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Introduction: 
In this study we proposed a potential method for rapid evaluation of biomarkers and their 
relationship to breast cancer survival in node-negative breast cancer cases by evaluation of breast 
cancer cohort tissue microarrays. Tissue microarrays consist of 0.6 mm diameter samples of 
breast cancers from hundreds of patients on a single slide in a grid format that allows each tumor 
to be linked to its clinical information. Using this method, we proposed high throughput 
screening for potential biomarkers of the Stat3 signaling pathway in order to identify fingerprints 
or "keystone" markers based on clinical outcome and automated analysis (AQUA). AQUA is a 
set of algorithms developed in our laboratory that allows for rapid quantitative analysis of 
immunofluorescence on tissue microarrays. The results of the quantitative analysis by AQUA 
would allow for clustering analyses in order to molecular classify tumors based on their protein 
expression of the large number of biomarkers assessed in this study. 

Body: 
The proposed goal of this study was to identify node-negative tumors with a poor outcome based 
on the expression of new potiential biomarkers by looking at markers up and down the Stat3 
signaling pathway. While we had some interesting results in node-negative tumors looking at 
Stat3 and Phospho-Stat3 (Dolled-Filhart, et al 2003), we realized early on that this approach with 
single biomarkers in one signaling pathway was too limited. As the global goal is to classify 
tumors, we felt we needed to look beyond Stat3 signaling and to take advantage of new data of 
potential biomarkers emerging from cDNA microarrays in order to better separate out patients 
with a poor prognosis. cDNA microarrays of breast cancer are a rich and so far, relatively 
untapped, resource for exploring the relationship of new biomarkers, either singly or 
multiplexed, with patient outcome. Additionally, we thought more about our use of only node- 
negative specimens, as it is not actually a disease classification. Historically, about 30% of 
node-negative patients to further disease, suggesting that nodal status is a good surrogate of 
patient survival but not the ultimate discriminator of patient outcome. Therefore, we felt that we 
had the opportunity to sfratify patients of both node-negative and node-positive status using 
multiple new biomarkers and our tissue microarray and AQUA technologies. This study has 
been extended to include a cohort of both node-negative and node-positive patients in a high- 
throughput manner, utilizing a tissue microarray of 250 breast cancer cases (125 node-negative 
and 125 node-positive). This will allow us the most power in molecularly classifying those 
patients with poor prognosis from the rest of the patients for a wide range of proteins in a wide 
range of functions, as well as to assess differences in expression between tumors of different 
nodal status. 

We originally proposed the following specific aims: 
(1) Creation of lymph node negative primary breast cancer tumor TMAs and validation with 
standard clinical biomarkers 
(2) Selection of Stat3 signaling components and protein expression analysis on TMAs by 
AQUA. (3) Clustering analysis of the Stat3 signaling components to define "keystone" markers 
and validate their classifying strength on the basis of prognostic value. 
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The original Statement of Work was as follows: 

Task 1: Creation of lymph node negative primary breast cancer tumor tissue microarrays 
(Months 1-3) 

a. Select 350 lymph node-negative invasive primary breast carcinoma tumors from the 
Yale Pathology archives that were resected between 1960 and 1980. 

b. Review w ith a p athologist t he s ections o f i nvasive breast c arcinoma a nd m ark t he 
regions of the tumor that will be used for the tissue microarray. 

c. Create the tissue microarray with two replicate tissue microarrays. 

Task 2: Evaluation of the tissue microarrays with standard clinical biomarkers and creation of a 
database of clinical information. (Months 3-6) 

a. Use standard clinical biomarker antibodies for immunofluorescence to stain the tissue 
microarray with ER, PR, Her2 and Ki-67 

b. Determine the protein expression levels of the above markers in each tumor using 
AQUA software 

c. Set up and populate a database of the associated clinical information using the precise 
grid format of the tissue microarray construction to link each tumor to its clinical 
parameters. 

Task 3: Evaluation of Stat3 and its signaling pathway components' protein expression on the 
cohort and determination of prognostic value. (Months 6-30) 

a. Use commercially available antibodies for Stat3 and its signaling components for 
immunofluorescence on the tissue microarrays 

b. Determine the protein expression levels of the different components for each tumor 
using AQUA 

c. Determine the prognostic value of the different components utilizing Kaplan-Meier 
survival curves, univariate and multivariate analysis in conjunction with the clinical 
information in the database. 

Task 4: Determination of subclassifications ("fingerprints") and critical targets "keystones" of 
Stat3 signaling components in breast cancer (Months 12-36) 

a. Clustering analysis based on expression levels but inclusive of patient outcome data. 
b. Determination of which components are key in subclassifying the tumors. 

This progress report describes work completed in the first year. 

Task 1 was successfully completed during the first year. Tissue microarrays consisting of lymph 
node-negative invasive primary breast carcinoma tumors from the Yale Pathology archives that 
were resected between 1960 and 1980 were constructed after sections of invasive carcinoma 
were marked by a pathology. Replicate tissue microarrays were constructed. In addition, the 
tissue microarrays also include lymph node-positive invasive primary breast carcinoma tumors 
from the Yale Pathology archives that were resected between 1960 and 1980, also with invasive 
sections chosen by a pathologist.   Furthermore, a tissue microarray consisting of half node- 
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positive tumor and half node-negative tumors (250 cases total) was constructed with replicates 
so that there would be tissues microarray slides available for high throughput analysis of many 
biomarkers. 

Task 2 was successfully completed during the first year. The breast cancer cohort was assess 
with standard clinical biomarkers with antibodies to estrogen receptor, progesterone receptor, 
Her-2-neu and Ki-67 by immunofluorescence and quantitated by AQUA. Additionally, there is a 
database that has been created that houses the associated clinical information for each specimen 
in the tissue microarrays that was also constructed to house the data from the AQUA analyses. 
A paper describing the results of the Her-2-neu analysis on the node-positive samples by 
automated analysis is included in the appendix (Camp et al, 2003). 

Task 3 was begun with an assessment of Stat3 and Phospho-Stat3 on the lymph-node negative 
breast cancer specimens using manual scoring as we were still finalizing the AQUA methods for 
tissue m icroarrays. T he paper d escribing t he AQUA m ethod that w as finalized i n our 1 ab i s 
included in the appendix (Camp et al, 2002). The resulting published paper is included in the 
appendix (Dolled-Filhart, et al 2003). Additionally, a significant amount of time was spent 
writing a book chapter on the levels of Stats in tumors for Signal Transducers and Activators of 
Transcription which is included in the appendix (Dolled-Filhart and Rimm, 2003). As 
mentioned above, the selection of biomarkers has been changed from the Stat3 signaling 
pathway to allow for leverage of new data on biomarkers resulting from many large scale cDNA 
microarray analyses of breast cancer cases. We are currently in the process of assessing upwards 
of 40 different biomarkers by AQUA in order to quantitate the protein expression levels of these 
markers in the breast cancer tissue microarrays. The biomarkers will be done in the same 
manner as originally proposed, and analyzed for prognostic value as originally proposed in Task 
3. However, the actual biomarkers used will be different from those originally described to take 
into account recent advances in breast cancer profiling studies. Each biomarker will be assessed 
individually for prognostic value in univariate analysis, as well as in multivariate analysis. 

Task 4, which is the determination of outcome-based subclassifications "fingerprints" in breast 
cancer, has been expanded from the original statement of work. We plan to cluster and 
multiplex the large number of markers mentioned in the Task 3 progress in order to meet the 
proposed goal of quantitative molecular subclassification of breast cancer tumors by patient 
outcome by using a large number of potential biomarkers. The methods for this type of analysis 
are c urrently b eing e xplored a nd o nee d etermined, w ill be applied t o t he d ata c ollected from 
Task 3. 

Key Research Accomplishments: 
• Completion tissue microarray construction 
• Completion of a database with patient cohort information 
• Completion of assessment of the tissue microarray with standard clinical biomarkers 
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Reportable Outcomes: 
Analysis of Stat3 and PhosphoSTatS shows that they are predictive of outcome in node-negative 
breast cancer tumors as a potential marker of improved survival independent of other prognostic 
markers. 

Conclusions: 
Tissue microarrays are a valuable tool for analysis of new potential biomarkers in breat cancer 
when coupled with automated quantitative analysis. Completion of quantitative analysis of 
upwards of 40 biomarkers on a large cohort of breast cancer specimens will allow for new and 
interesting outcome-based molecular subclassification of breast cancer samples. The use of the 
40 biomarkers derived from current cDNA microarray profiling studies of breast cancer, rather 
than solely the Stat3 signaling pathway components, will allow for a broad assessment of novel 
potential biomarkers that can better help us reach the goal of outcome-based classification of 
breast cancer specimens. We anticipate evaluation of all of the biomarkers within the next year, 
which would be well within the expected time-line for completion of Task 3, and for analysis of 
the biomarkers as per Task 4 in the following year. 

References: 
See original proposal. 
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Tissue Microarray Analysis of Signal Transducers and Activators of 
Transcription 3 (Stat3) and Phospho-Stat3 (Tyr705) in Node- 
negative Breast Cancer Shows Nuclear Localization Is 
Associated with a Better Prognosis^ 

Marisa Dolled-Filhart, Robert L. Camp, 
Diane P. Kowalski, Bradley L. Smith, and 
David L. Rimm^ 
Department of Pathology, Yale University School of Medicine, New 
Haven, Connecticut 06510 [M. D-F., R. L. C, D. P. K., D. L. R.], and 
Cell Signaling Technology, Beverly, Massachusetts [B. L. S.] 

Abstract 
Purpose: Although a high frequency of tumors contain 

constitutively activated signal transducers and activators of 
transcription 3 (Stat3), its relationship to breast cancer and 
patient survival has not been determined in a large retro- 
spective study of node-negative tumors. To further elucidate 
the role of Stat3 in breast cancers, the expression patterns of 
Stat3 and Phospho-tyrosine residue 705 (Tyr705) Stat3 were 
correlated with survival outcome and clinicopathological 
parameters in a large cohort of node-negative breast cancer 
tumors. 

Experimental Design: Immunohistochemical analysis of 
Stat3 and Pho$pho-Stat3 was performed on a breast cancer 
tissue microarray of 346 node-negative breast cancer spec- 
imens. These results were correlated with overall survival 
and other clinicopathological data. 

Results: Positive Stat3 cytoplasmic expression was seen 
in 69.2% of tumors, and positive Phospho-Stat3 (TyrTOS) 
cytoplasmic expression was seen in 19.6% of tumors. Nei- 
ther cytoplasmic expression showed significant association 
with survival or other clinical parameters. However, 23.1% 
of tumors had positive Stat3 nuclear expression, and those 
patients had a significantly improved short-term survival 
(P = 0.0332) at 5 years of follow-up. Upon analysis of 
positive Phospho-Stat3 (Tyr705) nuclear expression, seen in 
43.5% of tumors, positive tumors had a significantly im- 
proved survival at both short-term 5-year survival (P = 
0.0054) and long-term 20-year (P = 0.0376) survival analy- 

Received 5/13/02; revised 9/19/02; accepted 9/30/02. 
The costs of publication of this article were defrayed in part by the 
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' Supported by grants from the Patrick and Catherine Weldon Donaghue 
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^ To whom requests for reprints should be addressed, at Department of 
Pathology, Yale University School of Medicine, 310 Cedar Street, New 
Haven, CT 06510. Phone: (203)737-4204; Fax: (203)737-5089; E- 
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sis. Additionally, positive Phospho-Stat3 (Tyr705) nuclear 
expression is an independent prognostic marker of better 
overall survival node-negative breast cancer by multivariate 
analyses that included the variables of nuclear grade, Ki-67, 
estrogen receptor staining, progesterone receptor staining, 
Her2 staining, age, and tumor size. 

Conclusions: These findings support a role for Stat3 
and Phospho-Stat3 (Tyr705) overexpression in node-nega- 
tive breast cancer and provide initial evidence that Phospho- 
Stat3 (Tyr705) may be a marker for improved overall sur- 
vival independent of other prognostic markers. 

Introduction 
Stat^ proteins are transcription factors that are activated by 

a wide range of cytokine receptor-associated kinases, growth 
factor receptor tyrosine kinases, and nonreceptor tyrosine ki- 
nases originally defined as the signaUng mechanism for IFN 
receptors (1). StatS has posed a special challenge because, 
unlike other Stat proteins, it shows an embryonic lethal pheno- 
type (2). This has complicated characterization of its function 
and, in part, led to some controversy regarding the role of Stat3 
in tumors. Although there is some evidence that it is an onco- 
gene, there is also evidence that it behaves as a tumor suppres- 
sor (3). 

Stat3, like other Stat proteins, contains an SH2 domain, 
which is a common motif found in signaling molecules that 
mediate protein-protein interactions by binding directly to spe- 
cific phosphotyrosines. Stat3 is activated by phosphorylation of 
Tyr705 by c-Jun NHj-terminal kinases, grovrth factor tyrosine 
kinases, or other mechanisms (4). Phosphorylation precipitates 
dimerization, which is stabilized by reciprocal phospho-tyrosine 
SH2 interactions. Stat3 dimers then move to the nucleus, where 
they bind to specific DNA response elements in target gene 
promoters and enable gene transcription. Some target genes of 
Stat3 include those involved in apoptosis, cell cycle regulation, 
and induction of growth arrest such as Bcl-xL, cyclin Dl, p21, 
WAFl/CIPl, and c-myc (5). 

