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There is an immediate and critical need for a rapid,
broad-based genotyping method that can evaluate mul-
tiple mutations simultaneously in clinical cancer speci-
mens and identify patients most likely to benefit from
targeted agents now in use or in late-stage clinical de-
velopment. We have implemented a prospective geno-
typing approach to characterize the frequency and
spectrum of mutations amenable to drug targeting pres-
ent in urothelial, colorectal, endometrioid, and thyroid
carcinomas and in melanoma. Cancer patients were en-
rolled in a Personalized Cancer Medicine Registry that
houses both clinical information and genotyping data,
and mutation screening was performed using a multi-
plexed assay panel with mass spectrometry–based anal-
ysis to detect 390 mutations across 30 cancer genes.
Formalin fixed, paraffin-embedded specimens were
evaluated from 820 Registry patients. The genes most
frequently mutated across multiple cancer types were
BRAF, PIK3CA, KRAS, and NRAS. Less common muta-
tions were also observed in AKT1, CTNNB1, FGFR2,
FGFR3, GNAQ, HRAS, and MAP2K1. Notably, 48 of 77
PIK3CA-mutant cases (62%) harbored at least one addi-
tional mutation in another gene, most often KRAS.
Among melanomas, only 54 of 73 BRAF mutations
(74%) were the V600E substitution. These findings
demonstrate the diversity and complexity of muta-
tions in druggable targets among the different can-
cer types and underscore the need for a broad-
spectrum, prospective genotyping approach to
personalized cancer medicine. (J Mol Diagn 2011, 13:
504–513; DOI: 10.1016/j.jmoldx.2011.04.003)

The identification of somatic mutations that cause aber-
rant activation of intracellular signaling pathways has
transformed the diagnosis and treatment of cancer. Mu-
tations in specific genes define distinct subtypes of can-
cer, and provide invaluable markers for disease diagno-
sis and prognosis. Many of the mutated proteins also
represent targets for novel therapeutic agents that are
more specific, more efficacious, and less toxic than
broad-based chemotherapeutic regimens.1–5 Indeed,
matching the right drug to the right cancer genotype is a
proven model for improving treatment and outcome in
patients with chronic myelogenous leukemia (CML), non–
small-cell lung carcinoma (NSCLC), gastrointestinal stro-
mal tumor (GIST), colorectal carcinoma, and, most re-
cently, malignant melanoma.2,5–16

The major successes from this therapeutic approach
have been in diseases in which there is limited molecular
heterogeneity, with all or most cases having a drug-sen-
sitive mutation. Prime examples include BCR-ABL in
CML9 and KIT in GIST.3,7 There is increasing evidence
that many common cancers similarly harbor potentially
druggable targets, albeit at relatively lower frequencies.
For example, subsets of NSCLC have oncogenic muta-
tions in EGFR, KRAS, BRAF, PIK3CA, or HER2 or a trans-
location involving the ALK gene.17–19 In the more molec-
ularly heterogeneous cancers, mutations in proteins other
than the intended therapeutic target can profoundly af-
fect response to therapy. Thus, in the case of EGFR
inhibitor therapy in lung and colon cancer, KRAS and
BRAF mutations strongly predict drug resistance.4,5,20,21

Clearly, application of targeted therapy to these more
molecularly complex cancers requires identification of
the relevant molecular subtypes, for which high-through-
put technologies are necessary.
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Currently, new drugs are often tested against unse-
lected patient populations, followed by retrospective
analysis of molecular correlates. This is an ineffective
process, likely to miss groups of patients who would truly
benefit from the drug. For example, in four phase II trials
of imatinib for the treatment of advanced melanoma,
there was insufficient evidence of activity to support con-
tinued development of the drug for this indication22–25

However, KIT gene mutations have since been identified
in the acral and mucosal subsets of melanoma,26–29 and
a recent phase II trial that targeted these mutations
yielded a 60% response rate.6 Using genomic mutation
signatures predictive of sensitivity to targeted therapies is
the most effective way to identify patients most likely to
benefit. Moreover, because many of the compelling can-
cer drug targets are shared across several tumor types,
new drug trials are likely to be most efficient when patient
populations are recruited on the basis of genotype, as
opposed to solely on the basis of cellular tumor type.

