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Next generation sequencing is transforming patient care by allowing physicians to customize and match treatment
to their patients’ tumor alterations. Our goal was to study the association between key molecular alterations and
outcome parameters. We evaluated the characteristics and outcomes (overall survival (OS), time to metastasis/
recurrence, and best progression-free survival (PFS)) of 392 patients for whom next generation sequencing (182 or 236
genes) had been performed. The Kaplan-Meier method and Cox regression models were used for our analysis, and
results were subjected to internal validation using a resampling method (bootstrap analysis). In a multivariable analysis
(Cox regression model), the parameters that were statistically associated with a poorer overall survival were the
presence of metastases at diagnosis (P D 0.014), gastrointestinal histology (P < 0.0001), PTEN (P < 0.0001), and CDKN2A
alterations (P D 0.0001). The variables associated with a shorter time to metastases/recurrence were gastrointestinal
histology (P D 0.004), APC (P D 0.008), PTEN (P D 0.026) and TP53 (P D 0.044) alterations. TP53 (P D 0.003) and PTEN
(P D 0.034) alterations were independent predictors of a shorter best PFS. A personalized treatment approach
(matching the molecular aberration with a cognate targeted drug) also correlated with a longer best PFS (P D 0.046).
Our study demonstrated that, across diverse cancers, anomalies in specific tumor suppressor genes (PTEN, CDKN2A,
APC, and/or TP53) were independently associated with a worse outcome, as reflected by time to metastases/recurrence,
best PFS on treatment, and/or overall survival. These observations suggest that molecular diagnostic tests may provide
important prognostic information in patients with cancer.

Introduction

The technology for identifying genomic aberrations is advanc-
ing at a breathtaking pace, and is transforming patient care by
allowing physicians to customize and match treatment to their
patients’ tumor alterations.1,2 Previous studies showed that patients
have unique molecular profiles,3,4 and that when tested with even a
limited cancer gene panel assay, most patients had multiple molec-
ular alterations (median of 4 alterations, range 1–14).4 Clinical
oncologists need more information to help them identify and pri-
oritize the alterations that might be important predictive markers
for benefit with specific targeted therapies. However, the important
role of many genes in the development of cancer suggests that some
aberrations may also yield valuable prognostic information, though
this aspect of utility for molecular diagnostics is not well studied.

An individual patient’s tumor may harbor abnormalities in tyro-
sine kinase-encoding genes, as well as tumor suppressors, transcrip-
tion factors, and others involved in many different cancer-related
pathways.5 Alterations in the tumor suppressor geneTP53 are among
the most prevalent in cancer,6 ranging in frequency from 94% in
patients with ovarian serous cancer to less than 5% for those with kid-
ney renal clear cell or thyroid carcinoma.7 TP53 mutations have a
crucial impact on multiple aspects of carcinogenesis, and have been
associated with a poor prognosis.8-10 The correlation between other
molecular anomalies and outcome remains incompletely elucidated.

Herein, we used targeted next-generation sequencing (NGS)
to interrogate the entire coding regions of 236 genes known to
have clinical or preclinical relevance in cancer. Abnormalities in
these genes were correlated with outcome parameters in 392
patients with diverse malignancies.
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Results

Patient characteristics
Three hundred and ninety two patients who were seen at the

cancer center and had consecutive molecular testing were identi-
fied. Patients’ characteristics are listed in Table 1. There was a
slight preponderance of women over men (57%). The median
age at diagnostic was 54 years (CI 95% 53–56 years). The

majority of our patient population were Caucasian (72%), fol-
lowed by other (15%) and Asian (6%). The most common pri-
mary tumor sites were gastrointestinal (23%), breast (21%), and
brain tumors (14%). Sixty-four patients had metastatic disease at
the time of diagnosis (N D 64, 16%).

Survival
In a univariable analysis, gender, age at diagnosis, primary site

of tumor, molecular alterations and metastatic sites were used as
variables. The only parameters that were associated with survival
were gender (women had a longer median survival, HR 1.6, P D
0.036), presence of metastasis at diagnosis (HR 2.9, P D 0.001)
and gastrointestinal histology (HR 3.12, P < 0.0001), with the
latter 2 parameters predicting a shorter survival. The molecular
alterations correlating with worse survival were aberrations in
PTEN (HR 3.9, P < 0.0001), followed by CDKN2A (HR 2.4,
P D 0.001), TP53 (HR 2.1, P D 0.002), and EGFR (HR 2.3,
P D 0.030). We observed a trend for APC and KRAS alterations
(P D 0.051 and 0.089, respectively) (Table 2).

Variables with a P-value less than 0.1 in the univariable analy-
sis were included in a Cox regression model (multivariate analy-
sis). The only parameters that remained statistically significant
were the presence of metastasis at diagnostic (P D 0.014), gastro-
intestinal histology (P < 0.0001), PTEN (P < 0.0001), and
CDKN2A alterations (P D 0.0001), although a trend persisted
for TP53 (P D 0.073) (Fig. 1A). Similar results were obtained
with the “bootstrapping” method,11 performed 5000 times, in
which the presence of metastasis at diagnostics (P D 0.028), gas-
trointestinal histology (P D 0.005), PTEN (P D 0.0002), and
CDKN2A alterations (P D 0.001) remained independently asso-
ciated with a shorter overall survival.

