis showed that the allele
frequencies detected in these two samples were also highly consistent (r = 0.988, P = 0.000)
(Fig. 4). This result indicates that mutational changes in PDXs were preserved at least in the
early passages in mice, consistent with a previous report by others [22].

Discussion

Our study resulted in 23 molecularly-annotated PDXs that will be useful for preclinical
evaluation of investigational lung cancer-targeting agents and/or for molecular
characterization of lung cancers. Although the number of cases where PDXs were
established in this study is relatively small, our studies allowed us to detect a number of
genes that were frequently mutated in lung cancer. Many of those genes were consistent
with those reported previously by others. Some of those genes, such as TP53, KRAS,
PI3KCA, STK11, EGFR, CDKN2A, and ALK are already known to be the tumor suppressor
genes or oncogenes of relevance for lung cancer. Interestingly, two EGFR mutations (S811C
and D855N) were detected in a neuroendocrine cancer, while another case with large cell/
neuroendocrine cancer had two other EGFR mutations (V674F and P959L). Whether those
EGFR mutations contribute to tumorigenesis or sensitize cancers to anti-EGFR therapy
remains to be determined. Several genes, such as ATM [7], MLL3 [42], and SETD2 [6,43],
were recently reported to be frequently mutated/changed in lung cancers. In addition, several
large genes that were included in the analysis, such as CSDM3, CSDM1, HYDIN, LRP2,
LRP1B, PCLO, and RYR2, were also found to be frequently mutated in our lung cancer
samples. Mutations in those large genes would be expected due to “chance”, or due to
mutational heterogeneity associated with gene expression levels and/or DNA replication
times during the cell cycles [44]. Moreover, presence of duplicated copies in human
genome, as in the case for MLL3 [45], may also lead to increased rates of mutations detected
by deep sequencing. Whether mutations in those genes may play roles in lung cancer
initiation and progression remains undetermined, although ATM, MLL3, and SETD2 are
included in the 125 cancer deriver genes affected by gene mutations [46]. Interestingly, both
MLL3 and SETD2 encode histone methyltransferases that are required for DNA repair,
genome stability, and p53-mediated checkpoint activation [47,48]. Functional insufficiency
in either gene is recently identified to be the new drivers for development of leukemia
[49,50].

Our study also revealed that lung cancer can vary greatly in numbers of gene mutations,
which may reflect genome instability in some tumors. Moreover, our results demonstrate
that PDXs usually effectively recapitulate gene mutations present in primary tumors.
Nevertheless, some cancer cells may be enriched in the PDXs, leading to altered allele
frequencies when compared with primary tumors. It is also possible that heterogeneity in the
primary tumor may result in some mutations being detected in primary tumors and not
detected in PDXs, or vice versa, or to have variations in allele frequencies between primary
tumor and PDX. In fact, mutational intratumor heterogeneity can be readily detected in
different regions of the same tumor [51].
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Nevertheless, there are limitations in our current study. First, the surgical specimens used in
this study were mostly from early stage patients. PDXs derived from late stage patients or
from metastatic tumors will be desirable for preclinical drug efficacy studies, as those
patients are most likely to receive systemic therapies. Second, levels of gene expressions or
posttranscriptional modifications can drastically affect treatment responses and/or clinical
outcomes [52-55]. Thus, PDXs with comprehensive molecular annotations, including
whole-genome exome, whole-transcriptome, and global proteomic characterizations, will be
highly valuable for future translational studies. Finally, all PDXs described in this study
were established by inoculating tumors in subcutaneous areas. Evidence has shown that
different anatomical sites affect the tumor microenvironment, tumor biology and responses
to anticancer therapies [56-58]. PDXs established in orthotopic locations could be more
appropriate for preclinical studies. Therefore, more resources and efforts will be needed in
order to obtain lung cancer PDXs that cover majority of clinical characteristics and with
comprehensive molecular annotations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Generation of lung cancer PDXs. (A) The implantation rates based on histo-pathological

diagnosis and differentiations. AC: Adenocarcinoma; SC: squamous carcinoma; NE:
neuroendocrine cancer. (B) Histological analysis of two PDXs and their corresponding
tumors. The case numbers are the same as shown in Table 1 and Fig. 2. Case 11: poorly
differentiated adenocarcinoma; Case 21: moderately differentiated neuroendocrine cancer.
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Fig. 2.
Mutation status in 23 primary tumors of 29 genes with a deleterious mutation in at least 2 of

the tumors. The 23 cases of lung cancer are arranged from left to right in the same order as
in Table 1. SC: squamous cell carcinoma; AC: adenocarcinoma; NE: neuroendocrine cancer;
LC: large cell cancer. Orange: stop or frame-shift mutations; gray: deleterious or damaging
mis-sense mutations.
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Comparison of mutations in primary tumors and corresponding PDXs. (A) Mutations
identified in 23 pairs of primary tumors and PDXs, showing numbers of unique and
common mutations. (B and C) Allele frequencies of mutations in 2 pairs of primary tumors
and their corresponding PDXs. The numbers on the X-axis represent individual mutations
detected in primary tumor and/or PDX. As shown in the graphs, the allele frequencies in
PDXs are often dramatically greater than in the primary tumor. In the pair shown in B, a
substantial number of mutations detected in the PDX were not detected in the primary

tumor.
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Fig. 4.
Mutations in different passages of the same PDXs. F1 and F3 passage samples from one

PDX were analyzed for mutations in the 202 genes. The graph represents allele frequencies
for 48 mutations detected in both F1 and F3 samples. Correlation analysis revealed that the
allele frequencies detected in these two samples were well correlated (r = 0.988, P = 0.000).
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Patient demographic and clinical information for primary lung cancers (n = 23).

