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Pathway-specific therapy is the future of cancer management. The
oncogenic phosphatidylinositol 3-kinase (PI3K) pathway is fre-
quently activated in solid tumors; however, currently, no reliable
test for PI3K pathway activation exists for human tumors. Taking
advantage of the observation that loss of PTEN, the negative
regulator of PI3K, results in robust activation of this pathway, we
developed and validated a microarray gene expression signature
for immunohistochemistry (IHC)-detectable PTEN loss in breast
cancer (BC). The most significant signature gene was PTEN itself,
indicating that PTEN mRNA levels are the primary determinant of
PTEN protein levels in BC. Some PTEN IHC-positive BCs exhibited
the signature of PTEN loss, which was associated to moderately
reduced PTEN mRNA levels cooperating with specific types of
PIK3CA mutations and/or amplification of HER2. This demonstrates
that the signature is more sensitive than PTEN IHC for identifying
tumors with pathway activation. In independent data sets of
breast, prostate, and bladder carcinoma, prediction of pathway
activity by the signature correlated significantly to poor patient
outcome. Stathmin, encoded by the signature gene STMN1, was an
accurate IHC marker of the signature and had prognostic signifi-
cance in BC. Stathmin was also pathway-pharmacodynamic in vitro
and in vivo. Thus, the signature or its components such as stathmin
may be clinically useful tests for stratification of patients for
anti-PI3K pathway therapy and monitoring therapeutic efficacy.
This study indicates that aberrant PI3K pathway signaling is
strongly associated with metastasis and poor survival across car-
cinoma types, highlighting the enormous potential impact on
patient survival that pathway inhibition could achieve.
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U sing high-throughput technologies, a number of gene expres-
sion profiling studies have found tumor signatures capable of
discriminating cancer patients with good vs. poor outcomes (1-4).
Despite these promising results, deciphering the biological basis of
why these signatures are predictive and how the identified risk
groups relate to activation of oncogenic pathways and sensitivity to
molecularly targeted therapies remains a significant challenge (5).
Moreover, optimal efficacy of targeted therapies will be possible
only when the appropriate subgroups of patients with target and/or
pathway-activated tumors can be identified and used to guide
treatment (6-8).

The oncogenic phosphatidylinositol 3-kinase (PI3K) signaling
pathway has been implicated in nearly all aspects of tumor biology:
cell transformation, growth, proliferation, migration, protection
from apoptosis, genomic instability, angiogenesis, and metastasis,
as well as cancer stem cell maintenance (7, 9). Aberrant PI3K
pathway signaling is estimated to be present in >30% of human
cancers (7) and occurs by two nonexclusive mechanisms: by onco-
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genic alterations such as of HER2 and PIK3CA or by inactivation
of the tumor suppressor PTEN (phosphatase and tensin homolog
deleted on chromosome 10), which catalyzes the precise opposite
reaction to PI3K and is the pathway’s most important regulatory
brake.

The degree of PI3K pathway activation in a tumor varies de-
pending on the type of pathway lesion(s) that are present, with
inactivation of PTEN being perhaps the most common lesion (7) as
well as the most potent (10). Despite evidence suggesting activated
PI3K signaling would confer an aggressive tumor phenotype, there
has been a lack of consensus among studies associating pathway
lesions to markers of pathway activation and of these variables to
actual cancer patient outcome (e.g., refs. 11-14). Moreover, al-
though this pathway contains many attractive therapeutic targets,
recent clinical trials of pathway-targeted drugs have in most cases
not been as promising as hoped. These issues are likely because of
the heterogeneity of PTEN/PI3K pathway lesions, resistance me-
diated by cooperation with other oncogenic pathways, the lack of
markers for therapy response, and the lack of a reliable quantitative
assay that integrates the multiple mechanisms of pathway activation
for appropriate patient stratification. These issues are apparent
even for targeted-therapy successes such as trastuzumab for HER2-
positive breast cancer (BC), where recent evidence suggests that
resistance may be mediated by PTEN (6).