Time to metastasis/recurrence
In our overall population, the median time from diagnosis to

first metastasis/recurrence was 19 months (CI 95% 15–23
months), Table 3 and Figure 1B. The parameters predicting a
shorter time to metastasis/recurrence were gastrointestinal

Table 1. Patient characteristics

Characteristics Total patients, N D 392

Age at diagnosis (years) 54.3 (52.5–56.0)
(Median, CI 95%)

Age at diagnostic � 50 years 243 (62%)
Gender
Women 222 (57%)
Men 170 (43)

Race
Caucasian 284 (72%)
Other 57 (15%)
Asian 25 (6%)
African American 12 (3%)
Unknown 10 (3%)
Hispanic 4 (1%)

Type of cancer
Gastro-intestinal 91 (23%)
Breast 81 (21%)
Brain 56 (14%)
Gynecologic 33 (8%)
Head and neck 30 (8%)
Liquid 30 (8%)
Melanoma 29 (7%)
Lung 26 (7%)
Othera 16 (4%)
Metastasis at diagnosis 64 (16%)

aEwing sarcoma, carcinoid tumor, sarcomatoid tumor, peripheral nerve
sheath tumor, pleiomorphic cell sarcoma (thigh), soft tissue liposarcoma
(N D 2), soft tissue rhabdomyosarcoma, pleomorphic liposarcoma, and
unknown origin (nD 7).

Table 2. Characteristics correlating with survival in 392 patients with cancer

Univariablea Multivariable b

Parameters HR (CI 95%) P-Value Chi-Square c HR (CI 95%) P-Value Wald c

Gender 1.64 (1.04–2.8) 0.036 4.4 1.52 (0.91–2.53) 0.109 2.6
Metastasis at diagnosis 2.87 (1.54–5.35) 0.001 12.1 2.40 (1.19–4.83) 0.014 6.0
Histology
Gastro-intestinal (N D 91) 3.12 (2.76–10.49) <0.0001 23.5 3.24 (1.61–6.54) 0.001 10.8
Genetic alteration
TP53 (N D 178) 2.10 (1.34–3.44) 0.002 9.1 1.59 (0.96–2.63) 0.073 3.2
CDKN2A (N D 76) 2.42 (1.68–6.43) 0.001 12.0 3.01 (1.71–5.29) 0.0001 14.6
KRAS (N D 63) 1.65 (0.92–3.66) 0.089 2.9 1.30 (0.62–2.73) 0.483 0.49
PTEN (N D 42) 3.85 (4.43–29.17) <0.0001 25.2 5.59 (2.99–10.42) <0.0001 29.2
EGFR (N D 31) 2.3 (1.13–10.59) 0.030 4.7 1.39 (0.59–3.25) 0.446 0.58
APC (N D 24) 2.24 (1.00–10.94) 0.051 3.8 1.11 (0.43–2.87) 0.829 0.05

aLog-rank test; bCox regression model; cThe log-rank test reports a chi-square value, and the the Cox regression model a Wald statistic value which are used
to compute the corresponding P-values and assess significance.41,42 The higher the Chi-square and the Wald statistic values, the greater is the importance
of the corresponding variable in the model.
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histology (HR 1.9, P < 0.0001), APC alterations (HR 2.7, P <

0.0001), as well as KRAS and TP53 alterations (P-values of 0.001
and 0.038, respectively). There was a trend for PTEN alterations
(P D 0.059).

Similar to the survival analysis, only variables with a P-value
less than 0.1 were included in a Cox regression model. In addi-
tion to the gastrointestinal histology, APC, PTEN and TP53
alterations remained independent predictors of shorter time to
metastasis/recurrence (P D 0.004, 0.008, 0.026, and 0.044
respectively). The same variables were selected with the
“bootstrapping” method (gastrointestinal histology, P D 0.004;

APC alteration, P D 0.005; PTEN alteration, P D 0.006; TP53
alteration, P D 0.041).

Best progression-free survival
The data for best PFS was available for 246 patients of

392 (63%). Overall, the median best PFS was 7.8 months
(CI 95% 6.9–8.7), Table 4, Figures 1C and D. We observed
that the type of treatment (targeted, cytotoxic, combined
cytotoxic and targeted, or hormonal) correlated with best
PFS (P D 0.026 in univariable analysis). Patients with the
longest best PFS were those treated with hormonal therapy

Figure 1. Outcome comparisons in 392 patients with cancer. Analysis was by the Kaplan-Meier method and Cox regression model, as appropriate. (A)
represents the overall survival; (B) the time to metastasis/recurrence; (C) the best progression-free survival (PFS) according to the treatment type; and (D)
the best PFS by the parameters that were significant in the Cox regression model. Data for best PFS was available for 246 patients (63%). Treatment type
data was available for 238 patients and were subdivided into targeted, N D 54; cytotoxic, N D 113, both cytotoxic and targeted, N D 56; and hormonal,
N D 15. All the P-values are from a multivariable analysis, derived from a Cox regression model for panels (A, B, and D). For panel C, the P-values are
from a univariable analysis (Kaplan-Meier) and compared the designated category against all other (e.g. hormonal vs. others). The “targeted and cyto-
toxic” category (blue) had a significantly longer median best PFS compared to “cytotoxic” category (red), P D 0.002.
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(median best PFS D 10.8 vs 7.5 months, P D 0.14 (hor-
monal versus all other types of treatments)). On the other
hand, patients treated with cytotoxic agents had the shortest
best PFS (median 6.7 for cytotoxics vs 9.1 months for all
other treatments, P < 0.001). Of interest, patients treated
with a combination of targeted and cytotoxic agents had a
longer best PFS than those treated with cytotoxics only
(P D 0.002).