A transformative approach to drug development and
routine clinical management of cancer patients would be
to use broad-based prospective genotyping of clinical
tumor specimens to identify relevant drug targets in indi-
vidual patients. To this end, we have established a Per-
sonalized Cancer Medicine Registry (PCMR) with the
goal of integrating prospective tumor genotyping into the
care of cancer patients. The PCMR serves as a repository
of both clinical information and genotyping data and is
the focal point for the application of genotyping technol-
ogies that work on formalin-fixed, paraffin-embedded
(FFPE) clinical material. Herein, we describe a mass
spectrometry–based panel of multiplexed assays that
can detect 390 mutations across 30 cancer genes. Eval-
uation of tumor specimens from 820 registry patients with
urothelial, colorectal, endometrioid, or thyroid carcinoma,
or melanoma using this approach yielded a previously
unappreciated complexity and diversity of mutations in
some cancers, particularly in regard to the druggable
targets BRAF and PIK3CA. The patterns of oncogenic
mutations emerging from these analyses have significant
implications for the use of targeted therapeutics that are
currently in clinical trials, and the methods described
herein provide a robust means to identify these mutations
in clinical specimens.

Materials and Methods

Patients

Participants were selected from patients receiving clini-
cal care at Oregon Health & Science University for one of
five cancer types, with an emphasis on late-stage dis-
ease: colorectal adenocarcinoma, endometrioid carci-
noma of the uterus or ovary, thyroid carcinoma, urothelial
(transitional cell) carcinoma of the bladder or kidney, and
malignant melanoma. The study was conducted under
full institutional review board approval, with consent or
waiver of written documentation of consent per federal
and institutional guidelines.

Tumor Specimens and DNA Preparation

Blocks of FFPE tumor tissue, or unstained sections of
FFPE tissue, were obtained from the pathology archives
of Oregon Health & Science University, or from 115 other
health care institutions across 26 US states; one case
was obtained from Korea. The diagnosis in each case
was confirmed by a single pathologist (C.L.C.). Tumor-
rich areas (!75%) were dissected from 5-!m unstained
sections by comparison with a hematoxylin and eosin–
stained slide, and genomic DNA was extracted using a
QIAamp DNA Mini kit (Qiagen, Valencia, CA) in accor-
dance with the manufacturer’s instructions. In addition,
buccal swabs or saliva samples were collected as a
source of germline DNA from the majority of patients.

Mutation Screening

Mutation screening was primarily performed using a
panel of 324 assays interrogating 390 mutations in 30
genes analyzed on a MassARRAY platform (Sequenom,
San Diego, CA). A total of 500 ng FFPE-derived DNA was
required to screen the 36-multiplex panel. This Solid Tu-
mor Panel includes all of the assays that are part of the
commercially available OncoCarta v01 panel (Seque-
nom), as well as 136 custom-designed assays that are
now also commercially available (OncoCarta v02, Seque-
nom). Amplification primers and extension oligo se-
quences for the 136 custom-designed assays are avail-
able upon request.

Assay Designer 3.1 software (Sequenom) was used to
design assay multiplexes targeting mutations in known
cancer genes, and assays were performed using Type-
PLEX (Sequenom) chemistry. Initial PCR reactions were
set up with an EpMotion 5075 liquid handler (Eppendorf),
and used 10 ng DNA per multiplex in a total volume of 5
!l, with 100 nmol/L primers, 2 mmol/L MgCl2, 500 !mol/L
dNTPs, and 0.1 units Taq polymerase. Amplification in-
cluded one cycle of 94°C for 4 minutes, followed by 45
cycles of 94°C for 20 seconds, 56°C for 30 seconds, and
72°C for 1 minute, and one final cycle of 72°C for 3
minutes. Unincorporated nucleotides were inactivated by
addition of 0.3 units shrimp alkaline phosphatase and
incubation at 37°C for 40 minutes, followed by heat inac-
tivation of shrimp alkaline phosphatase at 85°C for 5
minutes. Single base primer extension reactions were
performed with 0.625 to 1.25 !mol/L extension primer
and 1.35 units TypePLEX thermosequenase DNA poly-
merase. Extension cycling included one cycle of 94°C for
30 seconds, 40 cycles of 94°C for 5 seconds, five cycles
of 52°C for 5 seconds and 80°C for 5 seconds, followed
by one cycle of 72°C for 3 minutes. Extension products
were purified by incubation for 30 minutes with an ion
exchange resin (SpectroCLEAN, Sequenom), and ap-
proximately 10 nl of purified product was spotted onto
SpectroChip II matrices. A Bruker matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass
spectrometer (MassARRAY Compact, Sequenom) was
used to resolve extension products. MassARRAY Typer
Analyzer software (Sequenom) was used for automated
data analysis, accompanied by visual inspection of exten-
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sion products. Examples of all detected mutations were
confirmed by standard, bidirectional Sanger sequencing.