Because Stat3 plays such a pleomorphic role in signal 
transduction, its role as an oncogene or a tumor suppressor may 
be a function of the setting. In the context of the mouse mam- 
mary gland, Stats is activated both during apoptotic involution 
and during the highly proliferative phase of early pregnancy (6). 
Subsequent conditional knockout studies in mice have shown 
that Sta6 is essential in mammary gland epithelial cell apoptosis 

^ The abbreviations used are: Stat, signal transducers and activators of 
trSscription; Tyr705, tyrosine residue 705; ER, estrogen receptor; PR, 
progesterone receptor; TBS, Tris-buffered saline. 
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and involution (7, 8). In humans, Stat3 is activated in several 
mammary epithelial cells and breast carcinoma cell lines (9- 
13). There is evidence of increased Stat binding in the nuclei of 
breast cancer tumors compared with normal breast tissue or 
benign lesions (14, 15). An immunohistochemical study of 62 
cases of invasive malignant breast cancer tumors by Berclaz et 
al. (16) found that StatS was expressed only in the cytoplasm of 
nontumor regions of breast cancer specimens but was expressed 
in both the cytoplasm and nuclei of malignant regions of the 
specimens. However, they found no correlation between StatS 
subcellular localization expression and survival. Recently, an 
antibody specific for the activated (phospho-Tyr705) form of 
Stats has become available (17). In prostate tissue, the activated 
form of Stat3 localized predominantly to the nuclei of malignant 
glands (18). This activated form may be a better probe for 
function than total StatS, but it has not yet been evaluated in 
breast cancer tissues. 

Tissue microarray technology (19, 20) is a highly efficient 
and economical way to evaluate hundreds of tumors (21). Breast 
cancer is a common application of this technology. Breast 
cancer tissue microarray cores have been demonstrated to be 
representative of the conventional tumor specimens because as 
they have very high concordance for common biomarkers as 
well as reproducible prognostic associations (22-24) and re- 
cently reviewed (29). Results from validation studies have 
shown that in the majority of the cases, one tissue microarray 
core alone could adequately represent the antigen expression of 
the corresponding whole section and be representative of the 
association between the staining level and clinical end point 
(24). The use of archival tissue for a retrospective study allows 
for protein expression to be analyzed with the benefit of long- 
term foUowup (survival) information. Here, we evaluate the 
expression and subcellular localization of both StatS and Phos- 
pho-StatS (Tyr705) by immunohistochemistry in a tissue mi- 
croarray containing a cohort of 346 node-negative archival- 
infiltrating breast cancer tumors. The expression and 
localization information were correlated with standard clinico- 
pathological factors and with overall patient survival. 

Materials and Methods 
Tissue Microarray Construction. The tissue microar- 

rays were constructed as previously described (20), with 
0.6-mm diameter cores spaced 0.8 mm apart. Expression was 
evaluated on two arrays, including a validation array and a 
cohort array. The validation array, as previously described (22), 
was constructed with three replicate cores for each of the breast 
cancer cases. The validation array consisted of the following 
number of cases from each decade: 1930s (14 cases), 1940s (8 
cases), 1950s (12 cases), 1960s (13 cases), 1970s (11 cases), 
1980s (9 cases), and 1990s (15 cases). The cohort node-negative 
breast cancer array was constructed from paraffin-embedded 
formalin-fixed tissue blocks from the Yale University Depart- 
ment of Pathology archives. The specimens were resected be- 
tween 1962 and 1980, with a follow-up range of patient breast 
cancer history between 4 months and 53.8 years, with a mean 
follow-up time of 15.6 years. Time between tumor resection and 
fixation was not available for the tumors in this cohort. Repre- 
sentative tumor regions were selected for coring and placement 

in the tissue microarray using a Tissue Microarrayer (Beecher 
Instruments, Silver Spring, MD). The tissue microarrays were 
then cut to 5-|j,m sections and placed onto slides by use of an 
adhesive tape-transfer system (Instrumedics, Inc., Hackensack, 
NJ) and UV cross-Unking. 

Immunoliistocheinistry. The tissue microarray slides 
were deparaffinized with xylene rinses and then transferred 
through two changes of 100% ethanol. Endogenous peroxidase 
activity was blocked by a 30-min incubation in a 2.5% hydrogen 
peroxide/methanol buffer. Antigen retrieval was performed by 
boiling the slides in a pressure cooker filled with a sodium 
citrate buffer (pH 6.0). After antigen retrieval, the slides were 
incubated with 0.3%BSA/1 X TBS for 1 h at room temperature 
to reduce nonspecific background staining, followed by a series 
of 2-min rinses in IX TBS, IX TBS/0.01% Triton, and IX 
TBS. Primary antibody was applied for 1 h at room temperature 
(1:100 dilution of Phospho-Stat (Tyr705) antibody (Cell Signal- 
ing Technology, Beverly, MA) in 0.S%BSA/1X TBS or 1:150 
dilution of StatS antibody (Cell Signaling Technology) in 
0.3%BSA/1 X TBS). After a series of TBS rinses as described 
above, bound antibody was detected by using an antirabbit 
horseradish peroxidase-labeled polymer secondary antibody 
from the Dako Envision TM -I- System (Dako, Carpinteria, CA). 
The slides were rinsed in the TBS series, visualized with a 
10-min incubation of liquid 3,3'-diaminobenzidine in buffered 
substrate (Dako) for 10 min. Finally, the slides were counter- 
stained with hematoxylin and mounted with Immunomount 
(Shandon, Pittsburgh, PA). Immunohistochemical staining was 
also done for ER, PR, and Her2 as described previously (22). 
Ki-67 expression was assessed using purified antihuman mono- 
clonal antibody (1:200, overnight incubation; PharMingen, San 
Diego, CA). 

Evaluation of Immunohistochemical Staining. For 
each spot, the regions of most intense and/or predominant staining 
pattern were scored by eye. Traditionally, immunohistochemistiy 
scoring of stain intensity includes a variable for the area percentage 
stained with the specimen, but because of the small size of the spot 
(0.6 mm in diameter), no area variable is included. The nuclear and 
cytoplasmic staining was determined separately for each specimen. 
The staining intensity was graded on the following scale: 0, no 
staining; 1, weak staining; 2, moderate staining; and 3, intense 
staining. For specimens that were uninterpretable or were not 
infiltrating carcinoma, a score of not appHcable (N/A) was given. 
Scoring of the tissue microarray was completed by two indepen- 
dent observers (M. D. F. and D. K.), with very high correlation 
between scorers (P < 0.0001) for both of the StatS cytoplasmic and 
nuclear localization scores and for both of the Phospho-Stat3 
(Tyr705) cytoplasmic and nuclear localization scores. Discrepant 
scores between the two observers were averaged to arrive at a 
single final score. In order for a tumor core to be considered 
positive for StatS or Phospho-StatS (Tyr705) expression in either 
the cjftoplasm or nucleus, it had to have a score of one (1) or greater 
from both observers. 

Statistical Analysis. All analyses were completed using 
Statview 5.0.1 (SAS Institute Inc., Cary, NC). The correlation 
between the scores of both scorers and the relationships of StatS 
expression or Phospho-StatS (Tyr705) expression and clinico- 
pathological parameters were measured using the x^ test. The 
prognostic significance of the parameters was assessed for pre- 
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F/g. / Stat3 and Phospho-Stat3 (Tyr705) expression on representative node negative breast cancer tissue microarray spots as follows: A, strong Stat3 
cytoplasmic staining; B, strong Stat3 nuclear staining shown with some cytoplasmic staining; C, strong Phospho-Stat3 (Tyr705) cytoplasraic staining; 
D, strong Phospho-Stat3 (Tyr705) nuclear staining. Figures are at XI00 magnification, inset at X400 magnification. 

dictive value using the Cox proportional hazards model with 
overall survival as an end point. Survival curves were calculated 
using the Kaplan-Meier method, with the significance evaluated 
using the Mantel-Cox long-rank test. 

Results 
Validation of the Antibodies on Archival Tissues. Be- 

cause this study was done entirely using tissue microarrays with 
specimens from the 1960s to 1980s, immunohistochemical anal- 

ysis of a validation tissue microarray was performed to study the 
preservation of antigenicity in older breast cancer tissue speci- 
mens. Although the validation was done for both the Stat3 
antibody and the Phospho-Stat3 (Tyr705), we were particularly 
concerned that the phospho-specific antibody would be affected 
by long-term storage of the tissue in paraffin. Pathologist-based 
evaluation of the validation array showed representative staining 
patterns for both antibodies throughout the last 60 years. The 
nurnber of patients sampled fi-om each time period is insufficient 
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for statistical analysis, but no progressive or systematic loss of 
staining was seen for either antibody. 

Immunohistochemical Staining of Node-negative Breast 
Cancer Tissue Microarray. Of the 346 node-negative breast 
cancer tumors on the tissue microarray, 286 tumor cores 
(82.7%) were interpretable for Stat3 staining, of which 258 of 
them (90.2%) had associated survival information. Uninterpret- 
able spots were because of either loss of tissue on the tissue 
microarray or no tumor cells in the spot. The immunohistochem- 
ical staining of the breast cancer tissue microarray with Stat3 
showed cytoplasmic (Fig. \A) and/or nuclear (Fig. 15) localiza- 
tion. There were 198 tumors (69.2%) that were positive for Stat3 
cytoplasmic staining and 66 tumors (23.1%) positive for Stat3 
nuclear staining. The distribution of Stat3 cytoplasmic staining 
levels and Stat3 nuclear staining levels are shovra in Fig. 2, A 
and B, respectively. A subset of 64 tumors was positive for both 
Stat3 cytoplasmic staining and Stat3 nuclear staining (22.4%). 

Staining with Phospho-Stat3 (Tyr705) also showed cyto- 
plasmic (Fig. \C) and/or nuclear localization (Fig. ID). There 
were 285 tumor cores (82.4%) interpretable for Phosho-StatB 
(Tyr705) staining, of which 255 (89.5%) had associated survival 
information. Uninterpretable spots were because of either loss of 
tissue on the tissue microarray or no tumor cells in the spot. 
There were 56 tumors (19.6%) positive for Phospho-Stat3 
(Tyr705) cytoplasmic staining and 124 tumors (43.5%) positive 
for Phospho-Stat3 (Tyr705) nuclear staining. A subset of tumors 
was positive for both Phospho-Stat3 (Tyr705) nuclear and cy- 
toplasmic staining (44 of 285,15.4%). The distribution of Phos- 
pho-Stat3 (Tyr705) cytoplasmic and nuclear staining are respec- 
tively shown in Fig. 2, C and D. 

Survival Analyses. The expression of Stat3 and Phos- 
pho-Stat3 (Tyr705) as evaluated by immunohistochemical stain- 
ing were correlated with overall survival of the patients at both 
5- and 20-year follow-up times. To determine whether Stat3 or 
Phospho-Stat3 (Tyr705) expression level is correlated with out- 
come, Kaplan-Meier survival curves were generated for each 
antibody and subcellular localization. There was no significant 
difference in overall survival for cytoplasmic Stat3 staining at 
either 5 years (Fig. iA) or 20 years (Fig. 3£) of follow-up or for 
Phospho-Stat3 (Tyr705) cytoplasmic staining at follow-up of 5 
years (Fig. 3C) or 20 years (Fig. 3G). However, significant 
survival differences were seen with Stat3 and Phospho-Stat3 
(Tyr705) nuclear staining. 

Positive Stat3 nuclear staining was significantly correlated 
with better outcome at 5 years of follow-up {P = 0.0332; Fig. 35) 
but was not correlated with survival long term at 20 years (Fig. 3F). 
A significant correlation between Phospho-Stat3 (Tyr705) positive 
nuclear staining and better outcome was seen at both 5 and 20 years 
of follow-up (Fig. 3D; P = 0.0054) and (Fig. 3H; P = 0.0376) 
respectively. Sixty-four of 66 tumors positive for Stat3 nuclear 
staining were also positive for Stat3 cytoplasmic staining (97%) 
and, therefore, had virtually identical survival outcomes as Stat3 
nuclear staining alone (5-year follow-up, P = 0.0375; 20-year 
follow-up, P = 0.2140; survival curves not shown). There was no 
significant difference in survival between tumors positive for both 
PhosphoStat3 (Tyr705) nuclear and cytoplasmic staining at either a 
5-year survival cutoff (P = 0.1098) or 20 years (P = 0.0829; 
survival curves not shovra). 
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Fig. 2 Distribution of Stat3 and Phospho-Stat3 (Tyr705) immunohis- 
tochemical staining scores in node-negative breast cancer. A, Stat3 
cytoplasmic staining scores; B, Stat3 nuclear staining scores; C, Phos- 
pho-Stat3 (Tyr705) cytoplasmic staining scores; D, Phospho-Stat3 
(Tyr705) nuclear staining scores. 

Clinicopathological Correlations and Multivariate 
Analyses. Multivariate analysis using the Cox proportional 
hazards model was done to assess the independent predictive 
value of Stat3 nuclear and Phospho-Stat3 (Tyr705) nuclear 
expression. The classic prognostic variables used to assess in- 
dependence included tumor size, patient age at diagnosis, nu- 
clear grade, Ki-67 nuclear staining as an index of proliferation 
rate, ER expression, PR expression, and HER2 expression. Stat3 
nuclear staining was not a statistically significant independent 
predictor of overall survival {P = 0.0556; Table 1). However, 
Phospho-Stat3 (Tyr705) nuclear staining was independently 
predictive of overall survival {P = 0.0469) with a relative 
risk of 2.35 (Table 2). Tumor size of >2 cm was the only 
other variable with independent prognostic value in the mul- 
tivariate analyses shown in Tables 1 and 2. Statistically 
significant variables in the multivariate analyses tables are 
highlighted in bold. 