We also compared the impact of choosing a personalized
approach to treat patients. Fifty-three of 246 patients (22%)
were treated with a personalized approach and had a longer best
PFS time (10.3 vs. 7.0 months, P D 0.042) as compared to those
treated without molecular matching. As we considered treat-
ments targeting ERC or HERC tumors (mostly breast cancer
patients) as personalized treatments, we ran a Cox regression
analysis including personalized vs not approach and breast

histology as variables. The only variable independently predicting
a longer best PFS was the personalized strategy, with P D 0.028.

Besides the type of treatment and the personalized strategy,
the other parameters associated with the best PFS were gastroin-
testinal histology (P D 0.025), TP53 (P D 0.0002) and PTEN
(0.005) alterations, all of which correlated with a worse outcome
in univariable analysis. In a Cox regression model (multivariable
analysis), TP53 (P D 0.003), and PTEN (P D 0.034) alterations
remained independent predictors of a shorter best PFS; the
type of treatment was also associated with best PFS
(P D 0.039) (with hormonal therapy having a better outcome)
and a personalized treatment approach also correlated with a lon-
ger best PFS time (P D 0.046). A trend persisted for CDKN2A
alterations (P D 0.052), Table 4 and Figure 1D. The
“bootstrap” analysis confirmed TP53 alterations and the person-
alized strategy as variables independently associated with best

Table 3. Correlations of patient characteristics with time to metastasis/recurrence in 392 patients with cancer

Univariable Multivariablea

Parameters HR (CI 95%) P-Value Chi-Squareb HR (CI 95%) P-Value Waldb

Gender 1.17 (0.93–1.48) 0.174 1.85 — — —
Histology
Gastro-intestinal (N D 91) 1.90 (1.45–2.50) <0.0001 23.5 1.62 (1.17–2.24) 0.004 8.34
Genetic alteration
TP53 (N D 178) 1.27 (1.01–1.59) 0.038 4.29 1.27 (1.01–1.60) 0.044 4.07
CDKN2A (N D 76) 1.01 (0.74–1.37) 0.951 0.004 — — —
KRAS (N D 63) 1.64 (1.21–2.23) 0.001 11.0 1.28 (0.90–1.82) 0.178 1.82
PTEN (N D 42) 1.43 (0.98–2.01) 0.059 3.57 1.56 (2.30–1.05) 0.026 4.96
EGFR (N D 31) 1.34 (0.87–2.06) 0.166 1.92 — — —
APC (N D 24) 2.67 (1.68–4.24) <0.0001 20.2 1.96 (1.19–3.23) 0.008 6.94

aCharacteristics with a P-value < 0.1 in univariable (log-rank test) have been included in the multivariate analysis (Cox regression model).
bThe log-rank test reports a chi-square value, and the the Cox regression model a Wald statistic value which are used to compute the corresponding P-val-
ues and assess significance.41,42 The higher the Chi-square and the Wald statistic values, the greater is the importance of the corresponding variable in the
model.

Table 4. Correlations of patient characteristics with best progression-free survival (PFS)

Univariable Multivariablea

Parameters HR (CI 95%) P-Value Chi-Square c HR (CI 95%) P-Value Wald c

Gender 1.0 (0.86–1.17) 0.933 0.007 — — —
Histology
Gastro-intestinal (N D 91) 1.47 (1.04–2.08) 0.025 5.04 1.17 (0.80–1.71) 0.413 0.67
Genetic alteration — — —
TP53 (N D 178) 1.77 (1.30–2.40) 0.0002 13.8 1.66 (1.19–2.30) 0.003 9.11
CDKN2A (N D 76) 1.42 (0.97–2.01) 0.070 3.29 1.50 (0.99–2.25) 0.052 3.79
KRAS (N D 63) 1.02 (0.70–1.49) 0.900 0.02 — — —
PTEN (N D 42) 1.86 (1.19–2.92) 0.005 7.74 1.68 (1.04–2.70) 0.034 4.48
EGFR (N D 31) 1.19 (0.69–2.07) 0.523 0.41 — — —
APC (N D 24) 1.30 (0.71–2.41) 0.391 0.74 — — —
Personalized therapy (N D 53) 1.47 (1.01–2.14) 0.042 4.13 1.50 (1.01–2.22) 0.046 3.99
Treatment type b (N D 238) 1.22 (1.02–1.46) 0.026 4.96 1.23 (1.01–1.51) 0.039 4.27
Line of treatment (246) 1.21 (0.89–1.64) 0.225 1.47 — — —

aCharacteristics with a P-value < 0.1 in univariable (log-rank test) have been included in the multivariate analysis (Cox regression model). Data for best PFS
was available for 246 patients (63%). bTreatment type data was available for 238 patients and were subdivided into targeted, N D 54; cytotoxic, N D 113,
both cytotoxic and targeted, N D 56; and hormonal, N D 15. cThe log-rank test reports a chi-square value, and the the Cox regression model a Wald statistic
value which are used to compute the corresponding P-values and assess significance.41,42 The higher the Chi-square and the Wald statistic values, the
greater is the importance of the corresponding variable in the model.
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PFS; a trend remained for PTEN (P D 0.08) and CDKN2A (P D
0.09) alterations, as well as the treatment type (P D 0.06).