To determine assay sensitivity, FFPE-derived samples
with known mutations were diluted into FFPE-derived
wild-type DNA at defined ratios. A total of 10 ng DNA was
used per assay multiplex. In separate dilutions, the total
amount of DNA in a multiplex was titrated from 20 ng to
0.312 ng. Mutant allelic ratios were determined from the
peak area of each allele using Sequenom Typer Analyzer
software.

Because the Solid Tumor Panel is incomplete for some
genes, additional mutation screening was performed for
FGFR3 exon 7, and KIT exons 11, 13 and 17 by high-
resolution melting curve analyses on a Roche LightCycler
480. The primers used were FGFR3 exon 7 forward 5=-
TGGCCCCTGAGCGTCATCTGC-3=, FGFR3 exon 7 re-
verse 5=-TCTGGTTGGCCGGCAGCCCC-3=, KIT exon 11
forward 5=-CCAGAGTGCTCTAATGACTG-3=, KIT exon
11 reverse 5=-CTCAGCCTGTTTCTGGGAAA-3=, KIT exon
13 forward 5=-GGAAGCCCTCATGTCTGAAC-3=, KIT
exon 13 reverse 5=-ACACGGCTTTACCTCCAATG-3=, KIT
exon 17 forward 5=-TCGGATCACAAAGATTTGTG-3=,
and KIT exon 17 reverse 5=-GCAGGACTGTCAAGCA-
GAGA-3=. Reactions were performed with 100 ng DNA
template in a total volume of 20 !l, with LC480 High
Resolution Melting Master Mix (Roche) supplemented with
3 mmol/L MgCl2. FGFR3 primers were used at a final con-
centration of 200 nmol/L, and KIT primers were used at 500
nmol/L. The amplification conditions included one cycle of
95°C for 8 minutes, followed by 40 cycles of 95°C for 20
seconds, 58°C for 2 seconds, and 72°C for 10 seconds.
Melt analysis was performed in one cycle of 95°C for 1
minute, 40°C for 1 minute, 65°C for 1 second, followed by
continuous heating to 95°C, with fluorescence measured at
25 acquisitions per degree Celsius (°C).

RET-PTC1/PTC3 translocations were detected in
cDNA samples from papillary thyroid carcinomas using
hydrolysis probes as described previously.30 Briefly,
RET-PTC1 and RET-PTC3 translocation products were
detected in a multiplexed two-color RT-PCR assay with
GAPDH as an internal positive control. PTC1- and PTC3-
specific forward PCR primers were used with a common
RET reverse primer and FAM-labeled Taqman probe,
whereas GAPDH was detected with a Texas Red–labeled
probe. The primer and probe sequences included H4
(PTC1) forward primer 5=-AAAGCCAGCGTGACCATC-3=,
ELE1 (PTC3) forward primer 5=-TGGCTTACCCAA
AAGCAGAC-3=, RET reverse primer 5=-GTTGCCTTGAC-
CACTTTTC-3=, RET probe 5=-FAM-CCAAAGTGGGAA
TTCCCTCGGA-3=IABlkFQ, GAPDH forward primer 5=-
AGCCGCATCTTCTTTTGC-3=, GAPDH reverse primer 5=-
GCCCAATACGACCAAATCC-3=, and GAPDH probe 5=-/
5TexRd-XN/TGG GGA AGG TGA AGG TCG GA/
3IAbRQSp/"3=. PCR reactions were performed in a
Roche LightCycler 480 instrument using a 20-!l reaction
volume, with LightCycler 480 Probes Master reaction mix
(Roche), and random-primed cDNA template derived
from 40 to 200 ng total RNA. The GAPDH probe was used
at 0.15 !mol/L, and all other primers and probes were
used at a final concentration of 0.3 !mol/L each. Cycling
conditions included an initial 10 minutes denaturing step

at 95°C, followed by 40 cycles of 95°C for 10 seconds
and 60°C for 20 seconds. Samples that scored positive
for the RET-PTC1 and RET-PTC3 multiplex were re-tested
with each primer pair individually to determine the RET
fusion partner.

