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Cytokeratin expression profiling is useful for distinguishing
between primary squamous cell carcinoma of the lung and
pulmonary metastases from tongue cancer
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It can be difficult to distinguish between primary and meta-
static squamous cell carcinoma (SCC) in the lung. Surgical
specimens were obtained from two groups of patients, 26
lung SCC patients without histories of any other cancer (the
definite primary group) and 17 patients who had undergone
surgical removal of SCC emerging in the lung after surgery
for tongue SCC (the unknown group). From the former, 26
primary lung SCC were obtained. From the latter, 17 lung
tumors and 15 primary tumors of the tongue were obtained.
Eleven of the 17 lung tumors from the unknown group were
metastatic lung SCC. All specimens were immunostained
with cytokeratin (CK)5/6, CK7, CAM5.2, CK19 and p63 anti-
bodies. The frequency of CAM5.2 and CK19 expression was
significantly higher in the lung SCC of the definite primary
group (21 of 26, 81% and 20 of 26, 78%, respectively) than In
the metastatic lung SCC (1 of 11, 9% (P < 0.001) and 2 of 11,
18% (P = 0.003), respectively) or primary SCC of the tongue
(5 of 15, 33% (P = 0.002) and 2 of 15, 13% (P < 0.001),
respectively). CAM5.2 and CK19 are useful for distinguish-
ing between primary SCC of the lung and metastases from
tongue cancer.

Key words: cytokeratin, lung cancer, metastasis, squamous cell
carcinoma, tongue cancer

The lung is a common site of primary tumors as well as
metastatic lesions. Primary lung adenocarcinomas have fea-
tures that are morphologically and immunohistochemically
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distinct from those of other organs such as colorectal adeno-
carcinomas. Therefore, it is not difficult to differentiate
between primary lung adenocarcinomas and metastatic
tumors from other sites. However, squamous cell carcinomas
(SCC) pose a greater challenge. When a patient with a
history of tongue SCC develops an SCC in the lung, it can be
difficult to determine whether the new tumor is a primary lung
cancer or a metastasis from the tongue. This distinction is
clinically important for several reasons: SCC of the tongue
sometimes recurs as a distant metastasis (4.8-8.0%),'?
often in the lung;® SCC is one of the major histological sub-
types of primary lung cancer; and therapeutic strategies and
prognoses are quite different between cases with primary
and metastatic tumors. Similarities in the etiologies and his-
tological features of these tumors contribute to the difficulty in
determining the tumor’s origin.

Cytokeratin (CK) polypeptides are the major cytoskeletal
proteins in epithelial cells. CK has been separated by
molecular weights into at least twenty subtypes, which are
expressed in various combinations depending on the epithe-
lial cell type. Roughly speaking, relatively high molecular
weight CK is characteristic of squamous epithelium, whereas
fower molecutar weight CK typifies simple columnar epithe-
lium.*% SCC arising from tissues with true squamous epithe-
lium usually express CK characteristics of squamous
epithelium. On the other hand, primary lung SCC express CK
characteristics of columnar epithelium, such as CK8, 18 and
19, more abundantly than do SCC of tissues with true squa-
mous epithelium, including the oral cavity, esophagus, vulva
and skin.® CK19 is also expressed more frequently and
intensely in lung SCC than in oral SCC.” These reports
suggest that primary lung SCC arising from columnar epithe-
lium through a metaplastic process may have a somewhat
different CK profile from those arising from true squamous
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epithelium. However, to the best of our knowledge, there are
no reports on whether CK expression patterns can be used to
distinguish between primary lung SCC and metastatic lung
SCC from another organ. We determined that primary lung
SCC can be differentiated from metastatic lung SCC of the
tongue by analyzing their CK expression pattern.

METHODS

Patients and materials

Between 1977 and 2008, 17 patients with histories of surgical
treatment for tongue SCC underwent surgery for lung SCC at
our hospital. Since it was unknown whether each of these lung
tumors was a primary tumor or a metastasis from the tongue,
we termed these patients the ‘unknown group'. Seventeen
lung SCC and 15 primary tongue SCC tumors (specimens of
two cases were not available) were obtained from the
unknown group. Additionally, 26 patients who underwent
surgery for primary fung SCC at the same hospital in 1998
without a history of any other cancer were selected randomly
for comparison. Since the tumors of the latter group were
definitely primary lung cancers, we termed these patients the
‘definite primary group.’ Yumor specimens were obtained from
all 26 patients in this group. This study was performed with
informed consent and followed the guidelines for experimental
investigation with human subjects required by the institution.

At first, we classified the lung tumors of the unknown group
(Cases 1-17) into three subgroups, metastatic, primary or
unciassified. Traditionally, these diagnoses are based on
clinicopathological findings, such as tumor location, number
of lesions or pathological comparisons with the putative
primary tumor. But this approach does not always give a
sidering prognosis after lung surgery as well. The criteria
used in this study are shown in Table 1. Fifteen cases were
classified as metastases or primaries in 8 mutually exclusive
manner. The other two cases remained unclassified by these
criteria. The diagnostic procedures are summarized in
Table 2. Cases B—11 satisfied only one metastasis criterion.
In fact, Cases 8—10 died within one year of resection of their
lung tumors, which was relatively soon for surgical cases of
primary lung SCC. Case 11 was 23 years old at the time the
lung tumor developed, which was very young for primary lung
SCC. None of Cases 8-11 satisfied any of the five primary
tems. Thus, they were considered metastases of tongue
SCC. The fung tumor of Case 14 had extensive in situ
spreading. The lung tumor of Case 15 was centrally located.
Additionally, neither Case 14 nor Case 15 satisfied any cri-
teria characteristic of a metastasis. Thus, they were consid-
ered likely primary lung tumors. Case 16 and Case 17
showed both primary and metastatic characteristics, and so

Table 1 Diagnostic criteria for squamous cell carcinoma (SCC)
observed in the unknown group

Pro metastasis findings

(1) Muttiple lung lesions of similar size were present.

(2) Survival time after removal of the lung tumor was less than
6 months.

(3) Histological features favored a metastasis (i.e. similar celiular
appearance in both lung and tongue SCC or exceeding central
necrosis in the lung tumor).

Pro primary findings

(4) Pathological NO of the tongue SCC was proved.

{5) In situ carcinoma was seen in the lung tumor.

(6) The tongue SCC had been controlled for more than 2 years
before the emergence of a lung tumor.

(7) Survival time after removal of the lung tumor was more than
3 years.

{8) The site of the lung lesion was central (i.e. in the main, lobular
or segmental bronchus).

NO, no metastasis to lymphnodes.

Table 2 Final tsmor classification results {metastatic, primary or

unclassified) for the unknown group

Satistied diagnostic criteriat

Case pro metastasis pro primary Diagnosls
1 (1), 3 None Metastasis
2 (1), (2), (3 None Metastasis
3 (2, (3 None Metastasis
4 (2), 3) None Metastasis
5 2, (3) None Metastasis
6 (2), (3) None Metastasis
7 2, (3 None Metastasis
8 (3) None Metastasis
9 (3) None Metastasis
10 (3) None Metastasis
1 (3) None Metastasis
12 None (5), (6), (7). (8) Primary
13 None (4), (5) Primary
14 None (5) Primary
15 None 8) Primary
16 (3) M Unclassified
7 1) {4) Unclassified

$See Table 1 for definitions of the diagnostic criteria.

they remained unclassified. in total, 11 ung tumors from the
unknown group were diagnosed as metastatic lung SCC.