Association between tumor suppressor genes and patient
characteristics

In our study, we noted that the only molecular alterations
independently predicting negative patient outcome were the
tumor suppressor genes PTEN and CDKN2A (for survival),
PTEN, APC and CDKN2A (for time to metastases or recur-
rence), and PTEN and TP53 (for best PFS). We therefore used a
multiple logistic regression model (including parameters with p-
values less than 0.05 in a univariable analysis), to examine associ-
ations between each of these tumor suppressor genes and other
clinical characteristics (including other molecular alterations).
We found that PTEN alterations were associated with ATR (P <

0.001), MLL (P D 0.005), MAPK (P D 0.004), and NF1 (0.008)
alterations. TP53 alterations correlated with gastrointestinal
tumors (P D 0.003), ATRX (P < 0.001) and MYC (P D 0.001)
alterations. There was a negative association between TP53 and
liquid tumors (P < 0.01). CDKN2A alterations were associated
with primary brain tumors (P < 0.001), EGFR (P D 0.001) and
NRAS (P D 0.002) alterations. Lastly, APC correlated with gas-
trointestinal primary tumors (P< 0.0001) andMAPK alterations
(P D 0.042), Table S1.

Discussion

We observed that, of a panel of 236 genes examined by next
generation sequencing, only PTEN, CDKN2A, APC, and TP53
tumor suppressors were associated with a poorer clinical outcome
across malignancies. In our study, 42 of 392 patients (11%) har-
bored a PTEN alteration, which is consistent with previously
reported frequency rates.12 PTEN aberrations were an indepen-
dent predictor of all 3 reported endpoints (overall survival, time
to metastases/recurrence, and best PFS) (Tables 2–4). Our data
for PTEN is supported by previous reports that showed a nega-
tive predictive value for PTEN alterations in several neoplasms,
such as colorectal,13 endometrial cancer,14 non-small cell lung
cancer,15 breast and other cancers.16

Phosphatase and tensin homolog deleted on chromosome 10
(PTEN) antagonizes the phosphatidylinositol 3-kinase (PI3K)/
AKT/mTOR pathway leading to tumor cell growth and sur-
vival.17–19 In the nucleus, PTEN also promotes chromosome sta-
bility and DNA repair.20,21 Of note, PTEN alterations strongly
correlated with ATR alterations (P D 0.0003 in multiple logistic
regression) in our population (Table S1). The ATR gene product
also plays an important role in maintaining genome integrity
during DNA replication through the regulation of the DNA
damage response and apoptosis mechanisms.22 Several pre-clini-
cal findings also suggest that inhibitors of the PI3K/AKT/mTOR
pathway may be effective in preventing and controlling growth
of PTEN-deficient tumors.17,23 Loss of PTEN also drives resis-
tance to anti-cancer therapeutics,24 such as anti-estrogens in
estrogen receptor positive (ERC) breast cancers,25 or gefitinib
resistance for epidermal growth factor receptor (EGFR) mutant

non-small cell lung cancers.26 Whether or not PIK3CA or PTEN
alterations have a predictive influence on response to agents tar-
geting the PI3K/Akt/mTOR axis is still a matter of debate. While
some early data suggested that PTEN and PIK3CA status are not
associated with response to the PI3K/mTOR dual inhibitor
BEZ235 in patients with HER2C breast cancer,20 other studies
have reported higher response rates for patients with PIK3CA or
PTEN alterations treated with PI3K/AKT/mTOR–pathway
inhibitors (albeit only in the context of combination therapy)
than for patients without such alterations.12,27-29

In addition, multivariable analysis demonstrated that PTEN
aberrations correlated with NF1 (negative regulator of the RAS
signal transduction pathway, P D 0.008) and MAPK alterations
(P D 0.004) (Table S1). (MAPK gene products are components
of the RAS/MEK/ERK pathway). These co-alterations might
have a role in promoting resistance.30

In our study, another important tumor suppressor gene was
CDKN2A, which also showed a significant independent correla-
tion with survival (P D 0.0002). CDKN2A inhibits cyclin-
dependent kinases 4 and 6 (CDK4/6), consequently blocking
cell-cycle progression. CDKN2A has been found to be associated
with poor survival in patients with lymphomas31 and colorectal
cancers.32 In our multiple logistic regression model, CDKN2A
alterations were associated with brain tumors, EGFR and NRAS
alterations (Table S1).

In our population, TP53 was the most frequently altered
tumor suppressor gene; 178 of 392 patients (45%) carried
TP53 alterations. Patients with TP53 alterations had a shorter
time to metastasis/recurrence and reduced best PFS time in a
multivariate analysis. Of note, there was a trend for a decreased
survival in patients with TP53-mutant cancers (P D 0.053).
Unfortunately, there are currently no approved drugs that can
target TP53 mutations, although our previous retrospective
study showed that TP53-mutant patients treated with the anti-
angiogenic drug bevacizumab had significantly longer PFS than
those harboring wild-type TP53 (P < 0.001).33 Wee-1 inhibi-
tors may also target TP53 as previous reports demonstrate that
loss of Wee1 activity sensitizes p53 inactive cells to DNA dam-
aging agents and radiosensitization.34 The tumor suppressor
gene TP53 is a master gene regulator controlling diverse cellular
pathways, by either activating or repressing downstream genes.
Among such genes is the proto-oncogene c-Myc, which is nega-
tively regulated by p53.35 Of interest, we observed that TP53
was frequently co-altered with MYC (P D 0.001) (Table S1),
which might have implications for the development of thera-
peutic strategies.

The adenomatous polyposis coli (APC) tumor suppressor gene
was an independent predictor of shorter median time to metasta-
ses/recurrence (P < 0.008, multiple logistic regression model)
(Table 3). This finding is not surprising since APC has been
identified in the earliest stages of tumor progression and has
emerged as the gatekeeper of colorectal development.36 APC
aberrations in our study were also associated with gastro-intesti-
nal histology, which is consistent with the literature.36,37 APC is
well known for its role as a negative regulator of the Wnt/b-cate-
nin pathway, and potentially successful therapeutic treatments
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for these tumors should probably target components of the Wnt
pathway downstream of APC.

