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Brief summary of the proposal

The main objective of this study was to determine the role of Phosphorylated (Tyr705)-STAT3
status as a predictor of benefit from trastuzumab therapy in breast cancer. Thus, our first aim
was to evaluate in vitro and in-silico the transcriptome- milieu of pSTAT3 positive tumours,
and to develop a pSTAT3-gene expression signature that will be correlated with other validated
signatures (immune, stromal etc.) both on the TCGA data and the Fin-Her randomized
prospective trial gene expression data. Our second aim was to perform immunohistochemical
and RNA analysis of pSTAT3 (or pSTATS3 signature) on tumour archives of patients with
breast cancer who received versus not received trastuzumab at the adjuvant setting, and

correlate the results with survival data.
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Project results

pSTAT3 HER2-positive breast cancers are associated with a distinct gene expression
profile

Reverse phase protein analysis (RPPA) of pSTAT3 (tyrosine 705) was performed on 51
primary HER2-positive breast cancers using the Responsify retrospective dataset. No
significant correlation was found between pSTAT3 status and any classic clinico-pathological

features.

To determine whether pSTAT3 signalling pathway activation was associated with specific
transcriptional changes, we compared gene expression profiles obtained from pSTATS3-
positive (Upper quartile) and pSTAT3-negative (Lower quartile) samples using a two-sample
t test). 123 genes were significantly (fdr<0.05) and differentially expressed between pSTAT3-
positive and pSTAT3-negative tumors, suggesting a distinct gene expression pattern associated

with pSTAT3 signaling pathway activation (Dataset Figure 1).

To assess whether these genes could predict the phosphorylation status of STAT3, we
developed a pSTAT3 gene expression signature (pSTAT3-GS) by computing the scalar
product of the coefficient of the genes with their respective gene expression values. As
expected, we found a positive significant correlation between the pPSTAT3 RPPA and the
pSTAT3-GS expression levels in the whole Responsify dataset, from which the signature was
developed (r=0.62, P=0.19¢-6).

To independently validate the ability of the pSTAT3-GS to determine pSTAT3 proteomic
status in HER2-positive breast cancer, we used the TCGA cohort of patients with HER2-
positive breast cancer in which gene expression and RRPA data are available (16). As shown
in Figure 1c, the ability of the pSTAT3-GS to classify tumors based on their pSTAT3
proteomic status was significant, validating its predictive performance (area under the curve

[AUC] of the receiver operating curve, 0.78; p=0.01).

A Gene Set Enrichment Analysis (GSEA) showed enrichment with Jak-STAT-regulated genes
(p=0.006; fdr=0.14), as well as with genes associated with cell surface signal transduction and
protein kinase activity. This suggests that the pSTAT3-GS captures pSTAT3 signaling
pathway activation.
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Figure 1. Schematic description of pSTAT3 gene signature building and assessment. (A) For 51 HER2-positive
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samples in the Responsify dataset we considered two sample groups with clear pSTAT3 “up” and “down”
expression. (B) We compared gene expression profiles obtained from pSTAT3 positive (4th quartile) and pSTAT3
negative (1st quartile) samples using a two-sample t test. 123 genes were significantly (fdr<0.05) and differentially
expressed between pSTAT3 positive and pSTAT3 negative tumors. (C) ROC curve demonstrating predictive
ability of the pSTAT3-GS as a continuous variable to predict pPSTAT3 RPPA proteomic data in HER2-positive
tumors in the TCGA repository. (D) Analysis of gene expression datasets comparing the genes (probes) of the
STAT3 RPPA signatures from Responsify (blue) and genes whose expression were measured in the TCGA set

(yellow) and the FinHer set (green).

Association of the pSTAT3-GS with clinical outcome in patients with HER2-positive

breast cancer treated with trastuzumab

Since pSTAT3 has been reported to play a role in the pathogenesis of breast cancer through its
positive effects on invasion, its modulation of the microenvironment, and its role as a negative
regulator of immune cell-mediated antitumor responses, we hypothesized that pSTAT3

expression might influence response to trastuzumab therapy. To address this, we first correlated
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the phosphorylation status of pSTAT3 with clinical outcome using the Responsify dataset, in
which all patients received trastuzumab in the adjuvant setting and for which we had RRPA
available data (N=51). No association was found between pSTAT3 protein levels and clinical

outcome (Figure 2A-C).