Results

Mass Spectrometry–Based Mutation Detection

The mass spectrometry–based assays consist of multi-
plexed single nucleotide primer extension reactions
across known mutation sites, generating extension prod-
ucts that differ by the added mass of a wild-type or
mutant nucleotide.31,32 The Solid Tumor Panel consists of
324 assays covering 390 mutations across 30 cancer
genes (see Supplemental Table S1 at http://jmd.
amjpathol.org). The panel is necessarily biased toward
activating mutations in oncogenes, as the design of Mas-
sARRAY assays requires foreknowledge of the mutations
to be detected. For this reason, the MassARRAY ap-
proach is less suitable for screening inactivating muta-
tions in tumor suppressor genes. As detailed in Table 1,
the panel covers a substantial portion of the mutations

Table 1. Mutations Covered in the Solid Tumor Panel

Gene

No. of annotated
mutant solid

tumor cases in
COSMIC

Percentage of COSMIC
solid tumor cases

covered in Solid Tumor
Panel*

ABL1 5 0%
AKT1 115 95%
AKT2 0 NA
AKT3 2 0%
BRAF 12870 98%
CDK4 0 NA
CTNNB1 2667 76%
EGFR 5292 80%
ERBB2 116 33%
FBX4 0 NA
FBXW7 146 31%
FGFR1 10 20%
FGFR2 62 27%
FGFR3 2012 28%
FLT3 2 0%
GNAQ 139 96%
HRAS 626 91%
JAK2 5 0%
KIT 2601 48%
KRAS 14235 99%
MAP2K1 0 NA
MAP2K2 0 NA
MET 140 51%
NRAS 1353 98%
PDGFRA 540 72%
PIK3CA 2772 89%
PTPN11 15 7%
RET 369 78%
SOS1 2 0%
TP53 11584 21%

COSMIC, Catalogue of Somatic Mutations in Cancer (http://www.
sanger.ac.uk/genetics/CGP/cosmic).

*Proportion of solid tumor cases in COSMIC with a mutation that would
be detected by the Solid Tumor Panel.

NA, not available.
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reported in the Catalogue of Somatic Mutations in Cancer
(COSMIC) database (http://www.sanger.ac.uk/genetics/
CGP/cosmic; v48, released July 27, 2010) for these 30
genes, although rare mutations will still be missed by this
approach. For example, in the case of BRAF, the Solid
Tumor Panel covers 31 of the 131 distinct solid tumor
amino acid mutations listed in the COSMIC database.
Owing to the high frequency of specific mutations such
as V600E, these 31 amino acid mutations account for
98% of the reported solid tumor BRAF mutations.

We performed dilution series for six different mutations
from FFPE-derived DNA to assess the sensitivity of the
system; the lower threshold for detection ranged between
5% and 10%. An example of a dilution series is depicted
in Figure 1A. In general, salt adduct peaks, primarily
sodium (#22 Da) and potassium (#38 Da), present the
main source of background. Interference of these ad-
ducts was minimized by designing assays such that the
wild-type allele was the high-mass allele, so that salt
adducts of wild-type peaks would not overlap mutant
allele peaks. In addition, we observed that the chips used
for mass spectrometry in this study (SpectroChip II)
showed only minimal salt adduct peaks in comparison
with the previous version of these chips (SpectroChip
I). The level of sensitivity that we observed is in keep-
ing with other studies using the MassARRAY platform,
and exceeds the sensitivity of standard DNA sequenc-
ing (approximately 20% mutant allele).33–37 Standard
DNA input was 10 ng per multiplex well, but mutant
alleles were readily detected with as little as 1 ng DNA
per well (Figure 1B).