In addition, our study also demonstrated that the type of
treatment had a correlation with the median best PFS time.
More specifically, combinations of cytotoxic and targeted agents
were associated with significantly longer PFS than cytotoxic ther-
apies alone (univariable analysis; P D 0.002). Further, a Cox
regression analysis showed that being treated with a personalized
strategy was an independent factor predicting a longer best PFS
(median 10.3 vs. 7 months, P D 0.046) (Table 4), consistent
with several other studies demonstrating that adopting a person-
alized approach to treat cancer patients improved clinical
outcomes.1,38,39

Our study has several important limitations. The analysis was
retrospective and included different types of cancer, although the
latter might infer that the results are generalizable across tumor
types. The number of patients was limited, especially for analysis
that compared sub-groups, and it is possible that other character-
istics impacted the outcome parameters measured in this study
but could not be identified because the statistical power to detect
their effects was not sufficient. For the overall survival analysis,
the rather small total number of death events (n D 70/392
patients) resulted in a substantial amount of censored data and
estimation.40 Lastly, the biopsies used for the molecular testing
were done at different times during the patient’s disease course.
However, the median time from diagnosis to the biopsy used for
the molecular testing was less than a year and for one third of our
population, less than a month. Although the main conclusions of
the study require prospective validation, internal validation of
our Cox regression models using a re-sampling method
(“bootstrap” analysis based on 5,000 bootstrap samples) con-
firmed the key relationships described between the designated
tumor suppressor genes and outcome.11

Our study demonstrated that several tumor suppressor genes
had a negative correlation with patient outcome. Interestingly, in
multivariate analysis, PTEN alterations not only correlated with
worse survival, but also with shorter time to metastases/recurrence
and shorter median best PFS (Cox regression models). CDKN2A
alterations were also independently associated with worse survival.
TP53 mutations were associated with a shorter time to metasta-
ses/recurrence and median best PFS. Lastly, APC alterations pre-
dicted a shorter time to metastases/recurrence. While the
association between poorer outcome and TP53 mutations has
been described in several cancer histologies, our study revealed
other tumor suppressor genes that had a significant prognostic
association with clinical course. Molecular diagnostic tests are
becoming increasingly used, primarily for determining actionable
genomic aberrations. Our study demonstrates the prognostic
implications of abnormalities in specific tumor suppressor genes.

Patients and Methods

Patients
We retrospectively reviewed the clinicopathologic and clinical

outcomes of 392 patients for whom molecular testing had been

performed, and who were seen at the UC San Diego Moores
Cancer Center from October 2012 until April 2014. All data was
extracted from the electronic medical records. This study was
performed and consents obtained in accordance with UCSD
Institutional Review Board guidelines.

Next generation sequencing
Next generation sequencing was performed by Foundation

Medicine (FoundationOneTM, Cambridge, Massachusetts, http://
www.foundationone.com), which is a clinical grade next-genera-
tion sequencing test that sequences the entire coding sequence of
236 cancer-related genes and 47 introns from 19 genes often rear-
ranged in cancer (full list available at http://foundationone.com/
genelist1.php) (or, in 9 patients, the earlier 182 gene panel).

Therapy
Treatment was considered personalized if at least one agent in

the treatment regimen targeted at least one aberration harbored
in a patient’s tumor, or a protein expressed preferentially by the
cancer cells or a mechanism of uptake specific to the tumor. Per-
sonalized treatments included those in which either a cognate
biomarker was used to select patients for treatment or, when no
biomarker test was used, if at least 50% of patients are known to
harbor the cognate biomarker representing an aberrant gene
product or a preferentially expressed protein. Examples of per-
sonalized therapy included, but were not limited to: anti-EGFR
drugs in the presence of EGFR amplification, anti-HER2 agents
in the presence of HER2 overexpression or amplification;
PIK3CA/Akt/mTOR inhibitor for alterations in the PI3K/
PTEN/AKT/mTOR pathway, BRAF or MEK inhibitor for
BRAF or RAS aberrations; and hormonal manipulation for estro-
gen receptor-positive (ERC) breast cancers. Most of the treat-
ments considered in the best PFS analysis were combinations. A
treatment was classified as “hormonal” if all the agents of the regi-
men were anti-estrogen. Similarly, a treatment was considered
“cytotoxic” or “targeted” if all the drugs in the regimen were
cytotoxic or targeted, respectively, except for 6 patients who had
a combination of anti-estrogen and the mTOR inhibitor everoli-
mus and were classified in the “targeted” category. For regimens
containing both cytotoxic and targeted agents, a specific category
was created and designated “targeted and cytotoxic.”

Statistical analysis
Patient characteristics were summarized using descriptive sta-

tistics. The clinical endpoints were overall survival (OS), time to
metastasis, and best progression-free survival (PFS), which were
analyzed by the Kaplan-Meier method.41 OS was defined as the
time from diagnosis to death or last follow-up date for patients
who were alive (the latter were censored at date of last follow up).
Time to metastasis/recurrence was defined as the time interval
between diagnosis and first metastasis/recurrence, whichever
came first. Patients who were relapse free were censored at last
follow up. PFS was defined as the time from the beginning of a
given therapy to progression, or treatment discontinuation for
any reason. Best PFS was defined as the longest PFS achieved on
treatment. Neoadjuvant and adjuvant therapies were excluded.
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Estimations for OS, time to metastasis/recurrence, and best
PFS were done using a Kaplan-Meier analysis and were compared
among subgroups by the log-rank test. Cox regression models
were fit to assess the association between OS, time to metastasis/
recurrence, and best PFS with patients’ clinical characteristics.
The importance of a prognostic factor was assessed by the Chi-
Square and Wald-type test statistics (for the log-rank test and
Cox regression models, respectively), as well as the hazard ratios
and their 95% confidence interval (CI 95%) (The Wald statistic
is calculated for the variables in the model to determine whether
a variable should be removed; the higher the Wald, the stronger
the association). The variables initially considered for inclusion
in the models were gender, age at diagnosis, primary site of
tumor, molecular alterations, and metastatic sites. For internal
validation of the Cox regression models, a bootstrapping data
resampling method was applied (5000 bootstrap samples were
created). Multiple logistic regressions were fit to analyze the asso-
ciation between molecular alterations and other patients’