To address these problems, we generated a gene expression
signature of PTEN protein loss from human BC biopsies with the
hope that a signature of this PI3K pathway-activated state would be
pathway-integrative and would identify tumors that have a similar
signature because of other activating lesions. Bearing out this
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hypothesis, our signature identifies tumors with complete PTEN
loss as well as those with cooperating secondary alterations to the
pathway and is predictive of clinical outcome in multiple indepen-
dent data sets of varied carcinoma types. Furthermore, the signa-
ture gene stathmin is a robust surrogate marker for the signature,
its protein levels are directly related to risk for BC recurrence, and
it exhibits anti-PI3K pathway pharmacodynamic properties in vitro
and in vivo. Our results indicate that PTEN/PI3K pathway activa-
tion is a strong biological correlate of metastasis and poor prognosis
in carcinoma, implying an enormous potential advantage for new
drugs that target this pathway. The signature or components such
as stathmin may be clinically useful for patient selection for
PI3K pathway-targeted therapy as well as monitoring therapeutic
efficacy.

Results and Discussion

A Gene Expression Signature of PTEN Loss. Because PTEN is rarely
mutated in BC but protein levels are diminished in up to 48% (11,
12, 15, 16), we evaluated PTEN by immunohistochemistry (IHC)
for 351 stage II breast tumors. Frozen samples for 35 PTEN-
deficient (PTEN™S") and 70 PTEN-normal (PTEN™C*) cases,
matched on estrogen receptor (ER) status where possible [sup-
porting information (SI) Table 1], were selected for gene expression
profiling. A 3-fold cross-validation strategy (SI Fig. 5 and SI
Methods) was applied to the microarray data to identify genes most
significantly associated to PTEN IHC status, and a consensus-
ranked gene list was generated by sorting on the average P value
(APV) from each cross-validation analysis. There were 246 signa-
ture genes with an APV =0.02 (hereinafter “the signature”; see SI
Table 2), a >15-fold overabundance compared with permutation
simulations (SI Methods). Notably, the PTEN gene was the top
discriminator (APV = 5.6 X 107°), demonstrating that PTEN
transcript levels, and not posttranslational events, are the primary
determinant of protein levels in BC.

We applied gene set enrichment analysis (17) to further verify the
biological consistency of our PTEN-associated signal to the liter-
ature. We found two in vitro PTEN-regulated gene cassettes (refs.
18 and 19; P = 0.027 and P = 0.037, respectively), an in vivo
Akt/mTOR/RADO001-regulated cassette (ref. 20; P = 0.030), and
three of four sets regulated by the downstream pathway component
FOXO1A (21), to be enriched toward the expected PTEN status
group (Fig. 14 and SI Notes). Moreover, a proliferation-associated
cassette (22) was significantly enriched in PTEN™C~ tumors (P =
0.014), consistent with the known potent stimulatory effect of PI3K
signaling on the cell cycle. Similar biological themes were identified
by Gene Ontology analysis (SI Notes and SI Tables 3 and 4).

Affirming that our PTEN-associated signal is independent of
ER, an ER signature of genes up-regulated in our ER-positive
(ER™) cases (see SI Methods) was not significantly enriched in our
PTEN-associated signal (Fig. 14).

PTEN'MC+ Tumors with PTEN'™C—-Like Profiles. In the same 3-fold
cross-validated approach, support vector machines were used to
classify each tumor as either PTEN™C= or PTEN™CF based on
their gene expression pattern (SI Fig. 5 and SI Methods). Good
classification performance was achieved [receiver operating char-
acteristic (ROC) area, a measure of the tradeoff between sensitivity
and specificity of a test, of 0.758, P = 0.0001]. This performance was
not dependent on the information from the PTEN gene (ROC
area = 0.758, P = 0.0005, when excluding PTEN; see also SI Notes).
Regardless of the genes used, a perfect classification could not be
attained, with up to 44% of the tumors classified as PTEN™MC~
being in fact PTEN™HC+  suggesting the likelihood that other PI3K
pathway lesions could also induce the transcriptional program of
PTEN loss.