Immunohistochemistry

The specimens were prepared from formalin-fixed, paraffin-
embedded tissue blocks. The primary antibodies used in this
study are listed in Table 3. CK5/6 reacts with CK5 and CK6,
which are high molecular weight keratins that are expressed
in squamous epithelium. CK7 and CK19 are relatively low
molecular weight CK expressed in columnar epithelium, and
they are not normally expressed in stratified squamous epi-
thelium. CAMS.2, which has primary reactivity with CK8 and
weaker but distinct reactivity with CK7, reacts with most

© 2010 The Authors

Journal compilation © 2010 Japanese Society of Pathology and Blackwell Publishing Asia Pty Ltd



Table 3 Antibodies for cytokeratins used in this study

Cytokeratin profile of lung metastases 577

Antibody Source Clone Ditution HIER

CK5/6 Chemicon D5/16B4 1:100 in citrate (pH 6.0)
linois, USA

CK7 Progen OVTL12-30 1:50 In Tris-EDTA (pH 6.0)
Heidelberg Germany

CAM5.2 Becton-Dickinson CAMS5.2 prediluted In Tris-EDTA (pH 9.0)
San Jose, CA, USA

CK19 Dako RCK108 1:20 In citrate (pH 6.0)
Glostrup, Denmark

p63 Thermo-Scientific 4A4 1:100 in citrate (pH 6.0)

Fermont, CA, USA

HIER, heat-induced epitope retrieval.

Table 4 Clinicopathological characteristics of examined patients with definite primary or unknown lung squamous cell carcinomas. For final

diagnosis of the unknown group, see Table 2 and text

Group Definite primary Unknown
Primary Metastasis Primary Unclassified

Final diagnosis (n=26) (n=11) (n=4) (n=2)
Age

Mean (years) 68.0 46.3" 61.8 46.0
Sex

Male/Female 22/4 6/5 4/0 1
Smoking indext

Mean 1287 396* 1298 630
Differentiation

WM+P 3/23 7/4" 22 0/2
Size of lung tumor

Mean {(mm) 50.2 38.6 47.3 235
Location of lung tumor

Peripheral/Central 18/8 11/0 2/2 2/0
Stage of lung tumor

it + 1 13/13 2/9 2/2 "

*P < 0.01. Pwalues for comparisons between the definite primary group and the unknown group (P-values for age, smoking index and tumor size were
obtained by Welch’s Htest and those for sex, tumor site, differentiation and stage were obtained by chi-squared test).
+Smoking index, a product of the numbers of cigarette per day and duration (years).

W, well differentiated; M+P, moderately or poorly differentiated.

spithelial celis with the exception of stratified squamous epi-
thelium.®® p63, a nuclear transcription factor predominantly
expressed in stratified epithelium,'® was also evaluated. After
deparaffinization, the sections were submerged in either
sodium citrate buffer or Tris-EDTA buffer for heat-induced
epitope retrieval at 97°C for 40 min. The immunostaining was
carried out using the EnVision+ dextran polymer kit (Dako,
Glostrup, Denmark} in Dako Autostainer (Dako, Glostrup,
Denmark). Immunoreactivity was regarded as positive when
10% or more of tumor cells were stained.

Statistical analysls

Statistical analyses for correlation of clinicopathological fea-
tures were performed by the chi-squared test and Welch's
ttest. Statistical analyses for immunoreactivity were per-
formed by the chi-squared test. Differences at P < 0.05 were
regarded as significant.

© 2010 The Authors

RESULTS

Clinicopathological characteristics of
patients examined

The patient characteristics are shown in Table 4. Compared
with the definite primary group, cases of the unknown group
whose lung tumors were diagnosed as metastases showed
significantly younger onset, lower cumulative smoking and a
higher proportion of well-differentiated tumors. On the other
hand, primary tumors of the unknown group showed quite
similar characteristics to the definite primary group: older age
and high cumulative smoking history.

Immunohistochemical results
CK were localized to the cytoplasm and along the cell mem-

brane. The staining of CK5/6 was strong and widely distrib-
uted both in tumor and in normal squamous cells. Staining of

Joumal compilation © 2010 Japanese Society of Pathology and Blackwell Publishing Asia Pty Ltd
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Table 5 Positive ratio of each cytokeratin and p&3 in the definite primary group and the unknown group

Group Definite primary Unknown

Tumor site Lung

Diagnosis Lung Metastasis Primary Unclassified Tongue
CK5/6 26/26 10/11 3/4 2/2 15/15
CK7 4726 o/ 2/4 0/2 115
CAM5.2 21/26 111* 2/4 1/2 5/15*
CK18 20/26 2111 2/4 0/2 2/15*
pé3 25/26 9/11 3/4 2/2 1215

*P < 0.01. Pvalues for comparisons between the definite primary group and the unknown group {obtained by chi-squared lest).

CK7, CAM5.2 and CK19 was observed in tumor cells as well
as in normal bronchial epithelium, but not in normal squa-
mous epithelium. In tumor cells, reactions were mainly
observed in non-keratinized components. p63 staining was
observed in the nuclel of tumor cells and normal squamous
epithelial cells. Staining patterns of p63 were similar between
primary tongue carcinomas and their metastases to the lung.

The frequency of the CK- and p63-positive tumors in each
group is shown in Table 5. The expression of CAM5.2 in the
fung SCC of the definite primary group (21 of 26, B1%) was
significantly higher than in the primary SCC of the tongue (5
of 15, 33% (P = 0.002)) or the metastatic lung SCC (1 of 11,
9% (P < 0.001)). Also, the expression of CK19 in lung SCC of
the definite primary group (20 of 26, 78%) was significantly
higher than in the primary tumors of the tongue (2 of 15, 13%
(P < 0.001)) or in the metastatic lung SCC (2 of 11, 18% (P=
0.003)). Representative images of tumors immunostained
with CAM5.2 and CK19 are shown in Fig. 1. There are two
types of primary SCC of the lung based on location, periph-
eral and central. However, we found no difference of reactiv-
ity of CAM5.2 and CK19 in the central and peripheral tumors.
In tact, for CAM5.2 the positive frequency in central and
peripheral types was 6 of 8 and 15 of 18, and for CK19 that
was 6 of 8 and 14 of 18, respectively, which ware not signifi-
cantly different.

In all SCC CK5/6 and p63 were expressed very frequently
and CK7 was rarely expressed. For distinguishing between
primary tumors and metastases, the use of CAM5.2 and
CK19 provided 81% and 78% sensitivity and 91% and 82%
specificity, respectively. Both CAM5.2 and CK18 tended to be
expressed more often in basal and parabasal tumor celis,
which showed minimal squamous differentiation, than in
upper layer cells or keratinizing cells. This was the case for
both primary lung and tongue tumors and metastatic tumors.
In other words, the two CK tended to be positive in basal or
poorly-differentiated components, and to be negative in well-
differentiated components.

Detalls of CAM5.2 and CK19 expression in the 11 meta-
static tumors are listed in Table 6. The expression patterns
were consistent in 90% (9/10) for CAM5.2 and 70% (7/10) for
CK19, indicating relatively consistent expression patterns
before and after metastasis.