A All patients B ER negative 'S ER positive
T 9 © QJ 1 3 e——
E - = ‘_;’ - ‘ lﬂ".- g il
- > =
< 3 @ S @ 2 © |
o o o 2 o 2D
o o 3 o
x 5o 4= (O | 2 o
1 — -—
m & ° -(2“ © 2 S
E 2 < 7 < 8 < |
f_’: 5 S .g o 2 o
wn E = 2
= N = N £ N
o c o 5 o = O
o o — Low @ o — Low 1] 2 — Low
Yol P —— High a9 p=4a3 —— High ®» 9 lp=g —— High
o 24° S7E0L ' i . 8 5qp=41E0l . : : 23 89E—?1 . ;
0 2 4 6 8 10 0 2 4 6 8 10 0 4 6
No. At Risk Time (years) No. At Risk Time (years) No. At Risk Time (years)
High26 26 20 8 1 1 High10 10 7 4 1 1 High 16 16 13 4
Low 25 22 14 5 0 0 Low 10 8 4 1 0 0 Low 15 14 10 4
D_. E .. Fo_
SR W — T =
s _.\-._“.L-n—» 27 | | s :.?"—‘W?‘-‘*'z'“——*
S o | N s 5 o | T
m g o o B Rl d=i g - ad go L 8 O.,
O ¢ o ©
] = .| &= © | o ©
m 2o 20 E ST
T i S 2
L 3 < » < | 8 <
E % S g S & o
Q E N | E N QE) o
| = -
§° o = S
W s — Low o — Low 8 — Low
0 51P=49E-02 =l 0O S{P=39E-02 == 2 34 P=76E-01 — High
T .
0 2 4 6 8 10 0 2 4 & 8 10 b 2 4 6 8 10
No. At Risk Time (years) No. At Risk Time (years) No. At Risk Time (years)
Low 47 47 37 11 2 1 Low 14 14 12 6 1 1 Low 33 33 g Q
Hl%‘ﬁ 47 41 28 12 3 0 Hli;mh 20 17 10 3 1 0 High 27 24 18 9 2 0

Figure 2. pSTAT3 RPPA and P-STAT3-GS survival analysis. (A-C) Kaplan-Meier curves according to pSTAT3
RPPA status in all patients (A), ER-negative (B) or ER- positive patients (C) for whom RPPA data was available
in the Responsify dataset. (D-F) Kaplan-Meier curves according to pSTAT3-GS status in all patients (D), ER-
negative (E) or ER-positive patients (F) for whom the gene expression data was available in the Responsify
dataset.

Since the numbers were small, we sought to interrogate whether the pSTAT3-GS, which
mirrors STAT3 pathway activation, could predict clinical outcome on the same dataset
involving a larger number of patients with available gene expression data (N=94). Of note, the
clinical outcome was not used to develop the pSTAT3-GS, and hence all the survival analyses
were unbiased in their estimate of its performance. Interestingly, high pSTAT3-GS
(dichotomized at the median) was significantly associated with poor outcome. This observation
was mainly driven by the ER-negative subgroup (disease free survival [DFS], log rank p=0.039
for ER-negative) (Figure 2D-F).
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These observations were further validated in an independent dataset of patients treated in the
prospective FinHer trial, in which patients were randomized to trastuzumab in the adjuvant
setting (CONSORT diagram and Table 1). In this validation series, high pSTAT3-GS was
associated with lack of benefit from trastuzumab in the ER-negative subgroup when compared
to low pSTAT3-GS (DDFS, p=0.003). Cox univariate analysis and multivariable analysis of
the pSTAT3-GS treated as a continuous variable for each 20% increment in the FinHer study
confirmed — with a significant interaction test of p=0.02, that the pSTAT3-GS could provide
independent predictive information for patients with ER-negative breast cancer who had been
treated with trastuzumab. Overall, our data suggest that pSTAT3 pathway activation is

predictive for trastuzumab resistance in HER2-positive/ER-negative breast cancer.