Fig. 1B illustrates the pattern of signature gene expression across
the 105 tumor samples. As expected, the pattern of expression was
biphasic, with most of PTEN™C+ tumors clustered together in one
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Fig. 1. The PTEN/PI3K microarray gene expression signature in breast carci-
noma. (A) Gene set enrichment analysis (17) verifies that the PTEN signature
faithfully captures known biological outputs of the pathway. For each gene
set tested (see S/ Methods), the normalized enrichment score (black bars;
positive and negative values indicate higher expression in the PTEN'HC- or
PTEN'MC+ group, respectively) and the corresponding nominal P value (green
bars) are plotted. The number of matched genes per set is within parentheses.
(B) Hierarchical clustering of the 105 breast tumor samples (columns) by using
the top 246 signature genes (rows) with an APV < 0.02. The two major tumor
dendrogram clusters, “Signature Absent and Signature Present,” are indi-
cated by blue- and red-colored branches, respectively. PTEN IHC status is
indicated by filled (positive) or white (negative) boxes. In the heat map, fold
change is relative to the median for each gene according to the color scale
shown (red, overexpression; blue, underexpression; yellow, missing values),
and selected gene symbols are displayed to the right. Clustering was per-
formed by using the 1-Pearson correlation metric and centroid linkage. (C)
Microarray PTEN mRNA expression levels from B illustrate PTEN to be a better
marker of the SP group than PTEN IHC status. HER2 amplification, PIK3CA KD
or CD/HD mutation, and the ER status for each case are indicated by filled
(positive) boxes, open (negative) boxes, or a diagonal line (missing data).

main branch [denoted Signature Absent (SA)], and the majority of
PTEN™C tumors clustering in the other main branch [Signature
Present (SP)]. Consistent with the support vector machines result,
exceptions were observed (Fig. 1B).

Interestingly, ATADI, which is the nearest neighbor to PTEN at
10g23.31 in a head-to-head orientation, was significantly down-
regulated in PTEN™C~ tumors (APV <0.004) and the absolute
expression levels of ATADI closely tracked PTEN levels (Pearson
r=0.676, P < 0.0001; SI Fig. 6 and SI Notes). Moreover, irrespective
of PTEN IHC status, PTEN mRNA levels were below the median
for 86% of SP compared with 20% of SA tumors (P < 0.0001).
Thus, presence of the signature in 19/25 PTEN™CF cases may be
in part because of reduced PTEN message levels below the sensi-
tivity of our IHC analysis (Fig. 1C).

Influence of Other PI3K Pathway Lesions. To test whether other PI3K

pathway abnormalities are associated to the activated signature, we
analyzed the tumors for pl10a (PIK3CA) mutations and for
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amplification of HER2 (Fig. 1C). Notably, 67% (8 of 12) of the
PIK3CA kinase domain (KD) mutants clustered with the SP
tumors, whereas only 19% of non-KD mutants [3 of 16: 2/11 helical
domain (HD), and 1/5 C2 domain (CD)] were in this main branch
(P = 0.019). Consistent with this, downstream pathway signaling
differences between PIK3CA domain mutants were also seen in
vitro (SI Fig. 7 and SI Notes). Moreover, suggestive of a dose-
responsive inhibition of the PI3K pathway by PTEN (independent
of PTEN IHC status), in the SP cluster 82% (9/11) of PIK3CA
mutants had PTEN mRNA levels below the median compared with
only 18% (3/17) of PIK3CA mutants in the SA cluster (P = 0.0001).
HER?2 amplification (HER2") did not appear to correlate with the
presence of the signature (Fig. 1C), with 58% of HER2" cases
(14/24) clustering among the PTEN™C~ branch (SI Notes). How-
ever, among these 14 cases exhibiting the signature, 11 had PTEN
mRNA levels below the median, in contrast to 3/10 HER2* SA
cases (P = 0.035). In total, 75% (15/20) of lesions to PIK3CA or
HER? in the SP group had low PTEN message levels, in contrast to
17% (4/24) in the SA group (P = 0.0002).

Together, these results suggest that our identified signature
integrates various PI3K pathway lesions, some of which we have
discerned but others not yet uncovered, that singly or, particularly
in the setting of moderately reduced PTEN message levels, col-
laboratively activate PI3K signaling to a similar extent to that seen
with IHC-detectable loss of PTEN. Conversely, cases with HER2
amplification or PIK3CA CD/HD mutations rarely exhibit the
activated signature in the context of high PTEN expression. We
hypothesize that the differential clustering of HER2" cases by the
signature could relate to trastuzumab sensitivity; however, this
remains to be tested. These data demonstrate an important rela-
tionship between PTEN dosage and tumor phenotype in humans
and imply potential clinical utility of therapies that reactivate PTEN.