For each sample analyzed, the mass spectrometry
profiles for all 36 multiplexes were manually reviewed and
the results were read as wild-type, “low confidence” for
mutation (peak area between 10% and 20% of wild-type),
or “high confidence” for mutation (peak area "20% of
wild-type). Initially, all suspected mutations were either
confirmed or ruled out by standard DNA sequencing.
After sequencing to confirm a minimum of three high-
confidence calls for a particular mutation, we accepted
further high-confidence calls as positive. All low-confi-
dence calls were followed up by sequencing, and the
sequencing result was recorded as the final genotype.
Thus, for low-frequency mutations, the limit of mutation
detection was set by the sensitivity of the sequencing
assay.

Of the 390 mutations represented on the panel, 85
were detected among the Registry tumors. These muta-
tions were confirmed in 310 Registry specimens by stan-
dard DNA sequencing. Twelve additional samples were
called mutant by the mass spectrometry assays but were
deemed to be wild-type by standard sequencing. Nota-
bly, 11 of the 12 were low-confidence mass spectrometry
calls, and it is not possible to unequivocally determine
whether the mutant allele call was erroneous or whether
the mutant allele frequency was below the detection limit
of standard sequencing. In addition, mutations were se-
quence confirmed in 304 non-Registry specimens, cov-
ering 105 unique mutations. In total, 146 unique muta-
tions detected by the mass spectrometry assay panel
were confirmed by sequencing. It was not possible to

directly confirm the remaining 244 mutations because we
did not have these rare mutations in our tumor DNA
archive. One of the strengths of the MassARRAY system,
however, is that every assay yields at least one wild-type
peak, indicating that the PCR, primer extension, and de-
tection are all working properly. Of course, absence of a
wild-type peak was deemed an assay failure.

The performance of the Solid Tumor Panel was robust
on FFPE-derived DNA. On average, each of the 820
samples tested was successfully genotyped across
!97.5% of the 324 assays in the panel, and 220 samples
did not fail a single assay. Sample testing is performed in
a 384-well format, and a single individual can screen 36
DNA samples with the 36-multiplex panel in 2 days, in-
cluding data analysis.

Three assays originally included in the Solid Tumor
Panel were found to detect SNPs, as the variants were
observed in both tumor specimens and matched germ-
line DNA from the same patients. These include MET
R970C and T992I, which have been shown to lack trans-
forming activity,38 and FBX4 S8R. These variants were
not included in the total number of somatic mutations
detected by the panel, and they were recorded as germ-
line SNPs when detected in patient samples.

Mutation Frequencies

Tissue specimens were sought from 892 patients con-
sented into the Personalized Cancer Medicine Registry
(PCMR). In 67 cases, there was insufficient tumor tissue
available for genotyping, including cases in which no
tissue specimen was available, as well as cases in which
a specimen was evaluated and deemed to contain insuf-
ficient tumor tissue. In another 5 cases, the yield of DNA
was too low to proceed with genotyping. The remaining
820 cases were successfully genotyped, and included
85 urothelial carcinomas, 236 colorectal carcinomas, 90
endometrioid carcinomas, 164 melanomas, and 245 pap-
illary thyroid cancers (Table 2; see also Supplemental
Table S2 at http://jmd.amjpathol.org).

Attempts to engineer MassARRAY assays for muta-
tions in FGFR3 exon 7 codons 248 and 249 failed. We
therefore performed supplemental screening of FGFR3
exon7 using a combination of real-time PCR and high-
resolution melting curve analyses in cases of urothelial
carcinoma. Melanomas were similarly screened for mu-
tations in KIT exons 11, 13, and 17, because the diversity
of KIT mutations in these tumors was not known at the
time the Solid Tumor Panel was designed. RET-PTC1/
PTC3 translocations in papillary thyroid carcinomas were
screened in cDNA, requiring separate real-time assays.

Genetic alterations were detected in 14 of the genes
evaluated, and these define molecular subtypes of each
of the cancers (Figure 2; see also Supplemental Table S3
at http://jmd.amjpathol.org). Several of these genes were
mutated in many cancer types, whereas others exhibited
a more narrow distribution of mutations. The genes most
frequently mutated in multiple cancer types were BRAF
(70% of thyroid carcinomas, 45% of melanomas, and
5.1% of colorectal carcinomas), PIK3CA (30% of endo-
metrioid carcinomas, 14% each of urothelial and colorec-
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tal carcinomas, 2% of thyroid carcinomas, and 0.6% of
melanomas), KRAS (36% of colorectal, 17% of endo-
metrioid, and 3.5% of urothelial carcinomas), NRAS (17%
of melanomas and 3.4% of colorectal, 2.2% of endometri-
oid, 1.2% of urothelial, and 0.4% of thyroid carcinomas),

and TP53 (20% of colorectal, 13% of urothelial, and 10%
of endometrioid carcinomas and 0.6% of melanomas).
TP53 mutations are likely underrepresented, as the Solid
Tumor Panel covers only 21% of known mutations in this
tumor suppressor gene (Table 2). Mutations in AKT1,