CONSORT Diagram for the fin-her trial

Invasive breast cancer (node positive; or node negative, tumor diameter > 20 mm, and progesterone receptor
negative) Local determination of HER2 expression by immunohistochemistry

Confirmation of HER2 amplification by CISH when
immunohistochemistry findings were considered

positive
Random assignment
(N =1,010)
No HER(: in;;){l}l)flcatlcn HER2 amplification present
Not evaluated in this study (n=232)
| 1 |
Docetaxel/ Docetaxel/ Vinorelbine/ Vinorelbine/
FEC/ No FEC/ FEC/ No FEC/
trastuzumab trastuzumab trastuzumab trastuzumab
(n =58) (n =54) (n = 58) gn =62)
1 | 1 —

Follow-up (median, 62 months; range, 2-81 months)
| I | |

15 distant 5 distant 16 distant 17 distant
di free di i di free di free
survival survival survival survival
events events events events

‘ Current study: Metagenes and prognosis (n = 202) ‘

DDFS prognostic value of pSTAT3-GS DDFS prognostic value of pSTAT3-GS
(No trastuzumab) (trastuzumab)
Univariate Multivariate Univariate Multivariate P
interaction
HR | CI95% | P HR | CI9%5% | P HR [ CI9%% |P HR [ CI9%5% |P
All | 0.77 | 0.53- 0.18 | 0.77 | 0.52- 0.19 | 0.95 | 0.58- 0.84 | 0.99 | 0.6-1.67 | 0.99 | 0.41
1.13 1.13 1.55
ER- | 0.67 | 0.39- 0.14 | 0.66 | 0.39- 0.12 | 2.24 | 1.2-4.16 | 0.01 | 1.73 | 0.87- 0.12 | 0.02
1.15 1.12 3.45
ER+ | 0.81 | 0.46- 0.45 | 0.73 | 0.35- 0.41 | 0.34 | 0.14- 0.01 | 0.36 | 0.14- 0.04 | 0.24
1.41 1.53 0.77 0.98

Table 1. Cox univariate and multivariable analysis of P-STAT3-GS treated as a continuous variable, in the FinHer
study. For multivariate analysis, we considered the following variables: age, tumor size, grade, nodal status, and
ER status. Interaction test- for the multivariate analysis.
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pPSTATS3 is associated with PTEN loss and stromal reactivation

Considering studies that have suggested that STAT3 could participate in oncogenesis through
the up-regulation of genes encoding cell-cycle regulators (cyclins D1, c-Myc), and a recent
report of in vitro data suggesting that PTEN signaling may be associated with trastuzumab
resistance, we sought to investigate whether there was any relationship at the protein level
between pSTAT3, PTEN and other proteins regulated by STAT3 in our clinical samples. In the
Responsify dataset, we found that pSTAT3 was negatively correlated with PTEN (r=-0.4,
fdr=0.025) and positively correlated with stathmin (r=0.66, fdr=0.03), a known marker of
PTEN loss (Figure 3A). Other significant positive correlations with STAT3 included c-Myc
(r=0.39, fdr=0.04), c-Kit (r=0.66, fdr=1.1e-5), and pEGFR (r=0.52, fdr=0.001). pcMET and
CyclinD1 were also positively correlated, but did not pass the fdr<0.05 threshold. These data
confirm that in primary HER2-positive breast cancer, STAT3 participates in oncogenesis
through the up-regulation of genes encoding cell-cycle regulators, and that PTEN loss may be

associated with STATS3 activation.

Similar in silico analysis was performed at the gene expression level with the pSTAT3-GS and
signatures involving different signalling pathways and biological processes. As seen in Figure
3B, the pSTAT3-GS was mainly correlated with several stromal signatures, suggesting a
potential link between STAT3 expression and stromal activation. Of note, the pSTAT3-GS was
positively correlated with IL6 (r=0.4, p=4.72e¢—05), which is the principal cytokine pathway
through which STAT3 is activated in breast cancer and a surrogate of stromal reactivation.