Discussion 
To our knowledge, this is the first study to examine the 

expression of StatS and tyrosine phosphorylated Stat3 in breast 
cancer. We used standard immunohistochemical methods to 
assay activated Stat3 by both assessment of subcellular local- 
ization and phosphorylation status. Because activation of Stat3 
signaling involves both tyrosine phosphorylation and transloca- 
tion to the nucleus, we hypothesized that either or both of these 
parameters could provide a representation of tumors in which a 
Stat3-mediated signaling pathway had been activated. Our find- 
ings show activation of Stat3 signaling as assessed by either 
nuclear Stat3 or Phospho-Stat3 (Tyr705) is predictive of signif- 
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Fig. 3 Stat3 and Phospho- 
Stat3 (Tyr705) Kaplan-Meier 
survival curves in node-nega- 
tive breast cancer. A, Stat3 
cytoplasmic staining 5 year 
survival curve; B, Stat3 
nuclear staining 5-year sur- 
vival curve; C, Phospho-Stat3 
(Tyr705) cytoplasmic stain- 
ing 5-year survival curve; D, 
Phospho-Stat3 (Tyr705) nu- 
clear staining 5-year survival 
curve; E, Stat3 cytoplas- 
mic staining 20-year survival 
curve; F, Stat3 nuclear stain- 
ing 20-year survival curve; G, 
Phospho-Stat3 (Tyr705) cyto- 
plasmic staining 20-year sur- 
vival curve; H, Phospho-Stat3 
(Tyr705) nuclear staining 20- 
year survival curve. 

icantly better clinical outcome. Furthermore, nuclear Phospho- 
Stat3 (Tyr705) is independent of all other commonly used 
prognostic markers and pathological parameters, except for tu- 
mor size. 

The finding that activated Stat3 is associated with better 
outcome in breast cancer is subject to niunerous interpretations. 
Because Stat3 is known to be persistently activated in src- 
transformed lines (25,26), it is not surprising to find it activated 
in a large fraction of the tumors. The fact that it is associated 
with better outcome may simply mean that tumors that activate 
these pathways are less aggressive than tumors that progress 
even in the absence of Stat3 activation. Alternatively, it may be 

that Stat3 plays a role as a tumor suppressor protein. Evidence 
that Stats plays a role in cellular differentiation and apoptosis 
(8) may be consistent with better outcome in breast cancer if 
nuclear Phospho-StatS expression is selecting a group of well- 
differentiated tumors. 

Constitutive Stat3 activation has been found in many 
types of cancers, including prostate (18), ovary (27), leuke- 
mia (28), and breast (16), however, there is very little data on 
its affect on outcome. We hope the availability of the Phos- 
pho-Stat3 antibody and our data will stimulate others to test 
for correlation with improved patient survival in other tumor 
types. Although additional investigation is needed to dissect 
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Table 1   Multivariate analysis of clinicopathological parameters and 
nuclear Stat3 expression 

Multivariate analysis of Stat3 and prognostic factors with 5 year 
overall survival with 198 tumors (performed using a Cox proportional 
hazards model). 

Variable OS"/' Hazard ratio (95% Cl) 

Nuclear grade (high) 0.1958 2.25 (0.66-7.72) 
Ki-67 (high) 0.4821 1.33(0.60-2.93) 
ER (neg) 0.9330 1.04(0.44-2.45) 
PR (neg) 0.4910 1.29(0.62-2.70) 
Her2 (pos) 0.9973 0.99 (0.38-2.55) 
Age (young) 0.7682 0.81 (0.41-1.93) 
Tumor size (>2 cm) 0.0341 2.29 (1.06^.93) 
Stat3 nuclear staining (neg) 0.0556 2.85 (0.97-8.33) 

" OS, overall survival; CI, confidence interval; neg, negative; pos, 
positive. 

Table 2   Multivariate analysis of clinicopathological parameters and 
nuclear Phospho-Stat3 (Tyr705) expression 

Multivariate analysis of Phospho-Stat3 (Tyr705) and prognostic 
factors with 5-year overall survival with 195 tumors (performed using a 
Cox proportional hazards model). 

Variable OSP Hazard ratio (95% CI) 

Nuclear grade (high) 0.0674 3.96 (0.91-16.82) 
Ki-67 (high) 0.5400 1.28 (0.56-2.78) 
ER (neg) 0.6935 0.84 (0.35-2.03) 
PR (neg) 0.7972 1.10(0.53-2.30) 
Her2 (pos) 0.8310 1.11(0.43-2.84) 
Age (young) 0.3764 1.42(0.65-3.10) 
Tumor size (>2 cm) 0.0412 2.21 (1.03-4.74) 
Phospho-Stat3 (Tyr705) 0.0469 2.35 (1.01-5.46) 

nuclear staining (neg) 

OS, overall survival; Cl, confidence interval; neg, negative; pos, 
positive. 

the different mechanisms of Stat3 signaling and its role in 
breast cancer development, many downstream targets have 
been identified, including cyclin Dl, c-myc, p21 WAFl/ 
CIPl, and Bcl-xL. The protein products of these targets are 
potential candidates for future investigations using our node- 
negative breast cancer cohort or other similar cohorts. 
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1.        INTRODUCTION 

The assessment of protein expression as a mechanism to define the 
stage of a disease or to predict disease outcome is a common goal of many 
studies. Investigators often hope that assessment of the level of expression of 
a given protein will show activation of a given pathway and thus suggest that 
activation of that pathway is intimately associated with disease progression. 
Although only a handful of tumor biomarkers a re routinely used in clinical 
practice today, that number is growing. New information and new biomarkers 
raise t he p ossibility o f m ore p recise d isease c lassification resulting i n m ore 
accurate prediction of outcome. Furthermore, new bio-specific therapies are 
now being developed that specifically interrupt known pathways of 
tumorigenesis. Thus, for many drugs now in clinical trials, it is important to 
assess biomarker expression as a mechanism to determine the activation of a 
given pathway and thus the eligibility of a given patient for the new bio- 

1 
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specific therapy. The JAK and STAT pathways are well described pathways 
with significant roles in tumorigenesis, as discussed throughout this book. In 
this chapter, we review the data on the use of expression of JAK and STAT 
proteins as a mechanism to classify tumors and prognosticate outcome. At the 
time this chapter is being written, there are no published works with large 
cohorts of greater than 100 patients examining the predictive value of these 
proteins in association with a bio-specific therapy. However, several smaller 
studies have investigated the changes in STAT levels of cultured tumor 
specimens or in patient samples before and after treatment with Interferon-a 
(IFN-a), a therapeutic agent used for several types of human malignancies. 

Over 60 studies have been done assessing the levels of JAK and 
STAT proteins in a wide variety of tumor types, some focused mainly on 
expression levels or binding activity in tumors and others as part of larger 
studies of JAK/STAT function or roles in biologic processes and pathways. 
Also mentioned briefly in this chapter are investigations that have identified 
JAKs and STATs in high-throughput analyses of cancer "profiles". In order to 
distill this information into a readable review, we have divided the studies by 
organ system and have included a suimnary of JAK/STAT levels in tumors 
compared to control specimens by major organ system/organ site in Table 1. 
The major groups included in this chapter are: 1. Nervous system tumors 
(brain and meningioma), 2. Breast cancer, 3. Gastrointestinal/digestive system 
tumors (carcinoid, colorectal, esophageal, hepatocellular, and pancreatic), 4. 
Gynecological tumors, 5. Head and neck tumors (nasopharyngeal and oral), 6. 
Skin tumors (melanoma and squamous cell carcinoma), 7. Urological tumors 
(prostate and renal) and 8. Hematologic cancers (lymphoma, myeloma and 
leukemia). 

2.        TUMORS OF THE NERVOUS SYSTEM 

It is thought that brain tumors produce cytokines not expressed in 
normal brain tissue that may cause paracrine or autocrine-related effects. 
Therefore, determination of the levels of JAKs and STATs may fixrther 
delineate the involvement of such autocrine or paracrine loops in tumors of 
the central nervous system. Studies to date have included analysis of levels of 
a variety JAKs and STATs in different brain tumor subtypes and 
meningiomas, but thus far only in small cohorts and without determination of 
their relationship to clinical information. 
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Table 1. Overall JAK/STAT activity, protein and RNA levels in tumors compared to control 
levels grouped by major organ site' 

Nervous Breast GI/Dig. Gynec- Head& Skin Urologic Hematol. 
System Cancer System ologic Neck Tumors Cancer Cancers 

Statl Equivalent Higher ~ Higher Higher Lower Equivalent Higher 
(36)« (124) (39) (26) (12)' (42) (363) 
Higher Higher 
(17)' (40)' 

Stat2 Equivalent' ~ - __ Higher Lower Equivalent Lower 
(17) (26) (12) (42) (4) 

Higher' 
(17) 

Stat3 Higher Higher Higher __ Higher Lower Higher Higher 
(96) (422) (68) (109) (12)' 

Higher 
(10)' 

(210) (394) 

Stat4 ~ " ~ " ~ — Higher 
(42) 

— 

Stats Higher Lower — .. Lower - Equivalent Lower 
(34) (50)' (26)' (42) (4) 

Higher 
(97) 

State Higher 
(34) 

~ — ~ " ~ Higher 
(42) 

~ 

Jakl Equivalent 
(17)'° 

~ "" ~ ~ ~ Higher 
(11) 

- 

Jak2 

Jak3 

Tyk2 

Higher 
(17)* 

Higher 
(34) 

Higher 
(3) 

Higher 
(12) 

' References and content of controls are given within the text by organ system, subgroups 
within organ systems are combined where identical, tumor/normal, comparative levels were 
seen in the majority of samples; differences are noted by footnotes. 

^ Brain tumors, low grade gliomas had slightly higher levels 
' (n) = combined total, number of tumor samples anal, yzed in multiple studies (or single 

studies when only one exists for a particular category) 
^ Meningiomas 
'sec 
' Melanoma 
' Brain tumors 
' StatSa 
' StatSb 
'" Higher in medulloblastoma subtype only 
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2.1      Brain Tumors 

Comparisons between levels of JAKs and STATs in 17 brain tumor 
specimens (six subtypes) and control peritumoral specimens by western 
blotting by Cattaneo et al. (1) showed that Jakl expression in 
medulloblastoma was about 23 times higher than control levels, while the 
remaining tumors had low levels comparable to control levels. Higher Jak2 
levels were seen across all tumor histotypes than in the controls, but there was 
no correlation with proliferative activity or degree of anaplasia. The tumors 
also had elevated levels of Stat3, StatS and Stat6 compared to the controls, 
with the highest expression of StatS and StatS in medulloblastomas. Statl was 
uniformly expressed in both tumors and controls, with slightly higher levels in 
low grade gliomas. The average levels of tumor Stat2 were in the same range 
as the controls. 

Glioblastoma multiforme (GM) tumors are very aggressive and often 
contain rearrangements, gain of function mutations, amplifications or other 
alterations that cause elevated expression levels or constitutive activation of 
epidermal growth factor receptor (EGFR); StatS is a downstream target of 
EGF. Activated StatS levels were higher in tumors (18/19) than normal 
human astrocytes, white matter or normal adjacent tumor tissue controls by 
electrophoretic mobility shift assay (EMSA) experiments conducted by 
Rahaman et al. (2). Statl was present only at low or undetectable amounts. 
GM samples examined by immunohistochemistry (IHC) for PhosphoStatS 
(Tyr705) showed that all 6 tumor sections examined had strongly positive 
stained nuclei compared to minimal immunoreactivity in the controls. 
Schaefer et al. (3) found that Stat3a was constitutively activated in most high 
grade tumors (11/13), low grade tumors (9/16), and most medulloblastoma 
tumors (7/8) by EMSA and supershift analyses. All of the tumors had higher 
levels of StatS a than the normal b rain c ontrol s amples. In addition, glioma 
and medulloblastoma tumors assessed by western blotting showed that the 
majority of tumors had significantly higher levels of PhosphoStatS (Tyr705) 
than controls, but not PhosphoStatl (Tyr701). PhosphoStatS (Tyr705) 
expression examined by IHC in glioma tumor sections localized 
predominantly to tumor endothelial cells. 

2.2      Meningioma 

There is limited information about the active status of JAK/STAT 
signaling pathways in mengioma. STATs were known to be present at the 
RNA level in meningiomas based on a study by Schrell et al. (4) that showed 
the existence of Statl, StatS and StatS mRNA in cerebral meningioma 
samples from 10 patients by RT-PCR. Magrassi et al. (S) assessed 17 
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meningioma tumors by western blotting and found that all samples had 
significantly higher levels of Jakl, Jak2 and all STATs than normal non- 
cancer dura samples. There were no detectable levels of Jak3 or Tyk2 in any 
of the samples. When divided by neuropathological criteria, there were 
significant expression differences between the subtypes for all Stats except for 
Stat2. Stat6 expression in transitional meningiomas was higher than in other 
subtypes. Activation of Statl and Stat3 in the same samples were determined 
by use of phosphotyrosine-specific antibodies in western blotting, which 
showed that Statl and Stat3 were activated in all samples which expressed 
Statl or Stat3, respectively. As there have not been other studies of JAKs or 
STATs to date in this type of cancer, the clinical importance of their 
expression in meningioma remains unknown. 