Figure 1. Sensitivity of mass-spectrometry–based mutation detection. A: Specimen with 60% KIT K642E mutant allele frequency was diluted twofold into
wild-type DNA, with 10 ng total DNA in each dilution. B: The amount of input DNA was titrated from 20 ng to 0.312 ng. Mutant and wild-type (wt) alleles are
indicated by arrows.
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CTNNB1, FBXW7, HRAS, and MAP2K1 were also ob-
served in two or more of the cancers. Genes that exhib-
ited a cancer-specific pattern of alteration included
FGFR2 in endometrioid carcinoma, FGFR3 in urothelial
carcinoma, GNAQ in melanoma, and RET-PTC in thyroid
carcinoma.

Of note, no mutations were detected in KIT exons 11,
13, or 17 in the melanoma series, which included 154
cutaneous tumors, one mucosal primary, eight spindle
cell variants, and one Spitzoid lesion. This was not sur-
prising because KIT mutations are rare outside of the
mucosal and acral subtypes.29 One BRAF mutation was
identified among the spindle cell variants, and the Spit-
zoid case harbored mutations in both BRAF and
CTNNB1.

Multiple Mutations

Marked differences were observed in the frequency of
multiple mutations in different cancer types, with substan-
tially more mutation complexity in the colorectal and en-
dometrioid cases compared with the urothelial, mela-
noma, and thyroid cases (Figure 3). Of 34 urothelial

carcinomas in which a mutation was detected, only one
case had multiple mutations (PIK3CA and FBXW7). Sim-
ilarly, only two of 198 mutant thyroid specimens had two
mutations, in PIK3CA and BRAF. Of 106 mutant melano-
mas, five exhibited multiple mutations: NRAS with
PIK3CA, NRAS with CTNNB1, BRAF with CTNNB1, and
two cases of BRAF with AKT1. In contrast, 196 mutations
were detected in 148 colorectal specimens, with 42
cases (28%) exhibiting two or more mutations. In addi-
tion, among 54 endometrioid cases in which a mutation
was detected, 24 cases (44%) had two or more muta-
tions. Three mutations were detected in four colorectal
and five endometrioid specimens, and one colorectal
case harbored four mutations.

In terms of specific genes, eight BRAF-mutant cases
harbored an additional mutation in either AKT1, CTNNB1,
PIK3CA, or TP53. Of the 77 cases in which PIK3CA mu-
tations were detected, 48 harbored additional mutations
in other genes. The most common overlap was with KRAS
mutations, which were observed in 22 colorectal and six
endometrioid carcinomas. PIK3CA mutations also over-
lapped with mutations in AKT1 (case one), FGFR2 (case
two), NRAS (case two), BRAF (case three), CTNNB1
(case four), and FBXW7 (case eight). Collectively,
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Figure 3. Mutation overlap. Cases in which a single mutation was detected
are depicted in black, whereas those with multiple mutations are depicted in
red.

Table 2. Registry Patient Characteristics

Cancer type

Urothelial Colorectal Endometrioid Melanoma Thyroid

Patient cases genotyped 85 236 90 164 245
Sex (%F/%M) 21/79 42/58 100/0 46/54 73/27
Average age (years) 49 53 58 58 40
Stage 0A 2 0 0 0 0
Stage I 5 11 38 13 127
Stage II 19 14 14 61 8
Stage III 12 107 26 71 29
Stage IV 12 89 3 7 58
Stage unknown 35 15 9 12 23

F, female; M, male.
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Figure 2. Mutation frequencies for various genes. Mutation frequencies are
displayed by gene as the percentage of total cases tested, for urothelial (n $
85), colorectal (n $ 236), endometrioid (n $ 90), melanoma (n $ 164), and
thyroid (n $ 245) cancers.
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PIK3CA mutations were more likely to be found in com-
bination with mutations in other genes than BRAF muta-
tions (48 of 77 versus eight of 257, P % 0.001).