Table 1

Agelrace/sex Histology Stage Pasage* Differentiation ~ Smoking
72/White/Female  SC 11B (T2NOMO) 2 Moderate Yes
70/White/Male SsC 1B (T2ANOMO) 2 Moderate Yes
66/White/Female  SC IB (T2NOMO) 2 Moderate Yes
63/White/Female  SC 1B (T2NOMO) 2 Poor Yes
38/White/Female  SC 1B (T2BN1MO) 2 Moderate No
53/White/Female  SC 11 (T2AN1MO) 2 Well Yes
49/White/Female  SC 1A (T3N1MO) 2 Poor Yes
57/African/Male SsC 11B (T3NOMO) 4 Moderate Yes
63/Caucasia/Male  SC 11A (T2N1MO0) 4 Moderate Yes
54/Caucasia/Male  AC IIA(T2N2MO) 3 Poor Yes
58/White/Female ~ AC 11 (T3NOMO) 2 Poor Yes
75/White/Male AC 11 (T2ANOMO) 3 Well Yes
55/Black/Female ~ AC 1B (T2NOMO) 3 Moderate No
73/White/Female  AC 1B (T2ANOMO) 1 Moderate Yes
55/Hispanic/Male  AC 11B (T2NOMO) 3 Moderate Yes
62/Black/Female ~ AC 1B (T2NOMO) 2 Well Yes
68/Hispanic/Male  AC IIA(T2ANOMO) 2 Moderate Yes
51/White/Male AC IA(T1INOMO) 2 Poor Yes
64/Asian/Male AC IB (T2NOMO) 2 Moderate Yes
85/White/Male AC IA(T2ANOMO) 2 Poor Yes
54/White/Female  NE 1A 2 Moderate Yes
51/Hispanic/Male  Carcinoma/NE  I1IA(T3N1MO0) 3 Poor Yes
43/White/Male Large cell/NE  I1IA(T3N1IMO) 3 Poor Yes

SC, squamous cell carcinoma; AC, adenocarcinoma; NE, neuroendocrine cancer.

*
Passage number indicates PDX passages (F) that were used in sequencing analysis.
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Table 2

Consistency of 2 different assay results for the same pair of samples.

Page 17

Genes Mutation Primary test1 allele Primary test2 allele PDX testl allelefrequent PDX test2 allele frequent
frequent (%) frequent (%) (%) (%)
NOTCH2 A3V 10.7 ND ND ND
NOTCH2  A3S 10.8 ND ND ND
RYR2 A979S 42.8 40.2 45.0 47.0
TSC2 All41V 40.6 40.1 47.4 55.8
TP53 T175H 24.4 23.6 ND ND
RNF213 V2806l 67.8 64.3 49.2 52.4
JAK3 G284R 59.1 61.1 41.3 43.9
FLT4 A628P 53.2 55.2 50.0 50.0
RELN T444M 61.0 58.5 44.4 50.0
FAM135B Q70Q 48.2 46.3 48.5 48.6
NOTCH1  A2279Vv 375 339 52.6 45.0
KDM6A 1421T ND ND 10.2 ND
AR Q65L ND ND 10.5 ND

ND, not detected.
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Common deleterious mutations detected in 23 primary tumors.

Table 3

Page 18

Genes Mutationsnumber (%) Proteins Protein functions

TP53 10 (43.5) Tumor protein p53 Cell cycle, apoptosis, DNA repair
KRAS 5(21.7) KRAS RAS GTPase

MLL3 5(21.7) Histon-lysine N-methyltransferase Mixed-lineage leukemia3, DNA repair
SETD2 5(21.7) Histon-lysine N-methyltransferase DNA repair

ARID1IA 4 (17.4) AT rich interactive domain 1A Chromatin remodeling

PIK3CA 4(17.4) PI3 kinase catalytic a unit PI3K signaling

ALK 4 (17.4) Anaplastic lymphoma receptor kinase ~ Signal transduction

STK11 3(13.0) Liver kinase B1 (LKB1) Signal transduction

ATM 3(13.0) ATM Kinase DNA repair
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Table 4

Mutations in kinase and kinase regulators.
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Mutations number (%)

Genes of kinases and their regulators

>3 (13.0)
2(8.7)
1(4.3)

ALK, ATM, CRIPAK, IGF1R, KDR, PDGFRA, PIK3CA, STK11
CDK®g, EGFR,FLT3, PIKFYVE,CDKN2A, PIK3CG, TGFBR2

ABL1, ARAF, ATR, AURKA, BRAF, CDK4, CHEK1, DDR2, FLT4, JAK1, JAK2, JAK3, KIT, MAP3K1,
MAP3K4, PTK2, PTEN
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