3.        BREAST CANCER 

Several studies have addressed the binding activity levels or 
expression of Statl, Stat3 and StatS in breast cancer tissues, but only a few 
have correlated their results with patient information. Additionally, JAKs and 
STATs have been identified in multiple high-throughput analyses of breast 
cancer profiles, as will be described below. While some analyses of STAT 
expression in tumors have included relevance to clinical parameters such as 
patient survival, lymph node status and recurrence, JAKs have not been 
investigated as thoroughly in breast cancer samples. Neither JAKs nor STATs 
have been evaluated with regard to their clinical importance in patient 
responses to treatment, which is an important next step in determining their 
value in patient treatment. 

3.1      Activation and Expression in Breast Cancer 

Nuclear extracts from 51 breast cancer samples were analyzed by 
Watson et al. (6) by EMSA for Statl/Stat3 binding activity. The highest 
incidence of Stat binding activity was seen in the invasive carcinomas: 15/16 
(94%) cases had increased binding activity (p<0.01) compared to 1/8 (12%) 
of in situ carcinomas, 1/15 (7%) of fibroadenomas, and low or undetectable 
amounts in benign and normal breast specimens (with the exception of 
lactating breast samples). EMSA analysis by Garcia et al. (7) of Stats 1 and 3 
showed increased Stat DNA binding activity in nuclear extracts of 18 of 23 
(78%) matched sets of primary breast tumor and adjacent non-tumor 
specimens, which was attributed to activation of both Statl and Stat3 by 
supershift analysis in the majority of tumors. Analysis of Statl, Stat3 and 
Stat5 DNA binding activity and tyrosine phosphorylation was studied in 73 
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invasive breast carcinomas by Widschwendter et al. (8). The predominantly 
activated STATs are Statl and Stat3, as strong StatS binding activity was seen 
in only 1 of 63 tumors (1.6%). A wide range of PhosphoStatl (Tyr701) levels 
were seen among the samples by Western blotting, which correlated highly 
with EMSA measurements (p=0.004). Comparison of StatS DNA binding 
activity and StatS (Tyr705) immunoblotting results also showed a strong 
correlation (p=0.001). 

Analysis of 50 breast lesions including normal tissue, fibroademonas, 
ductal and lobular neoplasias and invasive carcinomas for StatSa expression 
by IHC was conducted by Bratthauer et al. (9). StatSa expression was seen in 
all normal and fibroadenoma samples, whereas most intraepithelial and 
invasive neoplasms did not express StatSa, suggesting from this study a 
correlation between StatSa absence and disease progression. 

3.2      Associations with Prognosis in Breast Cancer 

A Kaplan-Meier survival curve in the study described above by 
Widschwendter et al. (8) showed that high Statl activity by either EMSA 
(p=O.OOS) or immunoblotting (p=0.010) was associated with longer survival. 
Cox analysis showed that low Statl was associated with an elevated risk of 
death (S.77-fold higher) and recurrence (6.66-fold higher). High Statl 
activation is also correlated with a lower frequency of relapses and with 
lymph node status (p=0.008) as the majority of lymph node negative patients 
had high Statl activation. StatS and StatS activity or phosphorylation levels 
were not associated with any statistically significant prognostic value in the 
cohort. 

Immunohistochemical investigation of Statl and StatS in 62 primary 
breast cancers (49 invasive ductal carcinomas, 8 invasive lobular carcinomas, 
1 mucinous carcinoma, 1 medullary carcinoma, S ductal carcinoma in situ) by 
Berclaz et al. (10) demonstrated that Statl and StatS were expressed only in 
the nuclei or cytoplasm of breast epithelium and not in myoepithelial cells, 
fibroblasts, or adipose tissue. Breast carcinoma had statistically significant 
higher expression of nuclear Statl (p<O.OS), cytoplasmic Statl (p<O.OOS), 
nuclear StatS (p<0.0001) and cytoplasmic StatS (p<0.0001) than the normal 
breast tissue. StatS nuclear positivity was strongly correlated with EGFR 
expression (p<0.0001) and Her2 expression (p<0.0014). Expression of Statl 
or StatS was not significantly associated with clinical outcome, tumor stage, 
grade or lymph node status in this cohort. 

A study in our laboratory (Doiled-Filhart et al., 11) investigated StatS 
and PhosphoStatS (Tyr70S) expression by IHC in a large cohort of lymph 
node-negative invasive breast carcinoma samples using tissue microarrays 
(reviewed in Doiled-Filhart and Rimm, 12). Both cytoplasmic and nuclear 
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staining were seen, but there was no significant association between Stat3 or 
PhosphoStat3 (Tyr705) cytoplasmic staining and any clinicopathologic 
parameters. Positive nuclear Stat3 staining was seen in 66/286 cases (23.1%), 
and positive nuclear PhosphoStat3 (Tyr705) staining was seen in 124/285 
cases (43.5%). Patients with positive Stat3 nuclear staining had a significantly 
improved short-term 5 year survival (p=0.0332), while those patients with 
positive PhosphoStat3 (Tyr705) nuclear staining had a significantly improved 
survival in both short-term 5-year survival (p= 0.0054) and long-term 20-year 
survival (p=0.0376). Positive PhosphoStat3 (Tyr705) nuclear expression was 
an independent prognostic marker of better overall survival (p=0.0469) in the 
node-negative breast cancer cohort by multivariate analysis. 

3.3      JAKs/STATs Identified in Breast Cancer Profiling 

cDNA microarray analysis of breast cancer samples by Sorlie et al. 
(13) identified Statl as part of their discriminator gene set. Statl was also 
identified in the microarray analyses of Perou et al. (14) as a component of a 
cluster of IFN-regulated genes, and found that tumor samples showed four 
patterns of Statl staining by IHC. Jakl was identified by Meric et al. (15)as 
one of the tyrosine kinases (TKs) expressed in breast cancer cell lines by 
degenerate RT-PCR, and confirmed to be expressed in the tyrosine kinase 
profiles of invasive breast carcinoma samples. A display array analysis of 
microdissected 1 ate-stage m alignant b reast c ancer biopsies b y Mellick e t a 1. 
(16) i dentified S tat3 e xpressed b oth i n t umor a nd s troma se ctions. J ak3b, a 
splice variant of Jak3, was found to be highly expressed by Western blot 
analysis by Lai et al. (17) in 3 out of 5 primary tumors compared to their 
matched normal breast epithelium, at levels equivalent to that found in the 
BT-474 cell line (a known high expresser of Jak3b). 

4.        GASTROINTESTINAL/DIGESTIVE SYSTEM 
TUMORS 

Data on the biomarker status of JAKs and STATs in carcinoid, 
colorectal, esophageal, hepatocellular and pancreatic tumors are beginning to 
emerge, with some limited findings of prognostic value from small cohort 
studies. Future investigations of their relationship to patient survival and 
analysis of response to therapy in larger cohorts will be usefiil in defining the 
role of the JAK/STAT signaling pathway in these types of cancer. 
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4.1 Carcinoid Tumors 

Immunohistochemical analysis of Statl and Stat2 in midgut carcinoid 
tumors both before and after patient treatment with IFN-a was conducted by 
Zhou et al. (18) with 82 total specimens from 45 patients (33 pre-treatment, 
45 during treatment). Statl and Stat2 staining were significantly stronger 
(p=0.001 and p=0.002, respectively) after IFN-a treatment. There was no 
correlation between Stat expression and IFN-a treatment time. Tumors 
staining w ith b oth S tatl a nd S tat2 sh owed a s ignificant p ositive correlation 
between Statl and Stat2 expression (p=0.0001). Both also had prognostic 
value in the cohort by Kaplan-Meier analysis, with high Statl expression 
(p=0.002) and high Stat2 expression (p=0.022) each associated with better 
survival. As this is the only study the expression of JAKs or STATs in 
carcinoid tumor samples, additional studies are needed to further evaluate the 
importance of this pathway with regard to patient treatment. 

4.2 Colorectal Tumors 

A study by Chen et al. (19) compared the TK profiles of differently 
staged colorectal carcinoma (normal colon mucosa, adenomatous polyp, 
primary carcinoma and hepatic metastasis) by an RT-PCR based approach. 
Using a degenerate primer of common motifs in the catalytic domains of 
nearly all TKs, Jakl was expressed uniformly low in all four stages, Jak3 was 
expressed 0nly in normal tissue, and Tyk2 expression was seen only in the 
polyp. 

4.3      Esophageal Cancer 

Tyk2 expression was discovered in an esophageal squamous cell 
carcinoma (SCC) cell line by Nemoto et al. (20) by a PCR-based cloning 
technique used to identify TKs. Northern blotting of 12 matched normal and 
esophageal SCC tissue samples showed a statistically significant 1.59-fold 
increase (p<0.005) ofTyk2RNA expression in the carcinoma compared to 
normal tissues. However, there was no significant difference in increased TK 
mRNA expression level and degree of differentiation. In a study of cell lines 
derived from surgical specimens, Watanabe et al. (21) found that 19 EGF- 
Statl pathway negative cell lines had poor survival (p=0.0175) in Kaplan 
Meier survival analysis, compared to the 3 EGF-Statl pathway positive cell 
lines with a preserved growth arrest pathway. It will be interesting to learn of 
the relevance of Tyk2 protein levels and EGF/Statl status in large tumor 
sample cohorts. 
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4.4      Hepatocellular Carcinoma (HCC) 

Evidence has suggested that JAK/STAT signaHng cascades may 
contribute to malignant transformation of hepatocytes in hepatocellular 
carcinogenesis. A study of 15 primary HCCs, their pericarcinomatous regions 
and five hepatic metastases by Liu et al. (22) found that STAT binding 
activity was increased in peritumoral tissue compared to normal liver tissue, 
but not in tumors. A study by Feng et al. (23) of 55 matched HCC and 
pericarcinomatous tissue samples by IHC showed that nuclear PhosphoStatS 
(Ser727) expression was seen in 74.5% of HCC samples in a clustered 
expression pattern, compared to 23.6% of pericarcinomatous samples with a 
scattered expression pattern. The HCC samples had a significantly higher 
positive rate (p<0.01) and higher expression intensity (p<0.01), but there was 
no correlation with degree of differentiation. PhosphoStat3 (Ser727) staining 
was significantly correlated with downstream Stat3 target expression 
including c-jun expression in pericarcinomatous samples, and both c-jun and 
c-fos in the HCC samples. 

4.5      Pancreatic Cancer 

Larger studies are needed to assess the relevance of Stat3, or other 
JAKs and STATs, on a protein level in pancreatic cancer. Three pancreatic 
tumor specimens and matched normal pancreatic tissue were examined by 
Wei et al. (24) as part of a larger study involving pancreatic cancer cell lines 
and expression of vascular endothelial growth factor (VEGF), which has been 
with progression of pancreatic cancer and elevated activation ofStat3. The 
pancreatic cancer tissue in this study had significantly higher levels of Stat3 
activity than the normal tissue in the 3 matched sets that were tested. The 
Stat3 activity was correlated with VEGF mRNA expression by Northern 
blotting. PhosphoStat3 (Tyr705) IHC on 10 matched sets of pancreatic tumor 
and normal pancreatic tissue samples displayed negative or weak protein 
expression the normal tissue, while pancreatic tumor epithelial cells had 
strong PhosphoStat3 (Tyr705) staining that directly correlated with strong 
VEGF and CD34 staining. 

5.        GYNECOLOGICAL TUMORS 

Only a few small studies of JAK/STAT levels in gynecological 
tumors have been published. Expression of PhosphoStat3 (Tyr705) was 
investigated by Savarese et al. (25) in 23 ovarian carcinomas by IHC, of 
which 17 (74%) had positive nuclear staining. Jak2, PhosphoJak2, Stat5 and 
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PhosphoStatS were present in tumor cells and capillary endothelial cells in all 
16 of the cultured female reproductive organ tumors studied by IHC by 
Yasuda et al. (26). Quantitative real-time RT-PCR analysis of 39 
microdissected ovarian tumors of various subtypes by Hough et al. (27) 
revealed that 87% of tumors had at least 5-fold increased Statl expression, 
74% had at least 10-fold increased Statl expression", and 10% had at least 
100-fold increased Statl expression when compared to glyerceraldehyde-3- 
phosphate dehydrogenase (GAPDH, a housekeeping gene control). Statl 
expression was statistically significantly correlated with expression of several 
other genes including EpCAM/GA733-2, Kop, TIMP-3, FRl, SLPI, ApoE 
and ceruloplasmin. It is unclear how Statl, Stat3, StatS or Jak2 expression are 
related to factors of clinical value such as survival time, metastatses or 
treatment response in patients with gynecologic tumors as studies thus far 
have looked only at relative RNA or protein levels. 

6.        HEAD AND NECK TUMORS 

The only STAT investigated in oralcarcinoma is Stat3, which is 
thought to be an early event in tumorigenesis based on several studies 
analyzing the expression and activation of Stat3 in head and neck squamous 
cell carcinoma (HNSCC) progression. Nasopharyngeal carcinomas have not 
been frequently investigated for JAK/STAT protein levels compared to 
normal tissues, although studies show that they are expressed and 
differentially regulated at least at an RNA level in cancer. 