DISCUSSION

When a lung SCC is detected in a patient with a history of
tongue SCC, it may be difficult to make a distinction between
a new primary tumor and a metastasis. Our results show that
primary lung SCC express CAM5.2 and CK19 significantly
more frequently than do metastatic lung SCC from the
tongue, and CK are useful for differentiating between the
tumor types. To the best of our knowledge, this is the first
report to demonstrate the usefulness of CK expression pat-
terns for distinguishing primary lung SCC from metastases.

To characterize CK profiles of metastatic ung SCC, we had
to determine whether each of the lung tumors of the unknown
group was primary or metastatic. We used the original criteria-
that include clinical course after lung surgery. Our criteria
clearly identified 15 of 17 lung squamous tumors of the
unknown group as primary or metastatic tumors. The patients
who were diagnosed with metastases showsd significantly
younger ages of onset and lower cumulative smoking than
the definite primary group. These characteristic features
backed up our criteria, because tongue SCC patients are
younger than those with primary lung SCC,"-'* and because
risk factors for tongue SCC include not only smoking but also
alcohol intake, among other things. 2158 Meanwhile, patients
who were diagnosed with primary tumors showed similar
characteristics to the definite primary group. These findings
suggest that our criteria were largely appropriate. CAM5.2
and/or CK19 expression between primary and metastatic
sites did not accord in three cases. The discrepancy may be
due partly to heterogeneity of tumor cell characteristics. All
tongue tumors in these three cases showed heterogeneous
expression of CK. Spacifically, two cases, judged as nega-
tive, included a small number of positively staining cells
(<10%), and the other one, judged as positive, also had a
negatively staining component (about 80%). Such compo-
nents contradicting the final judgment might have metasta-
sized to the lung.

CK, which are constituents of intermediate filaments of
epithelial cells, are divided into at least twenty subtypes. The
profile of CK expression differs depending on the epithelial
cell type and the degree of cellular differentiation. We
showed that primary lung SCC more frequently express

© 2010 The Authors
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Figure 1 Representative images of squamous cell carcinoma (SCC) immunostained with CAM5.2 (a,c,e) and CK19 (b,d,f). A primary tumor
of the tongue was negative for both cytokeratins (a,b). A metastatic lung SCC was also negative for both cytokeratins (c,d). Only a primary lung
SCC expressed CAM5.2 (e) and CK18 (f). Scale bars, 300 um.
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Table 6 CAMS5.2 and CK19 expression in primary and metastatic
sites of tongue squamous cell carcinoma. Note that expression pat-
temns were consistent in 80% (9/10) for CAMS5.2 and 70% (7/10) for
CK18

CAM5.2 CK19
Case Tongue Lung Consistency Tongue Lung Consistency
1 N/A - ? N/A - ?
2 - - Yes - + No
3 - - Yes - - Yes
4 - - Yes - - Yes
5 + - No + - No
6 - - Yes - - Yes
7 - - Yes - - Yes
8 - - Yes - - Yes
] + + Yes - - Yes
10 - - Yes - - Yes
1 - - Yes - + No

-, negative; +, posttive; ?, unknown; N/A, not applicable.

CAMS5.2 and CK19, CK of columnar epithelium, than primary
tumors of the tongue and their metastases. There are two
previous reports that are largely in line with our results. The
first showed that CK8, 18 and 19, which are characteristic of
columnar epithelium, were more frequently expressed in
primary SCC of the lung and cervix than in SCC arising from
various organs of proper squamous epithelium.® The second
demonstrated that primary lung SCC express CK19 more
frequently and intensely than SCC of the oral cavity.’
Hamakawa et al. reported a somewhat higher value of CK19
reactivity, about 50%, in oral SCC,” whereas ours was 2/11
(18%) to 2/15 (13%). This Is the result of the generally high
reactivity of CK19 in their study, that Is 100% strong positivity
in primary lung SCC. The high reactivity may be due to: (i)
their use of a different antibody and a different augmentation
method; (ii) admixture of oral SCC, including those of tongue,
gingiva, pharynx and larynx; and (ili) & possible of lack non-
cancerous controls. We believe our methods are appropriate
for detecting heterogeneous reactivity in a tumor.

Our method is highly useful for resected materials, as
mentioned above, and it is also applicable for biopsy speci-
mens, provided that pathologists who use this method care-
fully evaluate the results. Although primary lung SCC
frequently express CAM5.2 or CK19, some cases show het-
erogeneous expression of these markers. Thus, when only a
small amount of lung tissue is available, CAM5.2 or CK19
negative studies of biopsy materials do not necessarily mean
that the entire tumor is negative for these markers. in such a
case, our method would not be helpful for the distinction.
However, if a biopsy specimen expresses either CAM5.2 or
CK 18, the finding will strongly suggest that the kung tumor is
a new primary one.

In summary, primary lung SCC express CAMS5.2 and CK19
more frequently than do metastatic lung SCC from the
tongue. The profiling of these CK could be useful for distin-
guishing between primary tumors and metastases.
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Correlating Phosphatidylinositol 3-Kinase Inhibitor Efficacy
with Signaling Pathway Status: In silico and
Biological Evaluations
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Michiyo Okui?2, Yumiko Mukai', Hiroyuki Nishimura®*, Reimi Asaka?,
Kimie Nomura?, Yuichi Ishikawa?, and Takao Yamori’

Abstract

The phosphatidylinositol 3-kinase (PI3K) pathway is frequently activated in human cancers, and several
agents targeting this pathway including PI3K/Akt/mammalian target of rapamycin inhibitors have recently
entered clinical trials. One question is whether the efficacy of a PI3K pathway inhibitor can be predicted based
on the activation status of pathway members. In this study, we examined the mutation, expression, and phos-
phorylation status of PI3K and Ras pathway members in a panel of 39 pharmacologically well-characterized
human cancer cell lines (JFCR39). Additionally, we evaluated the in vitro efficacy of 25 PI3K pathway inhibitors
in addition to conventional anticancer drugs, combining these data to construct an integrated database of
pathway activation status and drug efficacies JFCR39-DB). In silico analysis of JFCR39-DB enabled us to eval-
uate correlations between the status of pathway members and the efficacy of PI3K inhibitors. For example,
phospho-Akt and KRAS/BRAF mutations prominently correlated with the efficacy and the inefficacy of PI3K
inhibitors, respectively, whereas PIK3CA mutation and PTEN loss did not. These correlations were confirmed
in human tumor xenografts in vivo, consistent with their ability to serve as predictive biomarkers. Our findings
show that JFCR39-DB is a useful tool to identify predictive biomarkers and to study the molecular pharma-

cology of the PI3K pathway in cancer. Cancer Res; 70(12); 4982-94. ©2010 AACR.