Despite controlling for ER status in our sample selection and
verifying independence of our PTEN signal from an ER signal, 78%
of ER" tumors clustered in the SA group, whereas 66% of ER~
tumors clustered in the SP group (Fig. 1C). This suggests that
frequent activation of the PI3K pathway is part of the natural
history of ER™ BC and is consistent with our observations in an
independent large population-based BC cohort in which most ER™
tumors harbor =1 PI3K pathway activating aberrations, in stark
contrast to ER* tumors (data not shown; SI Notes).

Clinical Implications of the PTEN/PI3K Pathway Signature. We next
investigated whether our signature could predict patient outcome.
Although the selection of our samples was not designed for survival
analysis, we found that the SP group had a significantly higher
proportion of distant metastases [P = 0.025; SI Fig. 8; consistent
with the pathway-integrative nature of the full signature, we note
that PTEN THC was not prognostic (P = 0.705; data not shown)].

To ascertain whether this result was reproducible, we queried the
prognostic association of the PTEN signature in two independent
breast tumor data sets. The Dutch 295 BC series (3) serves as a gold
standard data set for independent validation (23). We mapped (24)
our 246-gene PTEN signature genes to the Dutch data set and
generated a nearest centroid classifier (NCC; ref. 2) trained on our
data set. Each independent tumor was then predicted by the NCC
as SP or SA, and a continuous signature score proportional to the
degree of correlation to these classes was calculated. As illustrated
by Kaplan-Meier (KM) survival estimates, our signature-based
NCC separated the 295 tumors into the SP and SA groups, with SP
cases expressing the signature of PTEN loss having a significantly
worse distant disease-free survival [DDFS; hazard ratio (HR), 2.48,
P = 1.15 X 1079] and overall survival (OS; HR 3.69, P = 2.21 X
10~7; Fig. 2 A and B and SI Table 5). Multivariate analysis showed
the classification to be independent of and the most significant
variable after adjustment for lymph node metastasis and ER status
(SI Table 6). Indicating an underlying mechanistic explanation for
most poor prognosis BCs, our signature had a sensitivity of 74% and
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specificity of 94% in identifying the same poor prognosis (76 of 114
ER™* and 58 of 66 ER ™) and good prognosis (105 of 112 ER* and
three of three ER™) tumors as the Dutch 70-gene classifier (3).

We next tested whether the PTEN signature score was predictive
of outcome on a cutoff-independent continuous scale in the Dutch
data set. The signature score ranged from —1.44 to +1.45 (positive
values indicating greater presence of the signature) and was highly
predictive of DDFS (HR 1.80, P = 4.10 X 1076) and OS (HR 2.33,
P =198 x 1078, SI Table 5).

Because the PI3K pathway is a known promoter of cell
proliferation, corroborated by our gene set enrichment analysis,
we removed all cell cycle-associated signature genes (SI Meth-
ods) and repeated the NCC procedure. Only 6% of tumors
changed classification, and all 17 of these cases had low (r < 0.2)
initial NCC correlation scores. Therefore, we conclude that the
successful prognostic classification of tumors is not simply
because of information from proliferation-associated gene ex-
pression but rather is associated to a complex program of
transcriptional changes downstream of the PTEN/PI3K pathway.
Further supporting this, we found PTEN mRNA levels to be
significantly lower in the Dutch tumors classified as SP (P =
0.0004) and to be inversely correlated to the signature score as
expected (r = —0.289, P < 0.0001; SI Table 7).

We obtained similar results when classifying the data set of
Sotiriou et al. (4) containing 99 British breast tumors. Tumors
classified as SP had a significantly worse relapse-free survival
(RFS; HR 1.89, P = 0.042) and worse BC-specific survival (BCS;
HR 1.87, P = 0.069) over the complete follow-up time; at 5-year
follow-up analysis interval, a significant difference in BCS was
evident (HR 2.70, P = 0.025; Figs. 2 C and D and SI Table 5).
The signature score contained significant continuous prognostic
information for both RFS (HR 2.13, P = 0.018) and BCS (HR
2.33, P = 0.020; SI Table 5).