6.1      Nasopharyngeal carcinoma 

An immunohistochemical analysis of Statl, Stat3, Stat4 and StatS in 
nasopharyngeal tumors by Chen et al. (28) showed a combination of 
cytoplasmic and nuclear staining for Statl, Stat3 and StatS, and only 
cytoplasmic staining for Stat4. Heterogeneity within the nasopharyngeal 
tissue was noted as there was a mixture of strongly staining positive nuclei 
adjacent to negative nuclei. Xie et al. (29) used a cDNA array to identify 
genes differentially expressed between nasopharyngeal carcinoma (26 
samples) and normal nasopharyngeal tissues (9 samples). They found that 
Statl and Stat2 RNA levels were upregulated in nasopharyngeal carcinoma 

" The specimens of different subtypes with at least 10-fold increased expression of Statl were: 
serous - 65% (23 samples), clear cell - 100% (6 samples), endometroid - 83% (6 samples), 
mucinous - 75% (4 samples). 



Marisa Dolled-Filhart, B.A., M.Phil.. - DAMD17-03-1-0349 

JAKS AND STATS AS BlOMARKERS OF DISEASE 11 

and StatSb RNA levels were downregulated. Semi-quantitative analysis of 
normal a nd c ancer t issue w ith RT-PCR for S tatl a nd S tat2 c onfirmed t heir 
results. Additional studies are needed to determine the usefulness of JAKs and 
STATs as biomarkers for nasopharyngeal carcinoma. 

6.2      Oral Carcinoma 

Rubin Grandis et al. (30) compared 19 matched HNSCC samples 
with their corresponding distant normal mucosa and normal non-cancer 
patient mucosa. EMSA analysis showed that STAT activation was 10.6-fold 
higher in tumors (p=0.012) and 8.8 fold higher in distant normalmucosa 
(p=0.018) than in normal non-cancer patient mucosa. Immunoblot analysis 
demonstrated that tumors had statistically significant increases in Stat3 
protein compared to distant normal tissue (2.32-fold, p=0.006) and normal 
non-cancer patient mucosa (2.19-fold, p=0.021). IHC with PhosphoStat3 
(Tyr705) localized to epithehal cells in tumors and distant normal mucosa, 
and to basalepithelial cells in normal non-cancer patient mucosa. 

Tumor samples from 90 patients with HNSCC of various stages were 
studied by Nagpal et al. (31) for Stat3 RNA and protein expression levels. By 
RT-PCR analysis, Stat3 RNA expression was seen in HNSCC stages I, II and 
IV with reduced expression in stage III, and no expression in normal samples. 
All 16 normal and premalignant lesion tissue samples were negative for Stat3 
protein expression by IHC (except for one premalignant lesion with 
intermediate cytoplasmic Stat3 staining), while 74/90 tumor samples (82.2%) 
stained positively. There was a gradual decrease in Stat3 accumulation with 
the progression of tumorigenesis when comparing T stages I/II versus stages 
III/IV (p=.033). High levels of activated Stat3 were seen by IHC with 
PhosphoStat3 (Tyr705) at all stages of HNSCC with both cytoplasmic and 
nuclear localization present. There was no significant correlation between 
Stat3 expression and any clinicopathologic parameters in this study. 

Masuda et al. (32) examined the relationship between PhosphoStat3 
(Tyr705), cyclinDl (a downstream target of Stat3), and clinicopathological 
parameters in a cohort of 51 primary tongue SCCs. Positive PhosphoStat3 
(Tyr705) staining was seen in 37% (7/19 cases) of tumors, which was highly 
correlated with positive cyclinDl expression (p<0.001), nodal metastases 
(p=0.016) and clinical stage (p=0.03). Kaplan-Meier survival curves showed 
that patients with positive PhosphoStat3 (Tyr705) staining had statistically 
significant lower disease-specific survival rates than those with negative 
staining (p<0.01). This is the opposite result from that seen in breast cancer, 
but this study has a relatively small cohort. 
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7.        SKIN TUMORS 

Studies have thus far have only analyzed levels of some STATs in 
melanoma and skin squamous cell carcinomas in small cohorts. High levels of 
IFN-a treatment for 1 year has been demonstrated to be beneficial with regard 
to relapse-free and overall survival for patients with resected high-risk early 
cutaneous melanoma(33, 34). Interesting work has begun to emerge about the 
effect of IFN-a treatment on levels of STAT proteins. 

7.1      Melanoma 

EMSA analysis by Niu et al. (35) of normal skin specimens and 10 
melanoma specimens showed that many tumor tissues had elevated STAT 
DNA binding activity compared to little or no STAT binding activity seen in 
the normal skin samples. By competition and supershift EMSA analysis, they 
found that Stat3 homodimers and Stat3:Statl heterodimers were activated in 
the primary tumor tissues. Chawla-Sarkar et al. (36) found that 27 of 30 
melanoma biopsy samples (90%) had high Statl levels compared to cell line 
controls by immunoblotting. Immunohistochemical evaluation of Statl in 24 
of the biopsies showed varying levels of cytoplasmic Statl in the tumors as 
well as in the normal cells. 

Two studies have evaluated the response of cultured melanoma 
samples to IFN-a treatment. Carson et al. (37) found that cultured malignant 
melanoma tumors of 17 patients showed dose-dependent Statl activation after 
treatment with IFN-a. Kirkwood et al. (38) studied the resected precursor 
lesions of 5 patients with a history of melanoma before and after the patients 
were treated with 3 months of low levels of subcutaneous IFN-a injections. 
The four most atypical nevi of each patient were photographed and marked; 
two were removed, while the other two were removed only after IFN-a 
treatment. Statl, Stat2 and Stat3 IHC staining were analyzed microscopically 
by spectral imaging due to the difficulties of accurately assessing subcellular 
localization a nd i ntensity i n p igmented melanoma 1 esions. C ytoplasmic a nd 
nuclear staining were seen for both Statl and Stat3 in the basal layer 
keratinocyes and junctional melanocytes, with Stat3 expressed in the upper 
epidermis as well. Stat2 expression was almost completely cytoplasmic in 
both treated and untreated nevi. EMSA and supershift analysis identified Statl 
and Stat3 homodimers/heterodimers as being activated in the untreated 
lesions. Examination by immunoblotting with a PhosphoStat3(Tyr705) 
antibody demonstrated that Stat3 was dephosphorylated in response to IFN-a 
treatment. 
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7.2      Squamous cell carcinoma (SCC) 

Examination of 16 aggressive skin SCC specimens and matched adjacent 
non-cancer tissue from 12 patients were examined by IHC for Statla/b, Stat2, 
Stat3a and StatSb by Clifford et al. (39). In the majority of samples, STAT 
protein expression was reduced in tumors compared to the adjacent non- 
malignant epidermal cells. Lower expression in the tumor compared to the 
adjacent non-cancer epithelial cells were seen in the following percentage of 
cases (ranging from 12-16 tumor samples): Statla^ (69%), Stat2 (67%), 
Stat3a (83%), Stat3b (67%). Stat3a and Stat3b highly stained basal cells in the 
adjacent non-cancer epithelium. Quantitative measurements of antibody 
staining by densitometry showed statistically significant decreases (p<0.05) in 
tumor expression of Stats in some matched specimens. 

8.        UROLOGICAL TUMORS 

Several investigations of Statl, Stat3 and StatS in prostate cancer 
have compared expression levels with controls and have looked for 
associations with different stages of progression. However, the prognostic 
value ofthese levels remain to be determined. Studies of the expression of 
JAKs in prostate cancer, and of JAKs and STATs in renal cell carcinoma, are 
very limited. 

8.1      Prostate Cancer 

Stat3 is the most often studied JAK/STAT in prostate cancer tumor 
samples for activation, protein expression and associations with progression, 
Gleason scores or prostate specific antigen (PSA) levels. Although all STATs 
have been examined in at least one prostate cancer cohort, information about 
JAK remains unstudied aside from identification in a TK profiling study. 

8.1.1     Activation and Expression in Prostate Cancer and Associations 
with Cancer Progression 

EMSA analysis by Mora et al. (40) of 45 matched primary prostate tumors 
and adjacent nontumor prostate tissue showed that 37 tumor cases (82%) had 
elevated Stat3 DNA binding activity. Immunohistochemical analysis of 
PhosphoStat3 (Tyr705) in these same matched samples showed nuclear 
staining of tumor epithelial cells and low nuclear staining levels in normal 
adjacent tissue basal epithelial cells. PhosphoStat3 (Tyr705) levels were 
significantly   higher   in   malignant   specimens   compared   to   non-tumor 
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specimens (p<0.001) and were correlated with Gleason scores >=7 (p<.0007), 
but not with initial serum PSA levels or clinical stage. Dhir et al. (41) 
compared Stat3 activity levels in 42 matched primary prostate tumors and 
adjacent normal tissue, and 20 normal prostates by EMSA. Stat3 activity was 
higher in tumor samples than the matched adjacent tissue in 18 cases (43%), 
had comparable levels in 10 cases (24%), and had lower levels in 14 cases 
(33%). There was no statistically significant difference in Stat3 activity 
between the matched tumor and adjacent normal samples, but Stat3 levels 
were increased significantly (p<0.01) in the tumor and adjacent tumors 
samples compared to the organ donor normal prostate tissue. 
Immunohistochemical analysis of PhosphoStat3 (Tyr705) showed moderate 
or strong expression in foci of adenocarcinoma and normal adjacent tissue and 
weak or negative staining in the normal donor prostate tissues. Elevated 
PhosphoStat3 (Tyr705) nuclear staining was seen in the tximor specimens 
compared to the adjacent normal tissues (p<0.0001), which correlated with 
the EMSA Stat3 activity results. 

Campbell et al. (42) examined PhosphoStat3 (Tyr705) expression in 
21 prostate carcinomas and 28 normal or benign prostatic hyperplasic (BPH) 
by IHC. Nuclear staining was seen in malignant and nonmalignant glandular 
epithelial cells, but was weaker in the nonmalignant samples. A high 
frequency of strong PhosphoStat3 (Tyr705) nuclear staining was seen in 
15/21 tumor samples (71%) compared only 2/28 normal or BPH samples 
(7.1%). The difference between malignant and non-malignant samples was 
statistically significant (p=0.0001). Similarly, an assessment of PhosphoStat3 
(Tyr705) by IHC by Giri et al. (43) on 12 prostate cancer specimens from 
radical prostatectomies showed positive nuclear staining in the prostate cancer 
epithelial cells in 10/12 cases (83%.). 

EMSA analysis of STATs in prostate cancer by Ni et al. (44) showed 
that Stat6 activity was higher in the tumor samples than the matched adjacent 
tissue in 28/42 cases (67%). There was a statistically significant higher levels 
of Stat6 in the tumor samples than the matched normal tissue levels (p<.05) or 
normal donor prostate levels (p<.01), but with no correlation to prefreatment 
PSA or Gleason grade. Stat4 activity was higher in the tumor samples than the 
matched adjacent tissue in 18 cases (43%), had comparable levels in 11 cases 
(26%)), and lower levels in 13 cases (31%), but with no significant difference 
between prostate tumors and their matched normal adjacent tissue or normal 
donor tissue. Negligible levels of active Statl, Stat2 or Stat5 were found in 
prostate tumor samples. 

8.1.2     JAKs/STATs Identified in Prostate Cancer Profiling 

Jakl and Jak2 were identified by degenerate RT-PCR analyses of 
TKs expressed in prostate cancer bone marrow metastases from 6 patients by 
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Chott et al. (45). Metastatic prostate cancer expression of Jakl was analyzed 
by IHC, whereby weak to moderate expression was seen in the tumor cells of 
all 8 bone marrow biopsies studied. Jakl expression was weak in normal 
prostate luminal epithelial cells, but seen with uniform moderate to strong 
staining in 3 primary prostate cancers. Jakl expression was increased in 
primary and metastatic tumor cells compared to normal prostate tissue. 

8.2      Renal Cell Carcinoma (RCC) 

The only study found by the authors to date determining protein 
expression levels of JAKs or STATs in RCC is by Horiguchi et al. (46). They 
compared the expression levels, incidence and prognostic associations of 
Stat3 and PhosphoStatS (Tyr705) in 48 matched sets of matched archival 
RCC adjacent non-neoplastic kidney tissue samples. Stat3 IHC in tumor 
samples demonstrated both cytoplasmic and nuclear staining, while 
predominantly nuclear staining was seen in tumors with PhosphoStatB 
(Tyr705) staining. Adjacent non-neoplastic kidney tissue stained weakly with 
Stat3 and PhosphoStat3 (Tyr705). High levels of PhosphoStat3 (TyrVOS) were 
seen in 24/48 (50%) RCC samples, which correlated with metastasis 
(p=0.0094). Tumors with high levels of Phospho-Stat3 (Tyr705) were 
significantly associated (p=0.0117) with shorter disease-specific survival by 
Kaplan Meier analysis; high PhosphoStat3 (Tyr705) staining was an 
independent prognostic marker in multivariate analysis (p=0.0439). The Stat3 
and PhosphoStat3 (Tyr705) levels were independent of each other, suggesting 
from this cohort that Stat3 activation in RCC was due to increased Tyr705 
phosphorylation rather than Stat3 overexpression. 

9.        HEMATALOGIC CANCER 

While many studies have investigated STATs in lymphoma, 
myeloma and leukemia, only a few studies have correlated expression or 
activity with patient outcome or treatment response. Future investigations of 
the value of JAKs and STATs in predicting prognosis and therapeutic 
response will be of great interest in the treatment of hematologic cancers. 