characteristics. Variables with P-values less than 0.01 were
included in the multiple regression models. Statistical analysis
were performed by MS with SPSS version 22.0.

Disclosure of Potential Conflicts of Interest

Dr. Shimabukuro reports personal fees from Genomic
Health, outside the submitted work. Dr. Kurzrock received con-
sultant fees from Sequenom and is a co-founder of RScueRx Inc.

Funding

Funded in part by the Joan and Irwin Jacobs Fund and My
Answer To Cancer philanthropic fund.

Supplemental Material

Supplemental data for this article can be accessed on the pub-
lisher’s website.

References

1. Tsimberidou A-M, Iskander NG, Hong DS, Wheler JJ,
Falchook GS, Fu S, Piha-Paul S, Naing A, Janku F,
Luthra R, et al. Personalized medicine in a phase I clin-
ical trials program: the MD Anderson Cancer Center
initiative. Clin Cancer Res Off J Am Assoc Cancer Res
2012; 18:6373-83; PMID:22966018; http://dx.doi.
org/10.1158/1078-0432.CCR-12-1627

2. Kris MG, Johnson BE, Berry LD, Kwiatkowski DJ, Iaf-
rate AJ, Wistuba II, Varella-Garcia M, Franklin WA,
Aronson SL, Su PF, et al. USing multiplexed assays of
oncogenic drivers in lung cancers to select targeted
drugs. JAMA 2014; 311:1998-2006;
PMID:24846037; http://dx.doi.org/10.1001/
jama.2014.3741

3. Wheler JJ, Parker BA, Lee JJ, Atkins JT, Janku F,
Tsimberidou AM, Zinner R, Subbiah V, Fu S, Schwab
R, et al. Unique molecular signatures as a hallmark of
patients with metastatic breast cancer: Implications for
current treatment paradigms. Oncotarget 2014; 5
(9):2349-54; PMID:24811890

4. Schwaederle M, Parker BA, Schwab RB, Fanta PT,
Boles SG, Daniels GA, Bazhenova LA, Subramanian R,
Coutinho AC, Ojeda-Fournier H, et al. Molecular
tumor board: the university of California San Diego
Moores Cancer experience. Oncologist 2014; 19
(6):631-6; PMID:24797821; http://dx.doi.org/
10.1634/theoncologist.2013-0405

5. Johnson DB, Dahlman KH, Knol J, Gilbert J, Puzanov
I, Means-Powell J, Balko JM, Lovly CM, Murphy BA,
Goff LW, et al. Enabling a genetically informed
approach to cancer medicine: a retrospective evaluation
of the impact of comprehensive tumor profiling using a
targeted next-generation sequencing panel. Oncologist
2014; theoncologist:2014-0011; PMID:24797823

6. Hollstein M, Sidransky D, Vogelstein B, Harris CC.
p53 mutations in human cancers. Science 1991;
253:49-53; PMID:1905840; http://dx.doi.org/
10.1126/science.1905840

7. cbioportal [Internet]. Available from: http://www.cbio
portal.org/public-portal/index.do

8. Baker L, Quinlan PR, Patten N, Ashfield A, Birse-
Stewart-Bell L-J, McCowan C, Bourdon J-C, Purdie
CA, Jordan LB, Dewar JA, et al. p53 mutation, depri-
vation and poor prognosis in primary breast cancer. Br
J Cancer 2010; 102:719-26; PMID:20104224; http://
dx.doi.org/10.1038/sj.bjc.6605540

9. Skaug V, Ryberg D, Arab EHKMO, Stangeland L,
Myking AO, Haugen A. p53 mutations in defined
structural and functional domains are related to poor

clinical outcome in non-small cell lung cancer patients.
Clin Cancer Res 2000; 6:1031-7; PMID:10741731

10. Mitsudomi T, Hamajima N, Ogawa M, Takahashi T.
Prognostic Significance of p53 Alterations in Patients
with Non-Small Cell Lung Cancer: A Meta-Analysis.
Clin Cancer Res 2000; 6:4055-63; PMID:11051256

11. Altman DG, McShane LM, Sauerbrei W, Taube SE.
Reporting recommendations for tumor marker prog-
nostic studies (REMARK): explanation and elabora-
tion. BMC Med 2012; 10:51; PMID:22642691;
http://dx.doi.org/10.1186/1741-7015-10-51

12. Janku F, Hong DS, Fu S, Piha-Paul SA, Naing A, Falc-
hook GS, Tsimberidou AM, Stepanek VM, Moulder
SL, Lee JJ, et al. Assessing PIK3CA and PTEN in
early-phase trials with PI3K/AKT/mTOR inhibitors.
Cell Rep 2014; 6:377-87; PMID:24440717; http://dx.
doi.org/10.1016/j.celrep.2013.12.035

