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Jacqueline F. Bromberg 

Introduction 

Signal Transducers and Activators of Transcription (STATs) are a family of transcription 
factors which are normally "inactive" within the cytoplasm of cells and upon tyrosine 
phosphorylation become "activated" which leads to the dimerization of two Stat molecules. 
Dimerized Stats are translocated into the nucleus where they bind DNA and activate 
transcription. Stat dimers are dephosphorylated within the nucleus and transported back to the 
cytoplasm (1). Virtually all growth factor receptors, cytokines, and tyrosine kinases lead to the 
phosphorylation of one or more Stat proteins. In "normal" cells this activation is transient, while 
in an ever growing number of primary tumors and cancer derived cell lines Stat proteins (in 
particular Stat3) are constitutively activated (1, 2). A causal association between activated Stat3 
and cellular transformation or oncogenesis has been made in a large number of cancer derived 
cell lines. Specifically, removal of Stat3 by the introduction of a dominant negative Stat3 
molecule or anti-sense molecule leads to a reversal of the transformed phenotype, induction of 
apoptosis , decreased angiogenesis or growth arrest (Figure 1). 

Constitutive Activation of STATs in Primary Cancers and Tumor Derived Cell Lines 

Solid Tumors Activated STAT Liquid Tumors Activated STAT 

Breast Cancer 1,3 Chronic Myelogenous Leukemia (CML) 5 
Head and Neck 1,3 Acute Myeloid Leukemia (AML) 1,3,5 
Cancer 3 Chronic Lymphocytic Leukemia (CLL) 1,3 
Prostate Cancer 3 Mycosis Fungoides (MF) 3 
Melanoma 3 Acute Lymphoblastic Leukemia (ALL) 1,5 
Ovarian Cancer 1,3 Erythroleukemia 1,5 
Lung Cancer 1,3 Burkitt's lymphoma 3 
Brain Tumors 3 Large granular lymphocyte (LGL) 3 
Pancreatic 3 leukemia 3 
ii 1 /- :  Myeloma 3 

Hodgkins Lymphoma 3 

STAT Activation Required for Transformation 

CeU Lines/Primary Tumor    Required STAT        Oncogenes Required STAT 

Breast Cancer 3 src 3 
Head and Neck Cancer 3 eyk 3 
Prostate Cancer 3 ret 3 
Melanoma 3 lck 3,5 
Thyroid Cancer 3 Galphao 3 
Myeloma 3 Npm-alk 3 
Hodgkins 3 
LGL 3 
HCC 3 

Figure 1.  Many primary tumors contain constitutively activated Stat3, 5 and 1. Stat3 is required for transformation 
in the above mentioned tumors as determined by introduction of dominant negative Stat3 molecules and observing 
growth arrest and or apoptosis. 
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It has been determined that Stat3 is constitutively activated in primary breast cancer 
samples, and in a number of breast cancer derived cell lines (Figure 2) (3). 

N=Normal 
T=Tumor 

Gel Shift 
1     2    3    4    5    6 

NTNTNTNTNTNT 

Stat3 

Figure 2. Primary breast cancer samples contain higher levels of Stat3 binding activity in comparison to matched 
normal tissue. 

Furthermore, expression of a dominant negative Stat3 in one of these cell lines (MDA- 
MB468) promotes its apoptosis(4). In studies performed in rodent fibroblasts, we have 
demonstrated both the requirement and sufficiency of activated Stat3 in mediating cellular 
transformation (5, 6,7).   Specifically, we designed a constitutively active mutant form of Stat3 
which is dimerized by cysteine-cysteine residues instead of pY-SH2 interactions which can 
transform immortalized cultured fibroblasts. The use of primary human mammary epithelial 
(HMEC) cells and immortalized HMEC cell lines are an established in vitro model system for 
studying breast epithelial cell growth and malignant transformation. As it was determined in 
rodent fibroblasts, we have successfully introduced Stat3-C into 2 different immortalized HMEC 
derived cell lines (MCF-10A and HMLER). The Stat3-C complemented cells are transformed as 
determined by anchorage independent growth (our unpublished data). 

Given the prevalence of activated Stat3 in primary breast cancer derived cell lines and the 
sufficiency of activated Stat3 to mediate cellular transformation of rodent fibroblasts, we 
proposed examining the specific role of constitutively activated Stat3 in breast carcinogenesis, 
including the prevalence of activated Stat3 in primary breast cancer samples, the abundance and 
activity of regulators of Stat3 and in transgenic models of breast cancer. 

Body 

Here we demonstrate that in matched tumor and normal tissue Stat3 is predominantly 
activated in the tumor samples and not in the normal samples (Figure 2). We went on to develop 
an immunohistochemical approach to defining the abundance and distribution of activated Stat3 
in primary breast cancer samples.  We initially observed variable results with archived paraffin 
sections of breast cancer specimens and suspected that depending on the length of time the 
primary specimen was left "un-processed" might lead to differences in the phospho-Stat3 signal. 
In order to address this concern, we obtained fresh samples from the operating room and froze a 
portion of the sample immediately keeping the remainder on ice for one hour after which time 
we froze the sample in liquid nitrogen and processed both for analysis of phospho-Stat3 by 
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western blot analysis and immunohistochemistry. Our results demonstrate that the phospho- 
Stat3 signal is significantly reduced in the samples which were kept on ice for one hour, both by 
western blot analysis and immunohistochemistry (Figure 3). Interestingly, the intensity of 
staining for total Stat3 was also reduced. Thus, when analyzing archival sections we first 
analyzed the total Stat3 signal and if it was reasonably strong we went on to analyze the samples 
for phospho-Stat3. 