9.1      Hodgkins lymphoma (HL) 

IHC analysis of nuclear Statl and nuclear Stat3 expression on a 
tissue microarray containing 288 HL biopsies by Garcia et al. (47) found that 
there were 236/267 cases positive for Statl (88.4%) and 145/261 cases 
(55.6%) positive for Stat3 in the Hodgkin and Reed-Stemberg (HRS)   cells. 
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Comparisons with the 27 other markers investigated in the HRS cells on this 
cohort by IHC or ISH showed statistically significant direct relationships 
between Statl and Bax, CDKl, CDK2, Epstein-Barr Virus (EBV), Mibl (Ki- 
67), NF-KB, Stat3 and TUNEL. Stat3 expression was directly correlated with 
EBV, Mibl and Statl. Survival analysis of classical HL cases using Kaplan- 
Meier curves and Cox regression showed a trend for association of high 
nuclear Stat3 expression and shorter survival, although it was not statistically 
significant (p=0.06). Analysis of HL samples by Chen et al. (28) foimd that 
nuclear Stat3 staining was seen in both EBV positive and EBV negative 
malignant HRS cells. Statl IHC showed low levels of nuclear staining in the 
EBV negative sample, but only cytoplasmic staining in the EBV positive 
tissue. 

StatSa expression by IHC was investigated by Hinz et al. (48) after 
StatSa was found to be expressed at high levels in HRS cell lines compared to 
non-HRS cells in microarray analyses looking for target genes of NF-KB. 

Analysis of 24 classical HL cases by IHC showed that high cytoplasmic and 
nuclear staining was seen in over 80% of the HRS cells in the lymph node 
sections compared to adjacent benign cells. StatSa staining was weaker in 
lymphocyte predominance Hodgkins disease malignant and histocytic cells 
(only 4 of 14 cases positive for StatS nuclear staining) compared to classical 
HL. 

9.2      Non-Hodgkins lymphoma (NHL) 

A set of 149 NHL cases were examined for Stat3 expression by 
Zamo et al. (49), which included 64 anaplastic large cell lymphoma (ALCL) 
cases, of which 21 were anaplastic lymphoma kinase positive (ALK+) cases 
and 43 cases were ALK negative (ALK-). Immunoblotting with PhosphoStat3 
showed that the ALK+, but not ALK-, tumors showed detectable levels of 
PhosphoStat3. IHC analysis of Stat3 showed that 20/21 ALK+ tumors (95%) 
had nuclear Stat3 tumor cell staining, while only 1/43 ALK- tumors (2%) had 
nuclear Stat3 staining and the rest had cytoplasmic Stat3 staining. Other types 
of ALK- NHL were examined for Stat3 by IHC and only 4/85 cases (5%) 
exhibited positive nuclear Stat3 staining, suggesting that Stat3 activation is 
largely correlated with expression of ALK in NHL. 

Examination of cutaneous T-cell lymphoma patients' skin lesions by 
Qin et al. (50) showed that all 6 mycosis fiingoides samples and all 6 Sezary 
syndrome lesions had cytoplasmic Statl, Stat2, Stat3 and Stat6 staining of 
malignant T cells by IHC. Some of the samples also had strong nuclear 
staining, and all had nuclear StatS staining, but without any significant 
correlation to disease progression. Peripheral blood mononuclear cells of 14 
Sezary syndrome patients analyzed by Zhang et al. (51) showed that 9/14 
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(64%) had strong basal phosphorylated Jak3. Those same cases were also all 
positive for StatS phosphorylation, and 4 were positive for Stat3 
phosphorylation (2 w eak, 2 strong). Amplification o f Ja k2 w as detected b y 
comparative g enomic amplification of 16 aggressive B-cellNHL cases in a 
study by Wessendorf et al. (52). 

Microarray analysis comparisons between 9 common mantle cell 
lymphoma samples and 9 blastoid variant samples showed more fi-equent 
upregulation of several Stat3 downstream signaling targets (c-myc, Bcl-2 and 
pim-1) in the blastoid variants than in the mantle cell 1 ymphomas (53). In 
another study of mantle cell lymphomas, Lai et al. (54) found that all 8 
mantle-cell tumors investigated (7 small cell type, 1 blastoid variant) 
expressed PhosphoStat3 (Tyr705) and variable levels of PhosphoStat3 
(Ser727) b y b lotting. I mmunofluorescence w ith P hosphoStat3 ( Tyr705) a nd 
PhosphoStat3 (Ser727) on four additional tumors showed nuclear expression, 
while Stat3 expression was predominantly cytoplasmic. The cases had more 
nuclei positive for PhosphoStat3 (Tyr705) than PhosphoStat3 (Ser272). 

9.3      Phosphorylated STAT expression in HL and NHL 

PhosphoStat3 (Tyr705), PhosphoStatS (Tyr694) and PhosphoStat6 
(Tyr641) expression was studied by Skinnider et al. (55) by IHC in both HL 
and NHL cases, including many subtypes'^. Positive nuclear PhosphoStat3 
(Tyr705) expression was seen in a significant number of cells in the reactive 
infiltrate and in HRS cells in 27/31 classical HL cases (87%), but with no 
significant difference according to subtype. Positive nuclear PhosphoStat3 
(Tyr705) staining was not specific for classical HL as it was also seen in non- 
classical HL including NLPHL (50%), DLBCL (38%), TCRBCL (60%), 
ALCL (83%), and PTCL (60%). 

Positive PhosphoStatS (Tyr694) nuclear staining was observed in 
only 8/31 classical HL cases (26%), but was not seen in LDHL, NLPHL, 
DLBCL, TCRBL, and PTCL cases. Among ALCL cases, 3/6 (50%) were had 
positively stained nuclei. 

Positive nuclear PhosphoStat6 (Tyr641) staining occurred in HRS 
cells in 25/32 classical HL samples (78%), with differential expression 
according to subtype. NSHL cases had significantly higher rates of positive 
expression than MCHL or LDHL cases. Positive nuclear expression was 

'^ AL. CL = anaplastic large cell lymphoma with a T/null cell phenotype (6 cases), classical. 
HL (32 cases), DLBCL = diffuse large B-cell lymphoma (8 cases), LDHL = lymphocyte- 
depletion HL (3 cases), MCHL = mixed cell HL (8 cases), NLPHL = nodular lymphocyte 
predominance HL (4 cases), NSHL = nodular sclerosis HL (21 cases), PTCL = unspecified 
peripheral. T-cell lymphoma (5 cases), and TCRBCL = T-cell-rich B-cell lymphoma (5 
cases) 
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significantly associated with IL-13 expression as determined by ISH analysis. 
PhosphoStat6 (Tyr641) nuclear staining was also seen in TCRBCL and ALCL 
cases, but not in NLPHL, DLBCL or PTCL cases. There was no correlation 
between EBV LMP-1 expression and PhosphoStatS (Tyr705), PhosphoStatS 
(Tyr694) or PhosphoStat6 (Tyr641) expression in HRS cells of classical HL 
cases. 

9.4      Myeloma 

STAT activity was evaluated in the mononuclear fraction of 24 
multiple myeloma p atient bone marrow sp ecimens b y C atlett-Falcone e t a 1. 
(56). EMSA analysis showed that a third of patients had high elevation in 
activated STAT levels, compared to normal bone marrow samples which had 
little or no STAT activation. Supershift analysis revealed that Stat3 
homodimers and Statl:Stat3 heterodimers were the predominant activated 
STAT species, with a low fi-equency of Statl homodimers and no StatS 
activation seen in the samples. 

9.5      Leukemia 

The role of STAT activation in leukemogenesis has been studied 
because many cytokines involved in the proliferation and survival of 
hematopoetic cells cause activation of STAT signaling. Amongst the several 
types of leukemia samples examined in the studies below, it appears that 
Statl, Stats and StatS are activated in acute leukemia. Studies thus far have 
primarily focused on acute myelogenous leukemia and suggest that STAT 
activity is linked with poorer prognosis. 

9.5.1     Acute Myelogenous Leukemia 

Acute myelogenous leukemia (AML) is characterized by clones of 
malignant myeloid cells that results in aberrant production of hematopoietic 
cells. In a study of bone marrow cells from 63 AML patients with associated 
treatment information and follow-up time of 4 years, Benekli et al. (57) 
examined the pre-treatment 1 evels of Stat3a a nd S tat3p b y i mmunoblotting 
and Stat3 activity levels by EMSA. There was no significant association 
between Stat3 isoform expressed and Stat3 activation status. Stat3 activity 
was seen in 28/63 patients (44%) but no activity was present in the monocytes 
or granulocytes from 3 normal donor blood samples. Stat5 activity was seen 
in 11/50 patients (22%). Stat3 activity showed significantly shorter disease- 
free survival by univariate analysis (p=0.01) and Kaplan Meier curves than 
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patients without Stat3 activity; the subset with StatSp expression had a 
significantly shorter disease fi'ee survival time (p=0.006) than the remaining 
patients. The bone marrow aspirates or peripheral blood from 24 AML 
patients were examined by Biethahn et al. (58) and showed that 9/24 patients 
were completely deficient in at least one of the 4 JAK proteins. Statla, 
Statip, Stat3aand Stat3|3 proteins were seen in a 1124 patients, with the a 
isoform having higher levels than the p isoform. StatS protein was present in 
21/24 (88%) patient samples. 

Varying fi-equencies of AML patient samples with ST AT activation 
and expression have been reported. Hayakawa et al. (59) studied STAT 
tyrosine phosphorylation status of AML samples and found that Stat3 
phosphorylation occurred in 17/23 AML cases (74%) and StatS tyrosine 
phosphorylation occurred in 40/50 cases (80%). Stat3 activation and Stat5 
activation occurred together in about 70% of samples and were 
correlated (p=0.04). Stat5 phosphorylation status was correlated with 
EMSA analysis, and there was no phosphorylated Stat5 in normal bone 
marrow cells. Stat5 isoform phosphorylation levels were fiirther studied in a 
subset of 20 samples which showed that 15/20 (75%) expressed 
phosphorylated Stat5a and 18/20 (90%) expressed phosphorylated StatSb. 20 
pretreatment AML patients' peripheral blood cell blasts examined by 
Schuringa et al. (60) showed that 25% of samples had activated 
(phosphorylated) Stat3 by western blotting for both PhosphoStat3 (Tyr705) 
and PhosphoStat3(Ser727). 

Gouilleux-Gruart (61) assessed the activation status of samples from 
5 AML patients for several STATs. Statl was activated in 1/4 samples, Stat3 
was activated in 5/5 samples, and Stat5 was activated in 2/5 samples, 
compared to no activation in normal control samples. Analysis of AML 
samples by Testa et al. (62) by EMSA determined that 2/15 samples (13%) 
had activated Stat5, which was confirmed by western blotting for Phospho- 
tyrosine Stat5. Weber-Nordt et al. (63) found activation of Statl and Stat3 in 
10/14 AML samples but no activation in normal mononuclear cells. AML 
samples examined by Frank et al. (64) for tyrosine and serine phosphorylation 
status of Statl and Stat3 showed that Statl (8/26 tyrosine, 5/10 serine) and 
Stat3 (3/16 tyrosine, 5/10 serine) phosphorylation was present in samples. 
Normal B lymphocytes or tonsil CD5+ B cells did not have phosphorylation. 

Xia et al. (65) analyzed 36 newly diagnosed AML pretreatment bone 
marrow samples by EMSA and found that 10/36 (28%) had activated Stat3, 
8/36 (22%) had activated Stat5, and 0/10 samples had activated Stat6. In 27 
samples analyzed for isoforms, 21/27 samples (79%) express the P isoforms. 
This study was followed up with analysis by the same group of the 
relationship between STAT activation and relapse with 17 additional 
patients(65). Stat3 activation was detected in 13/17 (76%)) of AML samples at 
diagnosis and 4/17 (24%) upon relapse. Stat5 activation was detected in 3/17 
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samples (18%) a diagnosis and only 2/17 (12%) at relapse. There were 12/17 
pretreatment samples (71%) expressing Statp isoforms and 16/17 (94%) 
expressing it at relapse. However, there was no significant correlation of 
ST AT activity or isoform expressed with duration of remission or karyotypic 
changes upon relapse. 

9.5.2 Acute Lymphoblastic Leukemia 

Only two studies so far have assessed STAT levels in acute 
lymphoblastic leukemia (ALL). Weber-Nordt et al. (63) observed StatS 
activation in 3/5 T-ALL (60%) and in 12/19 B-ALL samples (63%.), but no 
activation in normal mononuclear cells. Gouilleux-Gruart (61) assessed the 
activation status of 2 ALL samples, and found 1/3 patients (33%) had 
activated Statl, and 3/3 patients (100%) had activated StatS, compared to no 
activation in normal control samples. B-ALL samples examined by Frank et 
al. (64) for Statl and Stat3 tyrosine and serine phosphorylation status showed 
phosphorylation of Statl (6/10 tyrosine, 5/10 serine) and Stat3 (9/10 tyrosine, 
5/10 serine). Some T-ALL samples were also phosphorylated for Statl (6/10 
tyrosine, 2/10 serine) and Stat3 (2/10 tyrosine, 4/10 serine). 