Predicting Outcome in Other Carcinoma Types. Prompted by the
success of the PTEN/PI3K pathway signature to predict outcome in
BC, we hypothesized this signature may be more generally appli-
cable to other carcinoma types with suspected involvement of the
PI3K pathway. To test this, we analyzed public microarray data sets
of human prostate (25), bladder (26), and lung tumors (1). Clas-
sification by the signature could separate prostate and bladder, but
not lung carcinoma, samples into groups with significant differences
in survival (Fig. 2 E-G; SI Fig. 9, SI Table 5, and SI Notes).
Moreover, the signature score was significantly predictive on a
continuous scale for the same tumor types (SI Table 5). These
results in multiple independent data sets suggest that the degree of
PTEN/PI3K pathway activation is directly related to the metastatic
potential of the primary tumor for several carcinoma types.

Selection of a Marker for PTEN/PI3K Pathway Activation. Current
markers for PI3K pathway activation are inadequate. Phosphory-
lated Akt (p-Akt) at serine 473 is the most reliable pathway marker
under highly controlled situations (e.g., cell culture); however, the
available reagents do not work well in routine clinical specimens. To
identify a marker of pathway activity, we selected four genes from
our signature for immunoblotting experiments: p110« (PIK3CA,
APV = 0.0023), stathmin (STMNI, with two significant indepen-
dent reporters: APV = 0.0070 and = 0.0187), minichromosome
maintenance 6 (MCM6, APV = 0.0189), and myeloid leukemia
factor 1 (MLFI, APV = 0.0003). Across a panel of eight BC cell
lines, strikingly, the signature gene stathmin was highly overex-
pressed in the PTEN mutant as compared with PTEN wild-type
lines, whereas p110« had a modestly higher expression, and MCM6
and MLF1 did not show an association to PTEN (Fig. 34).

On the basis of these data, and that STMNI message was also
found to be one of the genes down-regulated upon PTEN induction
or treatment with the PI3K-inhibitor LY294002 in U87MG cells
(18), we considered stathmin to be a good candidate marker for

Saal et al.


http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1

A van de Vijver 295 breast - DDFS C Sotiriou 99 breast - RFS E . giinsky 79 prostate - DDFs G Blaveri 80 bladder - 0S
100 100 100 100
P < 1x10-10 P =0.0386 P=0.0121 P =0.0098

<75 _75 375 75
) 8 o =
1% o 50 50 50
& ” 1 £ P =0.0483 Lé . g 8
§ 5Pt &, | P=0. 25| P=0.0462 25 —

o o o o P =0.0098

[ 5 10 15 2 0 5 0 0 20 40 60 80 100 0 50 100 150
analysis time (months)
B van de Vijver 295 breast - OS D Sotiriou 99 breast - BCS F Beer 86 lung - OS
100 100 100
P < 1x10-15 P =0.0648 P=0.1051

_75 =75 75 ——— Signature Present
S £ S )
o 50 ? 50 @ 50 ——— Signature Absent
o ¥ -00194 o =

05 | P<1x10° 2 .| P=00194 5] P =00602 Not Classified

0 0 0

0 5 20 0 5 0

5 10 50 100
analysis time (years) analysis time (years) analysis time (months)

Fig.2. KM survival estimates for tumors classified as SP (red curves) or SA (blue curves) indicates the PTEN/PI3K signature to predict patient survival across independent
carcinoma microarray data sets. Log-rank Pvalue comparing these classes at complete follow-up and at 5-year follow-up are given. Cox regression survival analyses are
presented in Sl Table 5. (A) DDFS and (B) OS for the classification of 295 Dutch BC (3). (C) Relapse-free survival and (D) BCS for the classification of 99 BCs (4). (E) DDFS
for the classification of 79 prostate cancers (25). (F) OS for 86 lung cancers (1). (G) OS for 80 bladder cancers (26). Here, a three-group classification was used (see S/

Methods), with a black curve for unclassified cases. For all KM graphs, the corresponding three- or two-group analyses are presented in SI Fig. 9.

PI3K pathway activation. We analyzed stathmin by semiquantita-
tive IHC in 191 breast tumors (SI Fig. 10), of which 181 were also
evaluated for PTEN protein levels (SI Table 8). Validating our
microarray result, we found stathmin staining scores to be signifi-
cantly higher in PTEN™C®~ tumors than in PTEN™MHC* tumors
(P = 0.005) (Fig. 3B). Although both PTEN loss and high stathmin
have been shown independently to be associated to ER™ BC (11,
16,27, 28), stathmin immunoscores were also significantly higher in
PTEN™¢~ tumors within the ER™ subset (P = 0.042; Fig. 3B).
Mapping the stathmin IHC data to 90 overlapping cases from the
microarray analysis revealed stathmin protein levels to closely track
STMNI message levels (r = 0.648, P < 0.0001; Fig. 3 C and D) to
be inversely correlated to PTEN message levels (r = —0.354, P =
0.0006; Fig. 3D) and to provide an accurate test for presence of the
PTEN:-loss signature (ROCarea = 0.809, P < 0.0001; Fig. 3C).