Diversity of PIK3CA Mutations

In PIK3CA, exon 9 and 20 mutations were most common,
although many additional mutations were observed out-
side these exons, and substantial diversity was observed
across cancer types. All of the mutations in the urothelial
carcinomas and 94% of the mutations in the colorectal
carcinomas were in either exon 9 or 20, with 10 of 12
urothelial mutations and 28 of 32 colorectal mutations
occurring in exon 9. Two additional colorectal mutations
were located in exon 7. By comparison, only 16 of 27
endometrioid mutations were located in exon 9 or 20, with
eight additional mutations in exon 1 and three in exon 7.
Although relatively few in number, PIK3CA mutations in
thyroid carcinomas were diverse, with one each in exons
4, 13, and 20, and two in exon 9.

Spectrum of BRAF Mutations

BRAF mutations were identified in 12 colorectal and 172
thyroid carcinomas and in 73 melanomas. Among the
colorectal and thyroid cases, the vast majority of the
mutations were the V600E substitution, with only one
D594G among the colorectal and two VK600-601E dele-
tion/substitutions among the thyroid cases. In marked
contrast, V600E comprised only 74% of the melanoma
BRAF mutations, with 19 cases harboring other mutations
across the region from codons 594 to 601 (Figure 4).

Discussion

The primary platform for genotyping tumors from the pa-
tients enrolled in the PCMR is the mass spectrometry–
based MassARRAY system. Our Solid Tumor Panel cov-
ers mutations across 30 cancer genes, including several
receptor tyrosine kinases, downstream signaling interme-
diates in both the MAP kinase and PI3 kinase/AKT path-
ways, and other genes that are important in cell cycle
regulation. Mutation frequencies for the common onco-
genic events were in the expected range across all five
cancer types represented in the PCMR, validating the
MassARRAY approach. For example, we found 45% of
malignant melanomas to have BRAF mutations, and 36%
of colorectal carcinomas to harbor KRAS mutations;
these data are well in line with those in the literature.39–43

One of the goals of this study was to determine

whether the MassARRAY system might be suitable for
routine analysis of clinical tumor samples. We observed
that high confidence calls are nearly always present on
follow-up DNA sequencing; nevertheless, we believe that
such sequencing would be necessary before reporting a
suspected mutation in the clinical setting. In the current
study, specimens were rejected if predissection would
yield less than 75% pure tumor cells. However, the esti-
mated sensitivity of the MassARRAY system (&10%) is at
least as good if not better than standard DNA sequenc-
ing. It should therefore be possible to lower the threshold
for tumor content to 50%. Moreover, we have shown that
laser-capture microdissection can be used to improve
tumor yield and still generate sufficient material (500 ng)
for testing.44

In addition to the common mutations in BRAF and
KRAS, we uncovered a remarkable spectrum of muta-
tions that were either unexpected or only rarely docu-
mented before. Endometrioid carcinomas are one exam-
ple in which we observed PIK3CA, CTNNB1 and KRAS
mutations at the expected frequencies but also found
cases with activating mutations in FGFR2, AKT1, NRAS,
or MAP2K1.45–50 Moreover, a subset of the tumors had
more than one mutation: eg, a CTNNB1 mutation paired
with a mutation in KRAS or AKT1 or FGFR2, and cases
with overlap of KRAS and PIK3CA mutations. These ob-
servations have two important implications. First, they
demonstrate that among patients with advanced endo-
metrioid carcinoma, there are multiple opportunities for
the use of targeted therapeutics. AKT1 mutations are
uncommon in these tumors, but such cases can be iden-
tified using a multiplex screening approach and the pa-
tients potentially entered into a clinical trial of an AKT1
inhibitor. The second implication of the data is that the
broader screening approach afforded by the MassARRAY
Solid Tumor Panel brings to light co-existing oncogenic
alterations that would be missed by a single-gene assay
and yet may have a significant impact on the response to a
particular drug.