Introduction

Phosphatidylinositol 3-kinases (PI3K) are lipid kinases that
phosphorylate phosphoinositide at position D3 of the inositol
ring (1, 2). The catalytic subunit of class I PI3K is composed
of four isoforms (p110a, p110R, p1105, and p110vy, encoded
by PIK3CA, PIK3CB, PIK3CD, and PIK3CG). Among these iso-
forms, PIK3CA is often activated in cancer by gain-of-function
hotspot mutations (3, 4) and gene amplification (5, 6). On
the other hand, phosphatase and tensin homologue deleted
on chromosome 10 (PTEN) is a lipid phosphatase that de-
phosphorylates PIP3 at position D3 of the inositol ring to
generate PIP2, PTEN has been shown to be a tumor sup-
pressor gene and is often inactivated by deletion or mutation
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in cancer (7-9). Activation of PI3K and PTEN loss trigger
sequential phosphorylation of the PI3K downstream signal
cascade, including Akt and mammalian target of rapamycin
(mTOR), and mediates a survival signal, as well as tumor pro-
liferation (9). Therefore, the PI3K pathway is thought to be a
promising therapeutic target.

LY294002 and wortmannin are first-generation PI3K inhi-
bitors, but neither has progressed to clinical trials because of
cytotoxicity to liver and skin (10, 11). We previously reported
a selective PI3K inhibitor, ZSTK474, which has potent anti-
tumor activity and low toxicity in vivo (12). Subsequently,
several PI3K inhibitors have been developed, and some in-
cluding NVP-BEZ235 and GDC-0941 have already entered
clinical trials (13-15). In addition to PI3K inhibitors, antitu-
mor compounds targeting Akt and mTOR have been devel-
oped (15-18).

To develop a molecular-targeted anticancer drug, it is
highly desirable to develop predictive biomarkers for stratify-
ing patients susceptible to the drug. In fact, mutations of
EGFR and KRAS are used to predict the efficacy of gefitinib
in lung cancer and that of cetuximab in colorectal cancer,
respectively (19-22). Moreover, Engelman and colleagues re-
cently showed that tumor growth triggered by KRAS mutant
exhibited resistance to NVP-BEZ235 (23). On the other hand,
dysregulation of PIK3CA and PTEN has been reported to be
involved in resistance to EGFR-targeted therapies (24-26). As
mentioned above, PIK3CA mutation and PTEN loss trigger
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activation of the kinase cascade of the PI3K downstream
pathway. However, it is not well understood whether the
efficacy of PI3K pathway inhibitors could be predicted by
these upstream abnormalities and downstream activities of
the PI3K pathway.

We previously established a panel of 39 human cancer
cell lines (JFCR39) derived from various organs (27-29).
JFCR39, as well as NCI60 developed by National Cancer In-
stitute, has been used as an in vitro tool to measure “finger-
prints” of cytotoxic compounds. Fingerprints are defined as
the patterns of differential drug efficacy across a panel of
cell lines and have been found to reflect mechanisms of
drug action (27-30). ZSTK474 is a compound that we iden-
tified as a new PI3K inhibitor based on the similarity with
the fingerprint of LY294002 (12). In other words, each of the
JFCR39 cell lines showed similar responses to ZSTK474 and
LY294002, and the responses varied from cell line to cell
line. This suggested that the status of biological pathways
determining a cancer cell's response to PI3K inhibitors
(which may include the PI3K pathway) is heterogeneous
across these cell lines.

In the present study, taking advantage of JFCR39, we
examined the mutation and/or expression of upstream
regulators of the PI3K and Ras pathways, including four
PI3K isoforms (PIK3CA, PIK3CB, PIK3CD, and PIK3CG), PTEN,
the ERBB family receptor tyrosine kinases (RTKs), KRAS
and BRAF, and the phosphorylation of downstream pathway
members including Akt, TSC2, GSK-3, mTOR, S6K1, mitogen-
activated protein kinase (MAPK)/extracellualr signal-
regulated kinase (ERK) kinase (MEK)-1/2, and ERK1/2. Next,
we examined the fingerprints of 25 compounds targeting the
PI3K pathway as well as other conventional anticancer drugs.
We then combined the PI3K and Ras pathway database and
the drug database to develop an integrated database of path-
way status and drug efficacies (JFCR39-DB). Using this data-
base, we first evaluated the functional relationships among
these pathway inhibitors and those among drugs by compar-
ing their fingerprints. Second, we evaluated the correlation
between PI3K pathway members and PI3K pathway inhib-
itors to identify candidate biomarkers for predicting their
efficacy.

Materials and Methods

Cell lines and cell culture

A panel of 39 human cancer cell lines, termed JFCR39,
were previously described (27, 28, 31). Cells were grown in
RPMI 1640 (Wako Pure Chemical Industries Ltd.) supple-
mented with 1 ug/mL kanamycin and 5% (v/v) fetal bovine
serum (Moregate Exports) and incubated at 37°C in a humid-
ified atmosphere supplemented with 5% CO,. Authentication
of cell lines was done by short tandem repeat analysis using
PowerPlex16 Systems (Promega; data not shown).

Amplification of genomic DNA fragments
for sequencing

Extraction of genomic DNA was done using DNeasy
blood and tissue kit (Qiagen) according to the manufac-

turer's instructions. Amplification of genomic DNA frag-
ments was done using Pfu Ultra High-Fidelity DNA
polymerase (Agilent Technologies), FastStart High Fidelity
PCR System (Roche Applied Science), or AccuPrime Taq
DNA Polymerase High Fidelity (Invitrogen). Polymerases
and primer sequences used in each reaction are shown in
Supplementary Table S1.

Nucleotide sequence analysis

Sequencing reactions were done using BigDye Terminator
v3.1 and dGTP BigDye Terminator v3.0 (Applied Biosystems)
according to the manufacturer's instructions. Primers were
shown in Supplementary Table S1. Nucleotide sequences
were analyzed using a 3130 Genetic Analyzer (Applied Bio-
systems) and sequence files were edited using 4 Peaks soft-
ware (Mekentosj B.V.).

Detection of lipid kinase activities of PI3K
pll0o mutants

Determination of lipid kinase activities of PI3K p110a
was described as previously (32). In brief, HEK293T cells
were transfected with pFLAG-PIK3CA (with or without
mutation) and pc-PIK3R1 using Lipofectamine 2000 (Invi-
trogen). After 48 hours of incubation, cells were harvested
and the lysates were immunoprecipitated by using FLAG-
Tagged Protein Immunoprecipitation Kit (Sigma-Aldrich).
To detect kinase activity, we used the PI3K-HTRF assay
kit (Millipore) and EnVision 2103 Mutilabel Reader (Perkin-
Elmer).

Preparation of total cell extract

Cells were resuspended in lysis buffer [10 mmol/L Tris-HCl
(pH 7.4)], 50 mmol/L NaCl, 0.5% w/v NP40, 0.1% w/v SDS,
50 mmol/L sodium fluoride, 30 mmol/L sodium pyrophos-
phate, 50 mmol/L sodium orthavanadate, 5 mmol/L EDTA,
0.1 trypsin inhibitor unit/mL aprotinin, and 1 mmol/L phe-
nylmethylsulfonyl fluoride] and lysed by sonication in an ice
bath. Concentrations of proteins in the extracts were deter-
mined using a protein assay kit (Pierce).