13. Sawai H, Yasuda A, Ochi N, Ma J, Matsuo Y, Waka-
sugi T, Takahashi H, Funahashi H, Sato M, Takeyama
H. Loss of PTEN expression is associated with colorec-
tal cancer liver metastasis and poor patient survival.
BMC Gastroenterol 2008; 8:56; PMID:19036165;
http://dx.doi.org/10.1186/1471-230X-8-56

14. Terakawa N, Kanamori Y, Yoshida S. Loss of PTEN
expression followed by Akt phosphorylation is a poor
prognostic factor for patients with endometrial cancer.
Endocr Relat Cancer 2003; 10:203-8;
PMID:12790783; http://dx.doi.org/10.1677/
erc.0.0100203

15. Tang J-M, He Q-Y, Guo R-X, Chang X-J. Phosphory-
lated Akt overexpression and loss of PTEN expression
in non-small cell lung cancer confers poor prognosis.
Lung Cancer Amst Neth 2006; 51:181-91;
PMID:16324768; http://dx.doi.org/10.1016/j.
lungcan.2005.10.003

16. Saal LH, Johansson P, Holm K, Gruvberger-Saal SK,
She Q-B, Maurer M, Koujak S, Ferrando AA,
Malmstr€om P, Memeo L, et al. Poor prognosis in carci-
noma is associated with a gene expression signature of
aberrant PTEN tumor suppressor pathway activity.
Proc Natl Acad Sci U S A 2007; 104:7564-9;
PMID:17452630; http://dx.doi.org/10.1073/
pnas.0702507104

17. Chen M-L, Xu P-Z, Peng X, Chen WS, Guzman G,
Yang X, Di Cristofano A, Pandolfi PP, Hay N. The
deficiency of Akt1 is sufficient to suppress tumor devel-
opment in PtenC/¡ mice. Genes Dev 2006; 20:1569-
74; PMID:16778075; http://dx.doi.org/10.1101/
gad.1395006

18. Engelman JA. Targeting PI3K signalling in cancer:
opportunities, challenges and limitations. Nat Rev

Cancer 2009; 9:550-62; PMID:19629070; http://dx.
doi.org/10.1038/nrc2664

19. Cully M, You H, Levine AJ, Mak TW. Beyond PTEN
mutations: the PI3K pathway as an integrator of multi-
ple inputs during tumorigenesis. Nat Rev Cancer 2006;
6:184-92; PMID:16453012; http://dx.doi.org/
10.1038/nrc1819

20. Dillon LM, Miller TW. Therapeutic targeting of can-
cers with loss of PTEN function. Curr Drug Targets
2014; 15:65-79; PMID:24387334; http://dx.doi.org/
10.2174/1389450114666140106100909

21. Li L, Ross AH. Why is PTEN an important tumor sup-
pressor? J Cell Biochem 2007; 102:1368-74;
PMID:17972252; http://dx.doi.org/10.1002/
jcb.21593

22. Fokas E, Prevo R, Hammond EM, Brunner TB,
McKenna WG, Muschel RJ. Targeting ATR in DNA
damage response and cancer therapeutics. Cancer Treat
Rev 2014; 40:109-17; PMID:23583268; http://dx.doi.
org/10.1016/j.ctrv.2013.03.002

23. Guertin DA, Stevens DM, Saitoh M, Kinkel S, Crosby
K, Sheen J-H, Mullholland DJ, Magnuson MA, Wu
H, Sabatini DM. mTOR complex 2 is required for the
development of prostate cancer induced by pten loss in
Mice. Cancer Cell 2009; 15:148-59; PMID:19185849;
http://dx.doi.org/10.1016/j.ccr.2008.12.017

24. Keniry M, Parsons R. The role of PTEN signaling per-
turbations in cancer and in targeted therapy. Oncogene
2008; 27:5477-85; PMID:18794882; http://dx.doi.
org/10.1038/onc.2008.248

25. Miller TW, P�erez-Torres M, Narasanna A, Guix M, Sta
�
l

O, P�erez-Tenorio G, Gonzalez-Angulo AM, Hennessy
BT, Mills GB, Kennedy JP, et al. Loss of Phosphatase
and Tensin homologue deleted on chromosome 10
engages ErbB3 and insulin-like growth factor-I receptor
signaling to promote antiestrogen resistance in breast can-
cer. Cancer Res 2009; 69:4192-201; PMID:19435893;
http://dx.doi.org/10.1158/0008-5472.CAN-09-0042

26. Takeda H, Takigawa N, Ohashi K, Minami D,
Kataoka I, Ichihara E, Ochi N, Tanimoto M, Kiura K.
Vandetanib is effective in EGFR-mutant lung cancer
cells with PTEN deficiency. Exp Cell Res 2013;
319:417-23; PMID:23274758; http://dx.doi.org/
10.1016/j.yexcr.2012.12.018

27. Holsinger FC, Piha-Paul SA, Janku F, Hong DS,
Atkins JT, Tsimberidou AM, Kurzrock R. Biomarker-
directed therapy of squamous carcinomas of the head
and neck: targeting PI3K/PTEN/mTOR pathway. J
Clin Oncol Off J Am Soc Clin Oncol 2013; 31:e137-
40; PMID:23358976; http://dx.doi.org/10.1200/
JCO.2012.43.2716

1736 Volume 14 Issue 11Cell Cycle

http://www.dx.doi.org/10.4161/15384047.2014.955740
http://www.dx.doi.org/10.4161/15384047.2014.955740
http://www.dx.doi.org/10.4161/15384047.2014.955740
http://www.cbioportal.org/public-portal/index.do
http://www.cbioportal.org/public-portal/index.do