Malignant melanomas are another group of tumors
analyzed through the PCMR that showed an unexpected
diversity of oncogenic mutations. Among 164 cutaneous
melanomas, we observed not only the expected BRAF and
NRAS mutations but picked up rare mutations in AKT1,
CTNNB1, GNAQ, and PIK3CA, all of which are components
of potentially druggable signaling pathways.39,40,43,51–56

Equally important, we observed a greater diversity of BRAF
mutations in melanomas than has previously been de-
scribed. V600E mutations in our series comprised only 74%
of total BRAF mutations compared with 85% to 100% in
other series.43,57–61 This difference likely reflects the more
narrowly focused assays used in other studies, although the
greater sensitivity of the MassARRAY platform compared
with conventional sequencing may also be a factor. Ongo-
ing trials of BRAF inhibitors for the treatment of melanoma
are enrolling only patients with BRAF V600E (PLX4032,
Roche/Plexxikon), or V600E and V600K mutations
(GSK2118436, GlaxoSmithKline). The clinical implica-
tions of the other BRAF mutations, which represent 11%
of the BRAF mutations in our melanoma series, remain to
be determined. We also found several melanomas that

D594G 8.3%

V600E 91.7%

Colorectal

V600E 98.8%

VK600-601E  1.2%

Thyroid

D594N  1.4%

G596R  1.4%

L597Q  2.7%

L597R  1.4%
V600E 74% V600K  15%

V600R  2.7%
K601N  1.4%

Melanoma

Figure 4. Spectrum of BRAF mutations. Relative frequencies of different
BRAF mutations are expressed as the fraction of all BRAF mutations detected
in melanoma (n $ 73), thyroid (n $ 172), and colon (n $ 12) cancers.
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harbored more than one mutation. Examples include
overlap of NRAS and CTNNB1 mutations, BRAF and
AKT1 mutations, and BRAF and PIK3CA mutations. In the
latter two cases, the additional oncogenic hit could por-
tend resistance to BRAF inhibitor therapy.

Three other cancers studied through the PCMR are
thyroid carcinomas, urothelial carcinomas, and colorectal
adenocarcinomas. In each of these cancers, we con-
firmed that there is a fraction of patients whose tumors
have clinically significant mutations. For example, KRAS
and BRAF mutations in colorectal cancer cases predict
resistance to cetuximab treatment.20,21 BRAF mutations
and RET-PTC fusions are common in thyroid cancers and
may be amenable to treatment with BRAF or RET inhibi-
tors, respectively.62 FGFR3 and PIK3CA mutations are
present in a subset of invasive urothelial cancers,63,64

and we found PIK3CA mutations in 14% of PCMR colo-
rectal cancers.

A substantial diversity of PIK3CA mutations was ob-
served across the different cancers, in terms of both the
site of mutation and the overlap with mutations in other
genes. Across all cancer types, 47 of 77 (61%) PIK3CA
mutations were located in “hotspots” in exon 9. However,
10 of 12 (83%) urothelial mutations and 28 of 32 (87%)
colorectal mutations were located in exon 9, whereas
only seven of 27 (26%) endometrioid mutations were
located in this region. No additional mutations were iden-
tified in the urothelial exon 9 mutant cases, whereas 24 of
28 colorectal and six of seven endometrioid exon 9 mu-
tant cases harbored a mutation in at least one other
cancer gene. Across all PIK3CA exons, the most common
additional mutation was in KRAS, which was observed in
22 colorectal and six endometrioid cases. Therapeutic
strategies that target PIK3CA will need to account for the
diversity of mutations, as well as the presence of multiple
mutations in other genes. The cellular context is also
important, as described in a recent report that ovarian
cancer patients with PIK3CA and either KRAS or BRAF
mutations respond to PI3 kinase pathway inhibitors,
whereas colorectal cancer patients with PIK3CA and
KRAS mutations do not.65

Collectively, our results substantiate the need for a
broader approach in identifying the diversity of clinically
significant mutations among cancer subtypes. Mass
spectrometry–based screening is well suited to evaluate
several hundred mutations per case in FFPE specimens,
so that rare mutations can be readily discovered and
multiple mutations can be detected in individual speci-
mens. In addition, the prospective genotyping approach
is essential to more effectively translate molecular cancer
signatures into improved patient therapies, inasmuch as
the genotyping data may be used to optimize the current
and future care of enrolled patients, including selection
into clinical trials of targeted agents.
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