Clinical Implications of Stathmin Overexpression. Although some
reports have indicated that PTEN protein status can carry prog-
nostic information in BC (11), others have not (12). In our material

of 351 patients, PTEN protein status had no association to survival
(data not shown), perhaps because of the relative homogeneity of
this cohort (only stage II tumors) and confounded by other PI3K
pathway-activating lesions. Because our data indicated stathmin to
be a surrogate marker of the PTEN signature, we investigated
whether stathmin protein levels were related to patient outcome. In
the 191 patient set, the stathmin-high (score >10) group had a
significantly worse DDEFS at the 2- and 5-year follow-up intervals
(Fig. 3E). Moreoever, the stathmin immunoscore was tested as a
continuous variable (from 0 to 12) and found to be highly predictive
of DDFS at 2 years (HR 1.16, P = 0.004; that is, for every one point
increase in stathmin score, the hazard increases by 16%) and 5 years
of follow-up (SI Table 5).

In multivariate Cox regression analyses, stathmin-high expression
was independent of ER status and lymph node status at 2 and 5
years of follow-up (HR 2.45, P = 0.035 and HR 3.54, P = 0.019,
respectively; SI Table 6). Among patients with lymph node negative
disease, stathmin high was predictive for distant metastasis within
2 years of diagnosis, with a HR of 9.07 [95% confidence interval
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Fig. 3.

analysis time (years)

Stathmin is a marker of the PTEN/PI3K signature. (A) Immunoblotting analysis of relative protein levels for four selected signature genes across a panel

of eight BC cell lines. (B) Box plots illustrating stathmin IHC scores to be significantly higher in PTEN'HC— vs. PTEN'HC* breast tumors among all 181 cases analyzed
for both proteins (Left) and within the subgroup of 62 ER-negative cases (Right). Pvalues were calculated by using the Mann-Whitney test. (C) Stathmin IHC levels
are highly correlated to the presence of the PTEN/PI3K signature (ROCarea = 0.809, P < 0.0001). The hierarchical clustering tumor dendrogram, marker
annotations, and STMNT1 (represented by two independent reporters) and PTEN message levels are from Fig. 1 B and C. Stathmin IHC scores are centered to the
median score, 6 (white boxes), with higher and lower scores colored in red and blue, respectively (key to right). (D) Scatterplot analyses show stathmin IHC levels
to closely track STMNT mRNA levels (average of the two reporters) and to be significantly inversely related to PTEN mRNA levels. Linear regression and the Pearson
correlation rand Pvalues are presented. (E) KM analysis indicates stathmin-high (score >10) tumors have a significantly higher rate of distant disease recurrence
compared with stathmin-low (score 0-10) tumors among 191 BCs analyzed. Log-rank P values for complete follow up (top right corner) and the 2- and 5-year
intervals are shown. Cox regression analysis is presented in Sl Table 5. Representative stathmin IHC examples are presented in Sl Fig. 10.
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(CD), 1.76—46.84, P = 0.008], as well as among patients with lymph
node-positive disease (HR 3.99, 95% CI 1.13-14.14, P = 0.032).

These results were validated in the independent Dutch BC data
set of 295 tumors: STMNI mRNA levels were higher in the
SP-classified poor-prognosis class (P < 0.0001) and directly related
to the signature score (r = 0.690, P < 0.0001; SI Table 7). STMN1
mRNA itself was prognostic, with STMNI-high (top 50th percen-
tile) cases having a significantly worse DDFS and OS at 5 years and
complete follow-up (P = 0.0002 and P = 0.0003, respectively, for
both time intervals; SI Fig. 11). Moreover, supporting our hypoth-
esis that the signature and the signature marker stathmin are
pathway-integrative, we note that classification by PTEN mRNA
levels by itself was not as prognostic (DDFS: 5 year, P = 0.038 and
complete follow-up, P = 0.111; OS: 5 year, P = 0.005 and complete
follow-up, P = 0.012; SI Fig. 11), whereas the best prognostic
separation was achieved with the full signature (Figs. 2.4 and B and
SI Table 5).