28. Janku F, Tsimberidou AM, Garrido-Laguna I, Wang
X, Luthra R, Hong DS, Naing A, Falchook GS, Moro-
ney JW, Piha-Paul SA, et al. PIK3CA mutations in
patients with advanced cancers treated with PI3K/
AKT/mTOR axis inhibitors. Mol Cancer Ther 2011;
10:558-65; PMID:21216929; http://dx.doi.org/
10.1158/1535-7163.MCT-10-0994

29. Janku F, Wheler JJ, Westin SN, Moulder SL, Naing A,
Tsimberidou AM, Fu S, Falchook GS, Hong DS, Gar-
rido-Laguna I, et al. PI3K/AKT/mTOR inhibitors in
patients with breast and gynecologic malignancies har-
boring PIK3CA mutations. J Clin Oncol Off J Am Soc
Clin Oncol 2012; 30:777-82; PMID:22271473;
http://dx.doi.org/10.1200/JCO.2011.36.1196

30. Di Nicolantonio F, Arena S, Tabernero J, Grosso S,
Molinari F, Macarulla T, Russo M, Cancelliere C, Zec-
chin D, Mazzucchelli L, et al. Deregulation of the
PI3K and KRAS signaling pathways in human cancer
cells determines their response to everolimus. J Clin
Invest 2010; 120:2858-66; PMID:20664172; http://
dx.doi.org/10.1172/JCI37539

31. Alhejaily A, Day AG, Feilotter HE, Baetz T, Lebrun
DP. Inactivation of the CDKN2A tumor-suppressor
gene by deletion or methylation is common at diagnosis
in follicular lymphoma and associated with poor clini-
cal outcome. Clin Cancer Res Off J Am Assoc Cancer
Res 2014; 20:1676-86; PMID:24449825; http://dx.
doi.org/10.1158/1078-0432.CCR-13-2175

32. Xing X, Cai W, Shi H, Wang Y, Li M, Jiao J, Chen M.
The prognostic value of CDKN2A hypermethylation

in colorectal cancer: a meta-analysis. Br J Cancer 2013;
108:2542-8; PMID:23703248; http://dx.doi.org/
10.1038/bjc.2013.251

33. Said R, Hong DS, Warneke CL, Lee JJ, Wheler JJ,
Janku F, Naing A, Falchook GS, Fu S, Piha-Paul S,
et al. P53 mutations in advanced cancers: clinical
characteristics, outcomes, and correlation between
progression-free survival and bevacizumab-contain-
ing therapy. Oncotarget 2013; 4:705-14;
PMID:23670029

34. Pappano WN, Zhang Q, Tucker LA, Tse C, Wang J.
Genetic inhibition of the atypical kinase Wee1 selec-
tively drives apoptosis of p53 inactive tumor cells.
BMC Cancer 2014; 14:430; PMID:24927813; http://
dx.doi.org/10.1186/1471-2407-14-430

35. Levy N, Yonish-Rouach E, Oren M, Kimchi A. Com-
plementation by wild-type p53 of interleukin-6 effects
on M1 cells: induction of cell cycle exit and cooperativ-
ity with c-myc suppression. Mol Cell Biol 1993;
13:7942-52; PMID:8247009

36. Lesko AC, Goss KH, Prosperi JR. Exploiting APC
function as a novel cancer therapy. Curr Drug Targets
2014; 15:90-102; PMID:24200292; http://dx.doi.org/
10.2174/1389450114666131108155418

37. Palacio-R�ua KA, Isaza-Jim�enez LF, Ahumada-
Rodr�ıguez E, Mu~net�on-Pe~na CM. [Genetic analysis in
APC, KRAS, and TP53 in patients with stomach and
colon cancer]. Rev Gastroenterol Mex 2014; 79(2):79-
89; PMID:24861525; http://dx.doi.org/10.1016/j.
rgmx.2014.05.001

38. Von Hoff DD, Stephenson JJ, Jr, Rosen P, Loesch
DM, Borad MJ, Anthony S, Jameson G, Brown S,
Cantafio N, Richards DA, et al. Pilot study using
molecular profiling of patients’ tumors to find potential
targets and select treatments for their refractory cancers.
J Clin Oncol Off J Am Soc Clin Oncol 2010; 28:4877-
83; PMID:20921468; http://dx.doi.org/10.1200/
JCO.2009.26.5983

39. Janku F, Berry DA, Gong J, Parsons HA, Stewart DJ,
Kurzrock R. Outcomes of phase II clinical trials with
single-agent therapies in advanced/metastatic non-small
cell lung cancer published between 2000 and 2009.
Clin Cancer Res Off J Am Assoc Cancer Res 2012;
18:6356-63; PMID:23014530; http://dx.doi.org/
10.1158/1078-0432.CCR-12-0178

40. Rich JT, Neely JG, Paniello RC, Voelker CCJ, Nussen-
baum B, Wang EW. A practical guide to understanding
Kaplan-Meier curves. Otolaryngol–Head Neck Surg
Off J Am Acad Otolaryngol-Head Neck Surg 2010;
143:331-6; PMID:20723767; http://dx.doi.org/
10.1016/j.otohns.2010.05.007

41. Goel MK, Khanna P, Kishore J. Understanding sur-
vival analysis: Kaplan-Meier estimate. Int J Ayurveda
Res 2010; 1:274-8; PMID:21455458; http://dx.doi.
org/10.4103/0974-7788.76794

42. Bewick V, Cheek L, Ball J. Statistics review 14: logistic
regression. Crit Care 2005; 9:112-8; PMID:15693993;
http://dx.doi.org/10.1186/cc3045

www.tandfonline.com 1737Cell Cycle