9.5.3 Chronic Myelogenous Leukemia 

The hallmark of chronic myelogenous leukemia (CML) is a 
translocation between chromosome 9 and chromosome 22 (Philadelphia 
chromosome translocation) that results in activation of the BCR/abl fusion 
gene, which may directly activate STAT signaling (66). Landolfo et al. (67) 
found that Statl was activated either constitutively or after in vitro IFN-a 
stimulation in 6/9 CML samples which were the complete responders. None 
of the IFN-a resistant cases expressed Statl suggesting that Statl shows a 
predictive correlation resistance of response to IFN-a in vitro in this small 
cohort. Analysis of 4 CML samples by Bruchova et al. (68) using cDNA 
microarrays did not find overexpression of STATs, but rather, transcriptional 
downregulation of Stat2 and StatS compared to controls. It will be interesting 
to determine the protein levels of STATs in a larger cohort to see if they are 
overexpressed as suggested by activation of BCR/abl, or downregulated. 

9.5.4 Chronic Lymphoblastic Leukemia 

Chronic lymphoblastic leukemia (CLL) is characterized by clonal 
expansion of B-lymphocytes that express CDS and slowly accumulate. 
Investigation of 13 CLL lymphocyte samples by Frank et al. (64) 
demonstrated that Statl (0/13 tyrosine, 32/32 serine) phosphorylation levels 
and   Stat3   (0/13   tyrosine,   32/32   serine)   phosphorylation   levels   were 
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significantly different (p<0.001) compared to other leukemias; normal B 
lymphocytes or tonsil CD5+ B cells did not have phosphorylation. CLL was 
the only type with consistent serine phosphorylation. 

B-cell chronic lymphoid leukemia (B-CLL) is highly heterogeneous 
and usually sensitive to DNA damage, and responding by undergoing 
apoptotic death. However, there is a clinically distinct subset of B-CLL that is 
resistant to in vitro apoptotic induction. Microarray analysis by Vallat et al. 
(69) found that Statl was one of the genes that was constitutively 
downregulated in the 4 BCLL resistant samples compared to the 3 sensitive 
samples. Their results were verified in 15 additional samples (7 sensitive, 8 
resistant) by RT-PCR. 
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The recent development of tissue microarrays—composed of 
hundreds of tissue sections from different tumors arrayed on a 
single glass slide—^facilitates rapid evaluation of large-scale 
outcome studies. Realization of this potential depends on the 
ability to rapidly and precisely quantify the protein expression 
within each tissue spot. We have developed a set of algorithms 
that allow the rapid, automated, continuous and quantitative 
analysis of tissue microarrays, including the separation of 
tumor from stromal elements and the sub-cellular localization 
of signals. Validation studies using estrogen receptor in breast 
carcinoma show that automated analysis matches or exceeds 
the results of conventional pathologist-based scoring. 
Automated analysis and sub-cellular localization of beta- 
catenin in colon cancer identifies two novel, prognostically sig- 
nificant tumor subsets, not detected by traditional 
pathologist-based scoring. Development of automated analy- 
sis technology empowers tissue microarrays for use in 
discovery-type experiments (more typical of cDNA microar- 
rays), with the added advantage of inclusion of long-term de- 
mographic and patient outcome information. 

Despite the promise of automated analysis of histologlcal sec- 
tions, it has failed to replace traditional, pathologist-based 
evaluation, even in the simplest of conditions such as the 
analysis of Immunohlstochemlcal stains. Whereas the auto- 
mated analysis of isolated cells in fluids or smears (for example, 
fluorescent cell sorting and laser scan cytometry) is now rou- 
tine', the analysis of tissue sections is hampered by the fact that 
tumor tissue is a complex mixture of overlapping malignant 
tumor cells, benign host-derived cells and extracellular mater- 
ial. Several methods (including confocal and convolution/de- 
convolution microscopy) can determine the subcellular 
localization of target antigens, but only through computation- 
ally intensive techniques, requiring the acquisition of multiple 
high-power, serial images^. Methods designed for tissue mi- 
croarrays perform only limited subcellular localization using 
morphometry and usually require significant manual interface 
(for example, drawing polygons around tumor cells)''^. In gen- 
eral, pathologist-based analysis remains the current standard 
for the immunohistochemical studies. 

Tissue microarrays provide a high-throughput method of an- 
alyzing the prognostic benefit of a myriad of potential targets 
on large cohorts of patient samples'"', but are limited by the 
pathologist's ability to reproducibly score on a continuous 
scale, discriminate between subtle low-level staining differ- 
ences, and accurately score expression within subcellular com- 
partments. We have developed a set of algorithms that we call 
AQUA (Automated Quantitative Analysis) that allow the rapid, 
automated analysis of large-scale cohorts on tissue microarrays. 
The first algorithm, called PLACE (pixel-based locale assign- 

ment for compartmentalizatlon of expression) utilizes fluores- 
cent tags to separate tumors from stroma and to define subcel- 
lular compartments. The distribution of a target antigen is then 
quantitatively assessed according to its co-localization with 
these tags. As subcellular compartments (for example, mem- 
brane, cytoplasm, nuclei and so forth) of different tissues and 
tumors vary widely in size and shape, traditional methods of 
defining compartments based on morphometric criteria (that 
is, feature extraction) perform poorly on a large-scale basis. 
Rather than counting target-containing features, PLACE delin- 
eates target expression as the sum of its intensity divided by the 
total size of the assayed compartment. 

As the thickness of tissue sections makes it difficult to dis- 
criminate between overlapping subcellular compartments, we 
have also developed a novel, rapid exponential subtraction al- 
gorithm (RESA), which subtracts an out-of-focus image, col- 
lected slightly below the bottom of the tissue, from an in-focus 
image, based on pixel intensity, slgnal-to-noise ratio, and the 
expected compartment size. This algorithm dramatically im- 
proves the assignment of pixels to a particular subcellular com- 
partment (Fig. 1). For a more complete discussion of the image 
manipulations performed in this protocol, see Supplementary 
Methods or http://www.yalepath.org/dept/research/YC- 
CTMA/tisarray.htm. 

Validation of AQUA algorithms 
Our initial validation of this technology compared its accuracy, 
intra-observer variability, and predictive power to traditional 
pathologist-based analysis. We stained a tissue microarray de- 
rived from 340 node-positive breast-carcinoma patients for the 
presence of estrogen receptor (ER)—the oldest and most com- 
mon prognostic marker for breast cancer*. First we analyzed the 
ability of automated analysis to match results from a patholo- 
gist-based evaluation and found a high degree of correlation {R 
= 0.884, Fig 2a). Next, we compared the variability of a pathol- 
ogist-based and automated analysis of two separate histospots 
derived from the same tumor (Fig. 2b and c). This comparison 
shows that automated analysis has slightly better reproducibll- 
ity {R = 0.824 versus R = 0.732). 

Although automated analysis compares favorably with 
pathologist-based interpretation of microarrays, the true crite- 
rion standard Is outcome prediction. Estrogen receptor expres- 
sion is known to significantly improve outcome, because it is 
associated with less aggressive tumors that are more responsive 
to anti-estrogenics (for example, Tamoxifen). We compared 
the survival of patients with tumors with high (top 25%) versus 
low (bottom 25%) ER expression as assessed by both automated 
and pathologist-based scoring (Fig. 2d). Results show that both 
methods provide similar prognostic information (i?R = 2.44 
versus 2.06, automated versus pathologist); although the auto- 
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Fig. 1 RESA allows the accurate assignment of subcellular compart- 
ments and localization of a target antigen, a, A pseudo three-color image 
of a colon carcinoma shows a significant degree of overlap between sub- 
cellular compartments: Blue, nuclei (DAPI); green, tumor mask (cytol<er- 
atin); red, tumor cell membranes (alpha-catenin). b, The signal Intensity 
of a target antigen, p-catenin (inset), is redistributed according to the rel- 
ative signal intensity of the compartments identified in o: Blue, nuclear-lo- 
calized; red, membrane-localized; green, cytoplasmic. Note that the 
P-catenin expression in this tumor is predominantly membrane-associ- 

ated, yet there is significant incorrectly assigned signal in the nucleus: ma- 
genta and blue pixels, c. The compartment-specific signals in o are reas- 
signed using the RESA algorithm, reducing the amount of overlapping 
signal by exponentially subtracting pixel intensity from an out-of-focus 
image, rf. The signal Intensity from an exponentially subtracted image of 
the target antigen, p-catenin (inset) is then redistributed according to the 
compartments defined in c. This results in more accurate assignment of 
the target antigen to the membrane compartment (red pixels) with little 
expression in the nuclear compartment (blue pixels). 

mated analysis shows slightly higher significance (P = 0.0003 
versus P = 0.0020). Univariate analysis of the automated analy- 
sis shows a relative risk of 2.438 (P = 0.0005, 95% CI 
1.480-4.016). When analyzed in a multivariate analysis against 
histological and nuclear grades, age and stage, automated ER 
analysis retains independent prognostic significance (i?R = 
2.566, 95% CI 1.428-4.611, P = 0.0016). The pathologist-based 
analysis shows similar results, validating the cohort (see 
Supplementary Methods). 

To determine the reproducibility of our automated analysis of 
ER, we used the 'split-sample technique,' by dividing the cohort 
into halves and using one half as a 'training' set and the other as 
a 'test' set'. The training set was used to determine standard cut- 
offs for the top and bottom 25% of cases. These cutoffs were 
then used to divide the test set into top, middle and bottom 

a 

groups. We analyzed 300 randomly selected training and test 
sets; on average 97% of the test cases were correctly classified. 

One clear advantage to automated analysis is that it can per- 
form a true continuous assessment of a target. In contrast, the 
human eye, even that of a trained pathologist, has a difficult 
time accurately distinguishing subtle differences in staining in- 
tensity using a continuous scale. Consequently, scoring sys- 
tems for pathologists tend to be nominal (for example, 0, 1+, 
2+, 3+). Algorithms such as the 'H-score' are meant to translate 
such nominal observations into semi-quantitative results. 
However, the inability to detect subtle differences in staining 
intensity, particularly at the low and high ends of the scale, as 
well as the tendency to round scores limits the effectiveness of 
the H-score. The discontinuity of pathologist-based scoring, 
despite the use of an H-score algorithm, is exemplified in the 

2S       75      125      175     225     275 
Pathologist-based score -Array 1 

25       75      125      175     225     275 
Pathologist-based score -Array 1 

3 6 7a 
Automated score-Arrayl (xlOO) 

Fig. 2 Automated and pathologist-based scoring of ER shows a high degree of correlation and 
equal power in predicting outcome, a, Two replicate tissue microan-ays of 345 node-positive breast 
carcinomas were stained and scored by a pathologist using a traditional H-score algorithm. Note 
that despite good con-elation (R = 0.732), there is significant discontinuity in the scoring pattern 
with numerous scores clustered around the high and low-end of the scale, b, Automated analysis 
was performed using the RESA and PLACE algorithms and compared to the pathologist's score with 
a high degree of correlation (fi = 0.884). c, A comparison of two automated reads of two different 
microarrays derived from the same cohort also shows excellent con-elation (R = 0.824). d. To deter- 
mine the potential of each system to predict outcome, survival curves were plotted for the top and 
bottom 25% ER expressers using each scoring system: Red, automated; blue, pathologist-based; 
dotted, top 25%; solid, bottom 25%. Both systems provided a statistically significant survival differ- 
ence (P= 0.0003 and P= 0.0020, automated and pathologist-based, respectively). 
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Fig. 3 Increasing levels of nuclear p-catenin associate with an increasingly poor prognosis. The 
relative amount of nuclear-associated P-catenin was analyzed in our cohort of 310 colon carcino- 
mas, o, Analysis of nuclear p-catenin levels In a pathologist-based analysis using a 4-point scale 
(0-3+) fails to find a significant survival difference when comparing tumors with the highest levels 
of nuclear localized p-catenin (3+, 19% of cases) versus the remaining cases (P = 0.2354). b-d, In 
contrast, automated analysis of tumor subsets with higher and higher levels p-catenin show in- 
creasingly poorer survival, with increasing significance: b, top 25%, P = 0.0760; c, top 10%, P = 
0.0309; d, top 6.7%, P= 0.0028). Insets show the frequency distribution of intensity scores for 
each analysis with the selected subset in black (the x-axes for the insets are not shown but extend 
linearly from 1 to 1000). The relative risk of death at each level similarly increased with higher lev- 
els of nuclear p-catenin (RR = 1.404 (P = 0.0776, 95% Cl 0.963-2.045), RR = 1,740 (P = 0.0332, 
95% Cl 1.045-2.898), and RR = 2.415 (P= 0.0038, 95% C.I. 1.330-4.386), respectively). 
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ER staining results in Fig. 2. Note the preponderance of scores 
at 0, 100, 200 and 300. Furthermore, on average, over half of 
the cases were assigned to one extreme or the other (39% at 0 
and 12% at 300). Thus 51% of the cases could not be effectively 
ranked. In contrast, the range of scores from the automated 
analysis is continuous from 0 to 1000. We hj^jothesize that the 
two key advantages of automated assessment, continuity of 
scoring and accurate subcellular localization, will allow tumor 
classification beyond that attainable by current methods. 