Immunoblot analysis

Equal amounts of protein were subjected to SDS-PAGE
and the separated proteins were transferred onto an Immo-
bilon FL polyvinylidene difluoride membrane (Millipore).
The membrane was incubated with a primary antibody.
The antibodies for PI3K p110a, Akt, phospho-Akt (T308,
$473), phospho-GSK-3 (89), phospho-TSC2 (T1462), phospho-
mTOR (S2448), phospho-S6K1 (T389), phospho-MEK1 ($217/
$221), and phospho-ERK1/2 (T202/Y204) were purchased
from Cell Signaling Technologies. The antibodies for PI3K
p110B, p110vy, and p1106 were purchased from Millipore.
The antibody for PTEN was purchased from BD Bios-
ciences Pharmingen. Bound antibody was quantitatively
detected using an appropriate antimouse or rabbit immu-
noglobulin secondary antibody labeled with Alexa Fluor
680 (Invitrogen) and the Odyssey Infrared Imaging System
(LI-COR). Data shown are median values of three indepen-
dent experiments.
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Table 1. Missense mutations of PI3K isoforms, PTEN, KRAS, and BRAF in JFCR39
iD Origin Cell line PIK3CA PIK3CB  PIK3CD PIK3CG PTEN KRAS BRAF
01 Lung ca. NCi-H23 P538L G12C
02 NCI-H226 S442Y (SNP)
03 NCI-H522
04 NCI-H460 E545K Q61H
(genomic)
05 A549 G128
06 DMS273 M259I K128N
07 DMS114
11 Colorectal ca. HCC2998 1391M (SNP) R148Q T857A Y46C A146T
R562Q R273H R130Q
L466M F341Vv
12 KM-12 G129*
K267fs({del.-1)"9
13 HT-29 P449T S442Y(SNP) V600E
15 HCT-15 E545K R628Q S174L G13D
D549N
16 HCT-116 H1047R Ex.16 del. G13D
21 Gastric ca. St-4 S442Y(SNP) E291* G12A
22 MKN1 E545K
23 MKN7 T456A (SNP) AB21S
24 MKN28 T456A (SNP) AB21S
25 MKN45
26 MKN74 T456A (SNP) A6218
31 Breast ca. HBC-4 E1051K S442Y(SNP)
32 BSY-1 H1047R Ex.1-9 del.
34 HBC-5
35 MCF-7 E545K S442Y(SNP)
36 MDA-MB-231 G13D G464V
41 Ovarian ca. OVCAR-3
42 OVCAR-4
43 OVCAR-5 Glav
44 OVCAR-8 N522S
45 SK-OV-3 H1047R
51 Brain ca. U251 E242fs(ins.+2)*15
52 SF-268
53 SF-295 8312C R233*
54 SF-539 Ex.1-9 del.
55 SNB-75
56 SNB-78 L719F T26fs(SD del.)
61 Renal ca. RXF-631L S442Y(SNP)
62 ACHN
71 Melanoma LOX-IMVI V600E
a1 Prostate ca. DU-145 AB88T S442Y(SNP)
92 PC-3 S312C S442Y(SNP) Ex.3-9 del.
Total # (without SNP) 10 (9) 4 7 (4) 15 (@) 10 9 3
NOTE: Underline indicates a homozygous mutation.

Drugs

ZSTK474 was kindly provided by Zenyaku Kogyo Co. Ltd.
LY294002, PI103, PI3Kw inhibitor IV, PI3Kvy inhibitor
(AS605240), and Akt inhibitors II, III, IV, V (triciribine), VIII,

IX, X, and XI were purchased from Calbiochem. TGX221
and perifosine were purchased from Cayman. GDC-0941
and IC87114 were obtained from Symansis. RAD001 and
CCI779 were purchased from LC Laboratories. Wortmannin,
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PX-866, NVP-BEZ235, and rapamycin were obtained from
Kyowa Medex, Sigma, Selleck, and Wako Pure Chemical,
respectively.

Determination of drug efficacy

Drug efficacy was assessed as changes in total cellular pro-
tein after 48 hours of drug treatment using a sulforhodamine
B assay. Assays were done in duplicate and the G5, was cal-
culated as described previously (27, 33).

Animal experiments

Animal care and treatment were done in accordance with
the guidelines of the animal use and care committee of the
Japanese Foundation for Cancer Research and conformed to
the NIH Guide for the Care and Use of Laboratory Animals.
Female nude mice with BALB/c genetic backgrounds were
purchased from Charles River Japan. Mice were maintained
under specific pathogen-free conditions and provided with
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Figure 1. Relative kinase activities of p110a mutants and the

inhibitory effect of PI3K inhibitors against hotspot mutants of p110a.

A, recombinant FLAG-tagged PI3K p110a/p85a protein complex
produced in 293T cells was immunoprecipitated, and the
immunoprecipitates were used for the quantitative PI3K-HTRF assay (32).
B, effect of three PI3K inhibitors (ZSTK474, LY294002, and NVP-BEZ235)
on the enzymatic activity of two hotspot mutants (E545K and H1047R)
p110a compared with the wild-type. No striking difference was observed
in the ICso concentrations of these inhibitors between wild-type and
mutant p110a.

sterile food and water ad libitum. Human tumor xenografts
were generated by s.c. inoculating nude mice with 3 mm x
3 mm x 3 mm tumor fragments of human cancer cells. When
the tumors became 100 to 300 mm? in size, ZSTK474 was p.o.
administered at 100, 200, and 400 mg/kg of body weight fol-
lowing the indicated schedule. The length (L) and width (W)
of the subcutaneous tumor mass were measured by calipers
in live mice, and the tumor volume (TV) was calculated as
TV = (L x W?)/2. Percent treated/control [T/C (%)] was cal-
culated as (TVyith drug/TVeontrol) * 100. To assess toxicity, we
measured the body weight of the tumor-bearing mice. Mice
were finally sacrificed and tumors were excised and frozen in
hquld Ng.

Results

Characterization of the mutation status of PIK3Cs,
PTEN, KRAS, and BRAF in JFCR39 cell lines

We first examined the mutation status of PI3K isoforms in
the JFCR39 cell lines (Table 1; Supplementary Table S2).
Analysis of genomic sequences of PIK3CA on exon 9 and exon
20 revealed the hotspot mutations (E545K in four cell lines
and H1047R in three cell lines). Analysis of the full coding
sequence of cDNA revealed four additional missense muta-
tions: I391M, P449T, D549N, and L719F. Evaluation of relative
kinase activity of these mutants revealed that mutant P449T
exhibited gain of function (>2-fold) compared with wild-type
PI3Ka (Fig. 1A). The E545K mutation found in NCI-H460 ge-
nomic DNA was not detected in the cDNA, suggesting that
the allele with the E545K mutation was hardly transcribed
in NCI-H460 cells. Therefore, we concluded that seven cell
lines [HCT-116, SK-OV3, BSY-1 (H1047R), MKN-1, MCF7
(E545K), HCT-15 (E545K/D549N), and HT-29 (P449T)] ex-
pressed a gain-of-function mutant of PIK3CA. With regard
to two hotspot mutants (E545K and H1047R), we examined
the effect of three representative PI3K inhibitors on their en-
zymatic activity and found no striking difference in their ef-
ficacies compared with wild-type p110a (Fig. 1B).

In addition to PIK3CA, we examined the genomic se-
quences of all coding exons of PIK3CB, PIK3CD, and PIK3CG
genes and found five missense mutations in PIK3CB, three
in PIK3CD, and eight in PIK3CG (Table 1; Supplementary
Table S2). Most of these mutations were not registered in
the dbSNP database established by The National Center for
Biotechnology Information. Therefore, this study is the first
report showing that cancer cells harbor missense mutations
in PIK3CB, PIK3CG, and PIK3CD as well as in PIK3CA.