Supportive findings have been reported for the TCGA dataset, in which HER2-positive breast
cancers (based on the PAMS50 classification) were analyzed according to their proteomic
pSTAT3 status (Z+0.2 the interquartile range) using the C-bio portal. pPSTAT3-positive tumors
were associated with stromal reactivation genes, including high expression of POSTN, SRPX2,
ADAM12, DACT1, and ADAMT6S (Fold>1, p<0.001) (figure 3C).

Overall these data suggest that there is a potential link between IL6-pSTAT3-PTEN loss,
stroma reactivation, and primary trastuzumab resistance in HER2-positive primary breast

cancers.
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Figure 3

Figure 3. pSTAT3 and pSTAT3-GS are associated with PTEN loss and stromal reactivation. (A) pSTAT3 is
associated with PTEN loss. Heatmap representation of the correlations between the RPPA values in the
Responsify dataset. Cells are colored according to Pearson correlation coefficient values, with green indicating
positive correlation and red negative correlations. (B) pSTAT3-GS is associated with stromal reactivation. The
heat map reflects the hierarchic clustering of pairwise correlations between different gene signatures in the
Responsify dataset. Cells are colored according to Pearson correlation coefficient values, with green indicating
positive correlation and red negative correlations. (C) The heatmap of the top significantly enriched genes in
PAMb50-identified patients with HER2 positive breast cancer annotated in the TCGA (p<0.001,fold>1), selected
according to the high or low RPPA expression level of pPSTAT3. Cells are colored according to the gene expression
values, with green indicating positive correlation and red negative correlation. (D) pSTAT3-GS correlates with
histological stromal reactivation. Histological sections showing breast tumors containing low (+), intermediate
(++) and high (+++) reactive stroma. Heatmap shows correlation of reactive stromal content with clinical
pathological parameters (not significant) and correlation with different gene signatures including stromal signature

and pSTAT3-GS. * Negative correlation, p values were assessed using Mann-Whitney test.



ESMO Translational Research Fellowship 2014 —2015
Amir Sonnenblick MD/PhD

Conclusions

Overall, we propose that the STAT3-stromal feed-forward loop, which can be enhanced by
PTEN loss, is predictive of primary trastuzumab resistance (model; figure 4). Inhibiting the
IL6-STAT3 pathway may be a valuable addition to trastzumab treatment of primary HER2-
positive breast cancer, especially those that are PTEN deficient.
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Future directions

1. To determine the pSTAT3 status as a predictor of benefit from anti-HER2 therapy in
breast cancer patients treated in the ALTTO trial.

Data suggests that lapatinib is able to inhibit pSTAT3 suggesting that lapatanib may reverse
trastuzumab resistance. Therefore, our goal will be to determine the role of pSTAT3 as a
prognostic and predictive marker in response to trastuzumab/lapatinib based therapies in HER2
positive breast cancer patients.

Archived, formalin fixed, paraffin-embedded (FFPE) breast carcinoma TMAs from patients
treated in ALTTO, which is an adjuvant randomized, phase Il trial in HER2 positive patients
comparing Trastuzumab and/or Lapatinib combinations, are available for translational

research (300 TMA slides presenting specimens from 8,000 women in duplicates). The use of
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2 TMAs slides from these specimens and research data were approved by the Translational
Steering Committee of the ALTTO and BIG for our project. Upon recipient of the specimens
immunodetection of pSTAT3 will be carried out and will be analyzed with the assistance of an

automated cellular imaging system and blinded to all clinical information.

Bl ALTTd

BREASTINTERNATIONALGROUP

2. Clinical trial phase 1/2: 1L6-Jak-STAT3 axis inhibition in advanced HER2 positive
breast cancer patients who developed resistance to trastuzumab.

We have shown that the IL6- STAT3 feed forward loop, which can be enhanced by PTEN loss,
is predictive of trastuzumab resistance. We therefore propose that Inhibiting the IL6-STAT3
pathway may be valuable in addition to trastuzumab for treatment of HER2 positive patients
that progressed on trastuzumab especially if they are PTEN deficient. We designed a clinical
phase 1/2 trial which was developed and approved at the FLIMS 2015- clinical trial workshop,
that will evaluate whether inhibiting the IL6-STAT3 pathway may be valuable in addition to
trastuzumab for treatment of HER2 positive patients that progressed on trastuzumab especially
if they are PTEN deficient.
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