Stathmin Is PTEN/PI3K Pathway-Regulated in Vitro and in Vivo. A
marker of PTEN/PI3K pathway activity could have clinical utility,
particularly one that demonstrates pharmacodynamic properties.
Therefore, we determined whether stathmin protein expression was
regulated by the pathway. To test this, we expressed PTEN in
PTEN-null MDA-MB-468 cells and monitored stathmin levels over
time. Compatible with its reported half-life of ~28 h (29) stathmin
levels were 23—-45% down-regulated from 24 to 52 h after infection
(Fig. 44). Moreover, despite variable down-regulation of p-Akt
(S473) by PI3K pathway inhibition using LY294002, stathmin levels
were reduced robustly in the three PTEN-mutant BC cell lines (Fig.
4B), MDA-MB-468 (56% diminished), HCC-1937 (29%), and
BT-549 (32%), and moderately in MDA-MB-436 cells (15%),
which are PTEN wild-type but have undetectable PTEN and low
levels of stathmin at steady state (data not shown). These results
were further validated in vivo by using two mouse xenograft models:
stathmin levels were appreciably down-regulated upon doxycyclin-
induced PTEN expression (30) in MDA-468TR-PTEN tumors
(Fig. 4C) and were similarly down-regulated in MDA-MB-468
tumors in mice following administration of the wortmannin-analog
PI3K-inhibitor PWT-458 (Fig. 4D).

Thus, evaluation of stathmin may be an effective way to quan-
titatively measure PI3K pathway activity, stratify patients, and
monitor treatment response. Moreover, stathmin’s role in regulat-
ing microtubule dynamics, promoting cell motility and proliferation
(31), and conferring resistance to antimicrotubule drugs (32) are
consistent with it being downstream of the PI3K pathway and may
indicate that it is also a potential therapeutic target. Whether
stathmin is dose-responsive or predicts sensitivity to PI3K-targeting
agents are important questions which require further study.

In conclusion, we describe an in vivo gene expression signature
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from separate animals were analyzed in each sam-
ple lane.

for PTEN and find PTEN protein levels to be primarily dictated by
its message level in BC. Our data suggest that quantitative mea-
surements of PTEN mRNA may identify BCs with pathway acti-
vation more reliably than by PTEN IHC. PTEN mRNA levels may
also be correlated to clinical outcome, which warrants further study.
We elucidated differential activation of the signature by different
types of PIK3CA mutations and by amplified HER2, which appears
to depend on the dose of PTEN expression. Interestingly, our data
suggest that most ER ™ tumors have pathway activation; however, it
may be possible to further stratify BC subtypes according to degree
of pathway activity quantitatively.

Importantly, we find that activated PTEN/PI3K pathway signal-
ing is a biological correlate of poor prognosis in breast, prostate, and
bladder carcinoma. In BC, prognostic prediction by the signature
and the signature surrogate stathmin is independent of node status,
indicating that activation of this pathway may promote cancer
spread by hematogenous routes. Because loss of PTEN protein
expression has been associated with resistance to trastuzumab in
HER2* patients, we suggest that the signature may improve
prediction of trastuzumab response, because it captures other
mechanisms of pathway activation, e.g., PIK3CA KD mutations.
There appears to be a continuum of PI3K pathway contribution in
several cancer types, in which tumors with the highest correlation
to the activated pathway profile are most likely to cause patient
mortality. Intriguingly, these same tumors are perhaps also the most
“addicted” to the pathway and thus potentially the most sensitive to
therapies that specifically attack this pathway. Exploitation of this
fortuitous situation could lead to effective therapy for the worst-
prognosis tumors and could have a major impact on patient
survival. Our results do not exclude the contribution of other
oncogenic pathways that may work in parallel, cooperate with PI3K
signaling, or be associated to PTEN loss.