Next, we proceeded to examine the genomic sequences of
the PTEN gene and found that the PTEN gene was deleted in
three cell lines (BSY-1, SF539, and PC-3), and seven had mis-
sense or frameshift mutations.

‘We examined the genomic sequences of exon 1 (inclhuding
G12 and G13) and exon 2 (Q61) of KRAS and exon 15 (V600)
and exon 11 (G464, G466, and G468) of BRAF (Table 1). Eight
of 39 cell lines had a hotspot mutation in the G12, G13, or
Q61 residue. On the other hand, the BRAF mutation was ob-
served in three cell lines including LOX-IMV1.
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Figure 2. Mutation, protein expression, and phosphorylation status of PI3K and Ras pathway members and the correlation among them. A, the protein
expression of upstream members and the phosphorylation of downstream members in each of the JFCR39 cell lines were determined by immunoblot
analysis and normalized so that their average across the JFCR39 cell lines was 1 (yellow). A red point and a blue point represent high and low expression by
3-fold, respectively. Mutation data are from Table 1. B and C, differences in expression levels of phospho-Akt (T308) (B) and phospho-MEK1/2 (C)
between cell lines with or without PIK3CA gain-of-function mutation (GOF), PTEN expression, and KRAS/BRAF mutation. Student's ¢ tests were used
to examine significance of differential expression. D, a heat map representing the similarities among the fingerprints of PI3K pathway members. Red to
yellow: significant positive correlation (P < 0.05); yellow to black, black to blue: no significant correlation (P > 0.05), blue to sky blue: significant negative
correlation (P < 0.05).
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Expression of PI3K isoforms, PTEN, Akt isoforms,
and ERBB-family RTKs

We next examined the protein expression of upstream
members of the PI3K pathway that would affect down-
stream activity, including PI3K isoforms (p110a/B/vy/8),
PTEN, Akt isoforms (Akt1/2/3), and ERBB-family RTKs
(EGFR/ERBB2/ERBB3; Fig. 24; Supplementary Data). As ex-
pected, pl10a and pl10p were widely expressed, whereas
pl10y and p1103, which were thought to be expressed pref-
erentially in leukocytes, were unexpectedly expressed in
most JFCR39 cell lines derived from solid tumors. PTEN ex-
pression was undetectable in all of three cell lines with the
deletion and in five of seven cell lines with a mutation,
whereas all of 29 cell lines lacking a mutation or deletion
expressed a certain amount of PTEN protein (Supplementa-
ry Fig. S1). Some of the cell lines exhibited overexpression
of Akt isoforms; SF268 and MCF-7 highly expressed Aktl,
whereas OVCAR3 and HBC5 highly expressed Akt2. EGFR
was expressed in a wide variety of cell lines, but in some
cell lines including NCI-H522 and MCF-7, EGFR expression
was absent or present at an extremely low level. ERBB3 was
highly expressed in a wide variety of cell lines derived from
ovarian, gastric, breast, and colorectal cancer cell lines, but
not in most brain cancer cell lines. On the other hand,
ERBB2 was highly expressed in two cell lines (SK-OV-3
and HBC5).

Activation status of downstream members of
the PI3K pathway

We examined the phosphorylation levels of PI3K down-
stream effectors including Akt (phosphorylated on T308
and $473), mTOR (S52448), S6K1 (T389), GSK-3p (S9), and
TSC2 (T1462; Fig. 2A). We also examined Ras downstream
effectors, phosphorylated MEK1/2 (8217/5221) and ERK1/2
(T202/Y204). Interestingly, the expression pattern of phos-
phorylated Akt (T308) was highly correlated with phosphor-
ylated TSC2 (r = 0.70) and GSK-3p (r = 0.60), but not with
phosphorylated mTOR and S6K1 (Fig. 2A; Supplementary
Fig. 82). On the other hand, expression levels of phosphory-
lated Akt (T308) had a significant negative correlation with
phosphorylated ERK1/2 (r = 0.39).

Correlation between upstream abnormalities and
phosphorylation of downstream effectors
in the PI3K pathway

Correlation analysis between upstream abnormalities and
downstream activities revealed some interesting results
(Fig. 2B and C; Supplementary Table $3). For example,
phosphorylation levels of Akt (T308) (P = 0.0015) and
TSC2 (P = 0.011) were significantly higher and those of
MEK1/2 (P = 36 x 10™*) and ERK1/2 (P = 2.7 x 107°) were
significantly lower in eight PTEN-negative cell lines than
those in 31 PTEN-expressing cell lines. This suggested that
PTEN loss conferred activation of PI3K downstream factors
and inactivation of the MAPK pathway. In contrast, phos-
phorylation levels of Akt (T308) (P = 4.1 x 10™) and TSC2
(P = 0.0021) were significantly lower in cell lines having a mu-
tation in either the KRAS or the BRAF gene, suggesting inac-

tivation of the PI3K/Akt pathway in these cell lines. However,
mutation of PIK3CA did not have significant associations
with downstream activation, including phosphorylation
levels of Akt and MEK.

Determination of efficacy patterns of 25 PI3K pathway
inhibitors across JFCR39 cell lines, or fingerprints,
and evaluation of their modes of action
from their fingerprints

We next examined the efficacy of 25 PI3K pathway in-
hibitors (Table 2) in each of the JFCR39 cell lines. Then,
we compared the fingerprints of PI3K inhibitors with those
of other conventional anticancer drugs by cluster analysis
(Fig. 3A; Supplementary Fig. S3A). Interestingly, 10 of 11
PI3K inhibitors were tightly clustered and the cluster also
included Akt inhibitor VIII (AKTi-1/2) and rapamycins,
suggesting similarity in the mechanisms of action across
these compounds. Moreover, their fingerprints were clearly
different from those of the remainder of the 10 Akt inhi-
bitors, all of three MEK inhibitors, and other conventional
anticancer drugs. Furthermore, comparison of the finger-
prints of 15 PI3K pathway inhibitors in the cluster revealed
that some pairs, including ZSTK474/GDC-0941 (r = 0.86),
wortmannin/PX-866 (r = 0.81), and PI103/PI3Ka inhibitor
IV (r = 0.80), exhibited extremely high correlations, sug-
gesting a close similarity in the molecular mechanisms of
action between each pair of compounds (Supplementary
Fig. S3B-D).