Western blot of nuclear 

7 
Tumor Samnles 

12    3    4     5    6 
P-Stat3 

■■ms^mmmimmiimsswmmmiimsssmm *P-Stat3 
*(on ice lhour then processed) ^<p_   *_^.-»_   A   *►   air* 4« 

IP 

H&E 

pStat3 

Stat3 

Figure 3. Phospho-Stat3 signal is significantly reduced in tumor samples when not processed within one hour from 
surgery as determined by western blot analysis as well as by immunohistochemistry 

We analyzed individual samples (120) and 26 core biopsy samples (tissue arrays) for the 
abundance and distribution of activated Stat3. Total Stat (both the phosphorylated and 
unphosphorylated) is highly expressed in normal cells as well as cancerous cells (Figure 4), 
which is why an antibody specific for the activated or phospho-Stat3 was utilized in determining 
where activated Stat3 was localized.  Essentially, we determined that 35% of the samples 
stained strongly for pStat3, 30% stained moderately for pStat3 and 35% did not stain at all for 
pStat3 cells (Figured). We then correlated the distribution of activated Stat3 with the expression 
of known indicators of tumor progression, aggressiveness and differentiation. Tumors that are 
ER positive are associated with a more favorable prognosis. Despite the lack of a documented 
molecular link between the estrogen receptor and activated Stat3, determining whether their 
expression associates with expression of activated Stat3 is of interest. Our data has shown a 
positive correlation between activated Stat3 and ER. 
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Figure 4. Matched Tumor (on left) and Normal (on right) specimens were stained with anti-phospho Stat3 antibody 
(top panels) as well as anti-total Stat3 (bottom panel). Normal tissue and cancerous tissue contains abundant total 
Stat3, while only the Tumor contains high levels of phospho-Stat3. 

Figure 5. Immunohistochemistry of primary breast cancer samples.  2 examples/>100 for either strong pStat3, 
moderate pStat3 or weak pStat3 are shown here. 
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The Her2/neu receptor is a receptor tyrosine kinase that is over-expressed in a number of 
breast carcinomas and is suggested to be a poor prognostic indicator of breast cancer 
development. Our data has shown no statistically significant correlation between activated Stat3 
and Her2/neu staining. Interestingly, the majority of the negative pStat3 samples were also 
negative for Her2/neu and ER. Furthermore, we find strong pStat3 staining in pre-invasive 
tumors including DCIS, LCIS and invasive tumors. 

PSTAT3- 9/26 (35%) ER- 9/26 (35%) Her2/neu- 6/26 (23%) 

Q  66% of the strong pSTAT3 are also ER+ (p=0.002) 
□   11% of the strong pSTAT3 are also Her2/neu+ (p=0.5) 

We are in the process of staining these samples for EGFR and PDGFR, both of which can 
lead to the tyrosine phosphorylation of Stat3. Potential downstream target genes of Stat3 include 
CyclinDl and Bcl-xl which are critical targets in the development of murine breast cancer. Bcl- 
xl is not overexpressed in our primary breast cancer specimens, at least when compared to 
positive control lymphoma and myeloma specimens.   We are presently determining Cyclin Dl 
levels.  The negative regulators of Stat3 phosphorylation include SHP-2, TcPTP, SOCS1 and 
PIAS3. By in situ hybridization we determined that PIAS3 levels were increased rather than 
decreased in all of the breast cancer samples, suggesting that PIAS3 is not differentially 
regulated nor does it correlate positively or negatively with strong pStat3 samples (data not 
shown). 

In an attempt to examine the functional role of constitutively activated Stat3 in breast 
tumorigenesis we targeted Stat3-C to murine breast tissue by using an MMTV driven transgene 
construct expressing Stat3-C. Unfortuntely, these animals never expressed high levels of Stat3-C 
nor did they reveal any abnormal phenotype. We have good evidence in a variety of different 
cell lines that low levels of Stat3-C does not lead to constitutive transcriptional activation or 
cellular transformation. Our approach to overcome this problem is to generate a model of 
inducible Stat3-C expression in murine breasts. We are in the process of generating this animal. 

Key Research Accomplishments 

• Phospho-Stat3 is highly expressed in 35% of primary breast cancer specimens. 
• Strong pStat3 staining correlates with ER positivity (statistically significant) and inversely 

with her2neu staining (not statistically significant). 
• Phospho-Stat3 staining by immunohistochemistry requires attention to timing in obtaining 

samples, as this protein is very labile. 
• Bcl-xl, a Stat3 target gene is not upregulated in our breast cancer specimens 
• PIAS3, a negative regulator of pStat3 activity, is increased in all breast cancer specimens in 

contrast to normal tissue. 
• MMTV-Stat3-C transgenic mice do not express sufficient levels of Stat3-C to permit any 

conclusive statements to the effects of this protein on proliferation. 
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Reportable Outcomes 

• We are presently preparing a manuscript which will include much of the above mentioned 
data. 

• I presented this work at 2 meetings this year: 1) Keystone Symposia on Jak/Stat Signaling. 
Utah, 1/2002. 2) National Endocrine Meeting. San Fransisco 6/2002. 

• No patents have been submitted or applied for. 
• We are applying for funding from the Susan G. Komen Foundation partly based on the data 

generated from the data presented here. 

Conclusions 

Constitutive activation of Stat3 is required for transformation of a number of breast carcinoma 
derived cell lines and more importantly is sufficient for mediating transformation of 
immortalized breast epithelial cells. Here we demonstrate that persistently activated Stat3 
(pStat3) is highly expressed in -35% of primary breast cancer specimens as well as pre-invasive 
DCIS and LCIS. Strong pStat3 levels correlate positively with ER staining and negatively with 
her2neu. One of the important negative regulators of pStat3, PIAS3 is not transcriptionally down 
regulated in these specimens. 
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