The PTEN signature identifies the majority of the same good and
poor prognosis breast tumors as the Dutch 70-gene classifier (3), a
highly predictive prognostic signature that was built without any
regard to the underlying biological mechanisms driving the metas-
tastic process (2). Recently, the Dutch 70-gene test and three other
independent signatures were shown to essentially have similar
prognostic power when tested against the same Dutch microarray
data set of 295 BC patients (23). Our results shed some light into
the prognostic “black box” and suggest that activation of oncogenic
PI3K signaling is present in as many as 74% of the poor-prognosis
patients identified by the 70-gene signature. Conversely, our data
indicate that the less aggressive tumors identified by the 70-gene
classifier may have a more favorable outcome precisely because
they do not exhibit significant activation of the PI3K pathway.
Moreover, our results appear consistent with other prognostic
signatures such as the fibroblast response to serum “wound healing”
signature (33), the chromosome instability signature (34), and the

Saal et al.


http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1
http://www.pnas.org/cgi/content/full/0702507104/DC1

Lo L

P

1\

=y

CD44+/CD24 "% signature (35), because serum potently activates
the PI3K pathway, PTEN is integral to maintaining genomic
stability (36, 37), and the PTEN/PI3K pathway has been shown to
promote maintenance of cancer stem cell compartments (9).

The signature and signature genes could have significant impact
on the development and clinical testing of PI3K pathway-specific
therapies. For example, stathmin and other signature genes may be
useful in identifying patients who have PTEN/PI3K pathway in-
volvement to aid in the design and execution of clinical trials.
Moreover, we demonstrate the signature of PTEN loss to be
common among carcinomas and strongly associated to poor out-
come, thereby providing the in vivo rationale for prioritization of
anti-PI3K pathway drug development.

Methods

Patient Material. Formalin-fixed paraffin-embedded tumor speci-
mens were retrieved for 361 Swedish patients with stage II primary
BC treated uniformly with 2 years of adjuvant tamoxifen (S
Methods), of which 351 were analyzed for PTEN protein expression,
191 were analyzed for stathmin protein expression, and snap-frozen
samples corresponding to 105 patients were selected for microarray
analysis. The study was approved by the Lund University Hospital
Ethics Board.

IHC and Genetic Analyses. Evaluations were performed blinded to all
clinical and biological variables. Methods for PTEN IHC, PIK3CA
mutational screening, and HER2 chromogenic in situ hybridization
have been described (16, 38). Stathmin IHC is described in SI
Methods.

Microarrays and Data Analyses. Microarrays with 27,648 reporters
(cDNA clones mapping to >14,000 unique clusters based on
UniGene build 188) were fabricated by the SWEGENE Microarray
Facility, Lund University. Experimental protocols are described in
SI Methods. Microarray data are available through the National
Center for Biotechnology Information Gene Expression Omnibus
database (accession GSE5325) and from http://icg.cpmc.columbia.
edu/faculty_parsons.htm. Data processing was performed within
BASE (39) and resulted in 16,174 reporters that were used for all
subsequent analyses. The 3-fold cross-validation design (40) using
the Mann—Whitney test and support vector machines, gene set
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enrichment analysis (17), Gene Ontology analysis, and hierarchical
clustering are described in SI Methods.

Prediction of Signature Activation in Independent Data Sets. Five
independent carcinoma data sets were tested for presence of the
signature and its association to available clinical outcome (1, 3, 4,
25, 26). The NCC training and classification procedure are de-
scribed in ST Methods. In brief, within each data set, matched genes
were centralized, and for each classification, the SP and SA
centroids were generated by using our data as defined in Fig. 1B.
A test sample was classified based on which centroid it is most
correlated to by using Pearson correlation. A continuous signature
score was calculated by subtracting the SA correlation from the SP
correlation.

Statistical Analysis. The Mann—Whitney test was used to assess the
difference between two observed continuous variables, the Pearson
X° test was used to assess association between categorical variables
in contingency tables unless the expected count in one or more cells
was less than five, in which case Fisher’s exact test was used, and the
Pearson correlation was used for testing association between two
continuous variables. For survival analysis, the KM method was
used to estimate relevant event variables, and the log-rank test was
used to compare survival between two strata. The Cox proportional
hazards model was used for univariate and multivariate survival
analyses. Results from all outcome event variables tested are
presented. Survival analyses were carried out by using Stata 9.2
(Stata Corporation, College Station, TX). All tests were two-sided,
and P = 0.05 was considered significant.
Additional methods are described in SI Methods.
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