Construction of an integrated database and
correlations between the status of pathway members
and the efficacy of PI3K inhibitors

We have thus far studied the drug efficacy data and the
signal pathway data with regard to JFCR39 cell lines. We
then combined these data to develop an integrated data-
base (JFCR39-DB). Using JFCR39-DB, we studied the re-
lationship between the activation status of the PI3K
pathway and the efficacy of PI3K pathway inhibitors. First,
we examined the correlation between the mutation status
of upstream members and drug efficacy. The Student ¢ test
revealed no significant differences in the efficacies of all of
25 PI3K pathway inhibitors examined, in seven cell lines
expressing a gain-of-function mutant of PI3Ka, and in
the remainder of the 32 cell lines (Fig. 3B; Supplementary
Table 54). As mentioned before, we examined the effect of
three representative PI3K inhibitors on the enzymatic activ-
ity of two hotspot mutants of PI3Ka and found no striking
difference in their efficacies compared with wild-type p110a
(Fig. 1B). These results suggest that cancer cells expressing
mutant PI3Ka are susceptible to PI3K inhibitors to a similar
extent as those expressing wild-type PI3Ka. Moreover,
PTEN status did not correlate with the efficacy of PI3K
pathway inhibitors. In addition, the mutation status of other
PI3K isoforms did not exhibit striking correlations either.
On the other hand, cell lines having a mutation in either
KRAS or BRAF exhibited resistance to several PI3K pathway
inhibitors including ZSTK474 (Fig. 3B; Supplementary
Table S$4). The present results suggest that KRAS/BRAF
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Table 2. The 25 PI3K pathway inhibitors used in this study and their profiles and structures (15-18)
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Table 2. The 25 PI3K pathway inhibitors used in this study and their profiles and structures (15-18)

In clinical use

!
Allosteric inhibitor [Nl YY) 1078 mol/)
of mTORCH . n]fo " 7Y Rapalogue
\‘;(g Y Inclinical use

> \
\)\)\(~/\/\>

(Cont'd)
Akt inhibitors
Akt inhibitor X /\[/": C Akt inhibitor XI Vs
-5 ©. Cr~—Clim,,, s
oo o« goemmy L LT
reclinical mol/L) S N )\%
( Preclinical H
HCI (] H
g
mTOR inhibitors

Rapamycin "o Everolimus Temsirolimus H
(1.7 x 1077 molL) (RADOO1; 3.6 x (CCi779; 20 x "

0
529
H 7
%’5
%‘j:/ l; in clinical use
S

1077 mollL)
Rapalogue

oo -

‘ £

NOTE: Numbers in parentheses are mean Glso values across the JFCR39 cell lines.

mutation would be a biomarker for resistance to these PI3K
pathway inhibitors.

Correlation of the efficacy of PI3K pathway inhibitors
with protein expression levels of PI3K isoforms, Akt
isoforms, and ERBB-family RTKs

We next correlated the expression levels of the above pro-
teins with the efficacy of PI3K pathway inhibitors (Fig. 3A).
As a result, we found that expression of p110a had a slight
positive correlation with four PI3K inhibitors including
IC87114 and LY294002. As for p1103, we found that its high
expression correlated with the efficacy of several Akt inhibi-
tors including perifosine. As for Akt isoforms, we found that
high expression of Akt2 was associated with the efficacy
of five PI3K pathway inhibitors including TGX-221 and
LY294002. Correlation analysis between the expression levels
of ERBB-family RTKs and the efficacy of PI3K inhibitors
revealed no significant correlations with PI3K pathway inhi-
bitors. However, high expression of EGFR correlated with re-
sistance to other classes of anticancer drugs such as navelbine
(r = -0.49) and mitoxantrone (r = -0.43), suggesting that EGFR
would confer resistance to these drugs in cancer cells.

Correlation of the efficacy of PI3K pathway inhibitors
with phosphorylation levels of the PI3K/Akt and Ras/
MAPK pathways

Lastly, we correlated the phosphorylation levels of down-
stream members of the PI3K pathway with drug efficacy
(Fig. 3A). Of note, expression of Akt phosphorylated at 5473
had significant correlations with 11 of 25 inhibitors including
ZSTK474 (r = 0.44; Fig. 3C) and wortmannin (r = 0.52). In
addition, phosphorylated TSC2 correlated with 7 of 25 inhi-
bitors, including Akt inhibitor IX (» = 0.41) and CCI779
(r = 0.40). This result suggests that expression levels of Akt
phosphorylated at $473 and phosphorylated TSC2 would be
predictive markers for these PI3K pathway inhibitors.

Phosphorylated Akt levels and KRAS/BRAF mutation
correlated with the in vivo efficacy of ZSTK474

We have thus far studied correlations between the status
of pathway members and the efficacy of PI3K inhibitors
in vitro. The most prominent associations were that phos-
phorylated Akt correlated with the efficacy whereas KRAS/
BRAF mutation correlated with the inefficacy of PI3K inhi-
bitors including ZSTK474. To test these correlations in vivo,
we inoculated 24 transplantable cell lines of JFCR39 and ex-
amined the antitumor effect of ZSTK474 (Supplementary
Fig. S4). We first confirmed that the in vitro efficacy pattern
across the 24 cell lines significantly correlated with the
in vivo efficacy pattern (200 mg/kg: P = 0.02), suggesting
that the in vivo efficacy of ZSTK474 reflected its in vitro
efficacy (Supplementary Fig. $5). Based on these data, we
examined the involvement of phosphorylated Akt and
KRAS/BRAF mutation in the efficacy of ZSTK474 in vivo
(Fig. 4). The Student ¢ test revealed that cell lines having
a hotspot mutation in either KRAS (G12, G13, and Q61)
or BRAF (V600) exhibited inefficacy of ZSTK474 (P = 0.04;
Fig. 4B). Cell lines with PTEN loss such as PC-3 and
BSY-1 exhibited susceptibility to ZSTK474, but the differ-
ence was not statistically significant across the 24 cell
lines. On the other hand, expression levels of phosphory-
lated Akt in the xenografted tumors significantly corre-
lated with susceptibility to ZSTK474 (Fig. 4C). These
results suggest that phosphorylated Akt and KRAS/BRAF
hotspot mutation could be used as a biomarker for pre-
dicting the efficacy of PI3K inhibitors in the clinic.

Discussion

In this study, taking advantage of the JFCR39 cell line pan-
el, we examined the drug efficacy of PI3K pathway inhibitors
as well as the status of PI3K and Ras pathway members,
and combined them to develop an integrated database. This
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database, designated as JFCR39-DB, enabled us to evaluate
correlations between the status of pathway members and
drug efficacy, as well as correlations among pathway mem-
bers and among inhibitors ir silico. First, comparison of the
status of pathway members revealed that PTEN loss signifi-
cantly correlated with upregulated phosphorylation levels of
PI3K downstream members and with downregulated phos-
phorylation levels of Ras downstream members, whereas
KRAS/BRAF mutation exhibited an opposite tendency. Sec-
ond, comparison of drug efficacies revealed that most PI3K
inhibitors and rapamycins were tightly clustered and were
clearly different from other classes of anticancer compounds,
suggesting a similarity in the mechanisms of action across
these compounds in the cluster. Third, correlation analysis
between the status of pathway members and drug efficacy
revealed that phosphorylated Akt and KRAS/BRAF hotspot
mutation correlated with the efficacy and the inefficacy of
PI3K inhibitors, respectively. These correlations were con-
firmed in xenografted human tumors in vivo, suggesting that
they could serve as predictive biomarkers for PI3K inhibitors.

Correlation analysis among the pathway members re-
vealed that PTEN loss significantly correlated with the phos-
phorylation levels of Akt, GSK-3p, and TSC2, but PIK3CA
mutation did not exhibit such correlations, suggesting that
PTEN loss was directly connected with activation of these
downstream pathway members. Similar results were recently
shown by Vasudevan and colleagues using NCI60 cell lines
(34) and by Stemke-Hale and colleagues using clinical speci-
mens and cell lines of human breast cancer (35), indicating
the significance of PTEN loss in the activation of the PI3K
pathway. Furthermore, we showed that PTEN loss was not
accompanied by activation of mTOR and S6K1, suggesting
the existence of upstream molecule(s) other than Akt that
may regulate the activation of mTOR and S6K1. Indeed,
mTOR is regulated by energy stress via AMPK and by hypoxia
via HIF1q, as well as by growth factor stimulation via PI3K/
Akt (13). Interestingly, PTEN loss was strongly associated
with inactivation of MAPK pathway components such as
MEK1/2 and ERK1/2. Previously, Zimmermann and Moelling
reported that phosphorylation of Raf by Akt inhibited activa-
tion of the Ras/Raf/MAPK pathway (36), which supports our
observation. On the other hand, mutation in either KRAS or
BRAF was strongly correlated with inactivation of PI3K/Akt,
rather than activation of the MAPK pathway. This result
strongly suggests that gain-of-function mutations of KRAS
and BRAF confer inactivation on Akt and its downstream
pathway.

In this study, we performed a mutation analysis of all cod-
ing exons of PIK3CB, PIK3CD, and PIK3CG isoforms, which are
thought to be rarely mutated in cancer (3). Unexpectedly, we
found missense mutations in each isoform that were not reg-
istered in the SNP database. Although we could not determine
whether they were cancer-specific somatic mutations or de-
rived from germline mutations that have not yet been regis-
tered in the SNP database, this is the first report showing that
cancer cells harbor missense mutations in these PI3K iso-
forms. The kinase activities of these mutants compared with
their wild-type analogues are under investigation. Cancer cells
having these mutations did not exhibit hyperphosphorylation
of Akt and its downstream factors, suggesting that they did
not activate the canonical PI3K pathway via Akt.

We previously showed that the fingerprints of antitumor
compounds across the JFCR39 cell panel can allow evalua-
tion of similarities in the cellular mechanism of action by
which drugs exert their antitumor activity (28, 29). Compar-
ison of drug fingerprints revealed that most PI3K inhibitors
and rapamycins were tightly clustered and their fingerprints
were clearly different from those of other classes of antican-
cer compounds, suggesting that they act by similar mechan-
isms, probably by blocking the PI3K/mTOR pathway.
Moreover, a fine comparison of the fingerprints of these
PI3K pathway inhibitors revealed that ZSTK474 and GDC-
0941, both of which are specific class I PI3K inhibitors that
do not inhibit other PI3K-related protein kinases including
mTOR (15, 37-39), show similar fingerprints (r = 0.86). On
the other hand, NVP-BEZ235, which is a more potent inhib-
itor of mTOR than of PI3K (40), exhibited high correlations
with the mTOR inhibitor rapamycin (r = 0.78), and the cor-
relation was much higher than those with ZSTK474 (r = 0.67)
and GDC-0941 (r = 0.46). Thus, these results suggest that
comparison of fingerprints may accurately distinguish the
cellular target(s) that determine(s) the susceptibility of can-
cer cells to these drugs.

Using the integrated PI3K database, we correlated the sta-
tus of these pathway members with the efficacy of PI3K inhi-
bitors. We first found that either gain-of-function mutation of
PIK3CA or PTEN loss did not exhibit significant correlation
with the efficacy of PI3K inhibitors. Brachmann and collea-
gues recently reported that NVP-BEZ235 selectively induced
apoptosis in PIK3CA-mutant breast cancer cells (41). How-
ever, in the present study, PIK3CA-mutant cell lines did not ex-
hibit hypersensitivity but were susceptible to PI3K inhibitors
to a similar extent as those with wild-type PIK3CA. Indeed,
similar results were obtained in in vivo experiments using 24

Figure 3. Fingerprints of 67 compounds including 25 PI3K pathway inhibitors and other conventional anticancer agents and their correlations with the
activation status of PI3K pathway members. A, top, the Gls in each cell line was determined and log transformed. The compounds were clustered on the
basis of their correlations with other compounds (average-linkage clustered with Pearson correlation metric). Cluster analysis was done by using
GeneSpring GX (Agilent Technologies). A yellow point represents the average llog Glsql for each compound across JFCR39. A red point and a biue point
represent sensitivity and resistance by 10-fold, respectively. Bottom, a heat map of correlation between the fingerprints of 67 anticancer compounds and
those of PI3K pathway members. A red paint (high positive Pearson correlation coefficient, P < 0.001) indicates that the compound tends to be more
effective against cell lines that express more of the protein; a blue point (high negative correlation, P < 0.001) indicates the opposite tendency. B, difference
in the efficacy of ZSTK474 between cell lines with and without PIK3CA gain-of-function mutation, loss of PTEN expression, and KRAS/BRAF mutation.
C, scatter plots of JFCR39 cell lines showing a significant correlation between phospho-Akt (S473) and the efficacy of ZSTK474.
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transplantable human cancer cell lines xenografted in nude
mice (Fig. 4B). We further showed that PI3K inhibitors includ-
ing ZSTK474 and NVP-BEZ235 inhibit the enzymatic activity
of gain-of-function mutant of p110« to an extent comparable
to the wild-type (Fig. 1B). These results suggest that such PI3K
inhibitors can be used for these cancers. On the other hand,
cell lines with mutation in either KRAS or BRAF exhibited re-
sistance to five PI3K inhibitors including ZSTK474. In in vivo

studies, we showed that KRAS/BRAF mutation exhibited a
significant correlation with efficacy of ZSTK474 using 24 xeno-
grafted tumors. Similar results were recently reported by Ihle
and colleagues by using PX-866 and 13 human tumor
xenografts (42) and by Engelman and colleagues using NVP-
BEZ235 and a mouse tumor model ectopically expressing a
KRAS mutant (23), suggesting the significance of KRAS/BRAF
mutation in the inefficacy of these PI3K inhibitors.
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Of the PI3K pathway downstream members examined in
this study, it should be noted that Akt phosphorylated at
§473 had significant correlations with 6 of 11 PI3K inhibitors
including ZSTK474. Moreover, the correlation between phos-
phorylated Akt levels and the efficacy of ZSTK474 was con-
firmed in in vivo experiments using 24 human cancer
xenografts. This result indicated that the expression level of
Akt phosphorylated at 8473 could be a candidate biomarker
for predicting the efficacy of PI3K inhibitors. The reason why
Akt phosphorylated at 5473, but not T308, exhibited this cor-
relation is unknown. Phosphorylation of the $473 residue of
Akt is known to be catalyzed by the TORC2 complex (whose
components include mTOR and rictor) and is required, in ad-
dition to T308, for full activation of Akt (43). It is intriguing
that the fully activated form of Akt correlated with the effi-
cacy of PI3K inhibitors.

In summary, we constructed an integrated database of
PI3K and Ras pathway members and the efficacy of PI3K
pathway inhibitors in JFCR39 (JFCR39-DB). In silico correla-
tion analysis using JFCR39-DB enabled us to extract two
candidates, phospho-Akt and KRAS/BRAF mutation, as pre-
dictive biomarkers for efficacy of PI3K inhibitors from vari-
ous pathway members examined. Moreover, we confirmed
these correlations by in vivo studies using 24 xenografted
tumors. The utility of these candidate biomarkers should
be validated through clinical studies in future. In addition,
JFCR39-DB enabled us to study functional relationships
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