Compartmental analysis of beta-catenin expression 
To demonstrate this potential, we analyzed p-catenin expres- 
sion in colon cancer, p-catenin is an ideal candidate in that it 
exhibits complex subcellular localization and manifests onco- 
genic properties upon localization to the nucleus'". Numerous 
studies have shown that p-catenin plays a dual role in both 
cell-cell adhesion and cell proliferation, depending on its loca- 
tion". Membrane-associated p-catenin stabilizes cadherins- 
mediated adhesion by facilitating the cytoskeletal attachment 

of adhesion complexes. In contrast, nuclear-associated p- 
catenin activates several genes important in cell proliferation 
and invasion". In development, translocation of P-catenin to 
the nucleus results from w«t-mediated cell signaling". 
However, spurious activation of this pathway is often seen in 
tumors through mutation of P-catenin or other proteins in- 
volved in its activation and/or degradation". Studies on the 
prognostic value of p-catenin have been mixed'"'. 

The complex biology and uncertain prognostic value of p- 
catenin made it a suitable candidate for assessing the value of 
quantitative subcellular localization. We studied a cohort of 
310 colon cancers, using both pathologist-based and auto- 
mated systems for scoring overall, nuclear and membrane-asso- 
ciated levels of p-catenin expression. Manual analysis used a 
traditional 4-point nominal scale (0 through 3+), whereas auto- 
mated analysis used a continuous 1,000-point scale. In a previ- 
ous study using a similar cohort, we were unable to find 
prognostic value in assessing nuclear p-catenin levels". These 
data were confirmed in our present study when comparing tu- 
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Fig. 4 Unlike analyses of overall p-catenin expression, automated, 
subcellular localization of p-catenin can predict outcome in colon carci- 
noma, a, Overall p-catenin levels in a cohort of 310 colon cancers were 
evaluated by a pathologist using a 4-point scale (0-3+). Survival analysis 
of tumors with the lowest (0) versus highest (3+) overall p-catenin ex- 
pression was not significant (P= 0.9425). b. Similarly, automated analy- 
sis of overall p-catenin levels, comparing cases in the top and bottom 
25%, failed to detect a survival difference (P = 0.4551). c. In contrast, 
the ratio of nuclear to membrane p-catenin, as assessed by automated 

analysis, demonstrates that tumors with higher relative nuclear expres- 
sion do worse than those with higher relative membrane expression (P= 
0.0264, top versus bottom 25% of cases, RR = 1.718, 95% Cl = 
1.059-2.787). Note that the nuclear/membrane ratio identifies a large 
subset (25%) of tumors with poor prognosis, the majority of which are 
not identified by analyzing individual subcellular compartments. 
Indeed, comparison of tumors with high nuclear/membrane ratios (top 
25%) versus those with high nuclear p-catenin (top 25%) shows that 
there is only 47% overlap. 
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mors expressing the highest levels of nuclear p-catenin (3+, 
representing 19% of the cases) versus the rest (Fig 3a) (P = 
0.2354). We hypothesized that with the benefit of automated, 
continuous assessment, these 3+ cases could be subdivided into 
cases expressing very high versus high levels. We began by an- 
alyzing the top 25% of tumors expressing nuclear p-catenin, as 
assessed by automated analysis. This group shows a trend to- 
ward poorer survival (Fig 3b) (P = 0.0760). When we subset the 
tumors to assess the top 10% expressers, there is a statistically 
significant survival difference (Fig. 3c) (P = 0.0332, relative risk 
= 1.740). Further fractionation of the data reveals that the top 
6.7% (15"" percentile) exhibit even poorer survival with a 
higher statistical significance (Fig. 3d) (P = 0.0038, relative risk 
= 2.415). This analysis demonstrates the power of continuous 
automated assessment to define subsets of tumors not seen 
using standard pathologist-based assessment. Unlike p-catenin, 
subdividing ER into smaller and smaller subsets does not signif- 
icantly alter its prognostic ability, suggesting that ER may be a 
truly continuous marker where no subpopulations exist. 

Tumor classification using the AQUA algorithms 
We then attempted a tumor classification based on comparative 
subcellular localization. As the translocation of p-catenin from 
the membrane to the nucleus is thought to correlate with tran- 
scriptional activation, we analyzed the ratio of nuclear to mem- 
brane-localized P-catenin. By its nature, this type of analysis is 
essentially impossible without continuous scoring. A crude mea- 
surement of overall p-catenin levels using either a pathologist- 
based or an automated system fails to demonstrate a significant 
difference in survival between the highest and lowest expressing 
tumors (Fig. 4, a and b,P= 0.9425 and P = 0.4551, respectively). 
In contrast, when we ratio the level of nuclear/membrane P- 
catenin, we find that tumors with a high ratio have a worse out- 
come than tumors with a low ratio {KR = 1.718, P = 0.0284). Note 
that this method defines a relatively large subset (25%) of tumors 
with poor prognosis, the majority of which are not identified by 
analyzing individual subcellular compartments. Indeed, a com- 
parison of the tumors with the highest nuclear/membrane ratio 
(top 25%) versus the highest overall nuclear levels of p-catenin 
(top 25%) shows that there is only 47% overlap between the two 
subsets. Multivariate analysis of nuclear/membrane p-catenin ra- 
tios shows independent prognostic significance when analyzed 
with depth of invasion, nodal status, tumor grade and patient age 
(PR = 1.865, 95% CI = 1.068-3.259, P = 0.0285). In contrast, mul- 
tivariate analysis of total nuclear p-catenin levels fails to show in- 

Methods 
Tissue microarray design and processing. Paraffin-embedded 
formalin-fixed specimens from 345 cases of node-positive breast 
carcinoma (1962-1977) and 310 cases of colon carcinoma 
(1971-1982) were obtained, as available, from the archives of 
the Yale University Department of Pathology. Microarray slides 
were prepared, processed and stained as described in the 
Supplementary Methods online. For manual analysis, slides were 
visualized with diaminobenzidine (DAB). For automated analy- 
sis, slides were visualized with Cy-5 tyramide. 

Image and data analysis. Monochromatic images of tissue 
microarray histospots were obtained using fluorescently la- 
beled compartment specific tags (anti-cytokeratin, DAPI, a- 

dependent prognostic significance because it is highly correlated 
v«th nodal metastases (see Supplementary Methods online). 

The methods presented here are highly adaptable to a num- 
ber of tumor types and target markers. In most cases, compart- 
ment-specific tags are identical regardless of tumor type (DAPI 
for nuclei, cadherins/catenin complexes for membranes). 
Because the methods do not use heuristic models that require 
recognition of compartments according to size, shape or tex- 
ture, they are fully adaptable to tumors with overlapping or 
pleomorphic cells and/or nuclei. Furthermore, the algorithms 
can be easily expanded to cover novel compartments or even 
'virtual' compartments (for example, mitochondria, lyso- 
somes, cortical actin ring) or tumor types (for example, 
mesothelioma), as long as tags can be identified for the 
prospective compartments/cell types. In addition to ER and 
P-catenin, we have used these techniques to successfully ana- 
lyze dozens of markers, including growth factor receptors, in- 
tracellular signaling molecules, and proliferation markers, 
using both conventional and phospho-specific antibodies (see 
Supplementary Methods online). Analysis of these targets re- 
quires only a standard antibody titration. 

We have found that most antigens benefit from subcellular 
localization. Localization can be simple, such as determining 
the amount of the proliferation marker KI-67 in tumor nuclei, 
or more complex as in the case of P-catenin. Localization of in- 
tracellular signaling molecules (for example, STATs) may be 
vital in assessing their potential as prognostic markers. In addi- 
tion, recent studies have shown that membrane-bound growth 
factor receptors (for example, epidermal growth factors, EGFR 
and ERB-B4, and fibroblast growth factor) can translocate to 
the nucleus and may act as transcriptional regulators". 
Subcellular localization of such markers may be critical to their 
use as prognostic markers in cancer. 

Depending upon the array size, and the complexity of the 
compartmentalization, analyses using our current device take 
from 1-3 hours for image acquisition, and 1-2 hours for analy- 
sis. In our laboratory, the average pathologist-based analysis 
rate is 50-100 spots per hour and usually is performed in sev- 
eral sessions. To increase precision, two or more pathologists 
read the same array independently and then together to re- 
solve discrepancies. Aside from being more accurate and more 
robust, automated analysis can be performed continuously and 
results tabulated immediately. We estimate that a fully inte- 
grated tissue microarray reader could be 30 to 50 times faster 
than pathologist-based scoring. 

catenin) as well as target signals (ER and p-catenin). Regions of 
tumor were identified using a mask derived from a ubiqui- 
tously expressed epithelial-specific antigen (either cytokeratin 
or a-catenin). Images were analyzed using RESA and PLACE al- 
gorithms as detailed in the Supplementary Methods online. 
Results were expressed as the intensity of the target signal in 
each compartment divided by the compartment. For ER, only 
nuclear-localized signal was used; for p-catenin total signal, 
the ratios of nuclear-to-membrane signal and nuclear-to-total 
signal were analyzed. Overall survival analysis was assessed 
using Kaplan-Meier analysis and the Mantel-Cox log-rank 
score for assessing statistical significance. Relative risk was as- 
sessed using the univariate and multivariate Cox-proportional 
hazards model. 
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Our data show that quantitative, continuous-scale, compart- 
mentalized automated analysis of tissue microarrays can pro- 
vide a rapid assessment of prognosis-based subsets in a variety 
of tumor markers that cannot be attained using pathologist- 
based techniques. Automated analysis is better able to discern 
subtle differences in staining intensity, particularly at the 
upper and lower extremes, which can distinguish novel prog- 
nostic associations. Furthermore, analysis of the subcellular 
distribution of certain signals, using the PLACE and RESA algo- 
rithms may elucidate previously unrecognized associations 
with patient survival. The automated nature of this technology 
can allow high-throughput screening of tissue microarrays, fa- 
cilitating their use in large-scale, high-throughput applications 
such as target discovery and prognostic marker validation. If, 
someday, diagnostic criteria are based on molecular expression 
patterns, the digital nature of this analysis could allow a device 
of this type to make specific molecular diagnoses. 

Note: Supplementary information available on the Nature Medicine website. 
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Abstract 

Using a tissue microarray cohort of 300 breast cancers and 84 samples 
of normal breast epithelium, we analyzed HER2/ne« expression and com- 
pared traditional clinical (manual) scoring with a recently developed 
system for the quantitative measurement of immunohistochemical stains 
(AQUA). As expected, both methods identified a population (10-15%) of 
high-HER2-expre$sing tumors with poor 30-year disease-related survival. 
Using AQUA analysis, we found that normal epithelium expresses a low 
but detectable level of HER2 and that 17.5% of tumors exhibit similar 
low-level HER2 expression. This low group was not definable by manual 
scoring. Surprisingly, HER2-normal tumors were as aggressive as HER2- 
overexpressing tumors. Our studies suggest that in situ quantitative meas- 
urement of HER2 stratifies breast tumors into three expression levels: 
normal, intermediate, and high, where both normal and high levels are 
associated with a worse outcome. 

Introduction 

HER2 {neu or erb-B2), a member of the epidermal growth factor 
family, is genetically amplified and overexpressed in aggressive 
breast cancers. High levels of HER2 are associated with poor prog- 
nosis, particularly in node-positive breast carcinoma patients. Re- 
cently, a targeted therapeutic against HER2 has been developed. 
Trastuzumab (Herceptin) is a humanized monoclonal antibody di- 
rected against the extracellular domain of HER2. Treatment of pa- 
tients with metastatic breast carcinoma with Herceptin has shown 
therapeutic benefit, especially when combined with conventional che- 
motherapeutic agents. The association between HER2 expression and 
Herceptin response has stimulated renewed interest in accurately 
assessing HER2 amplification and overexpression. Toward this goal, 
we have developed a system for compartmentalized, automated quan- 
titative analysis of histological sections (AQUA; Ref 1). As with an 
ELISA, AQUA provides highly reproducible analysis of target signal 
expression with use of a continuous, rather than nominal, scale. 
Unlike an ELISA, spatial information, including tissue and subcellular 
localization, is preserved. Using a tissue microarray composed of 
archival breast cancer specimens and normal epithelia, we found a 
bimodal distribution of HER2, where tumors expressing both high and 
normal HER2 levels exhibited poor 30-year disease-specific survival. 

Materials and Methods 

Tissue Microarray Design. Paraffin-embedded, formalin-fixed specimens 
from 300 cases of node-positive invasive breast carcinoma were identified 
from the archives of the Yale University Department of Pathology as available 
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from 1962 to 1977, with a mean follow-up time of 9.6 years. No patients 
received Herceptin during the study period. Complete treatment information 
was unavailable for the entire cohort; however, most patients were treated with 
local radiation and ~ 15% were treated with chemotherapy consisting primarily 
of Adriamycin, cytoxan, and 5-fluorouracil. Approximately 27% subsequently 
received tamoxifen (post-1978). Seven patients had biopsy-proven stage IV 
disease at the time of diagnosis. 

In constructing the microarrays, we identified areas of invasive carcinoma, 
away irom in situ lesions and normal epithelium, and took two 0.6-mm cores. 
We cut 5-/j,m-thick sections of the microarrays and processed them as de- 
scribed previously (2, 3). We previously demonstrated with HER2 that two 
cores replicated the results of an entire slide in >95% of cases (4). An 
additional microarray consisting of 84 samples of normal epithelium was also 
constructed from samples of normal ducts and lobules taken from breast cancer 
patients. Samples were taken away from areas of tumor and assessed histo- 
logically to ensure that they were unaffected by atypical hyperplasia or 
carcinoma in situ. 

Immunohistochemistry. Tissue microarray slides were stained as de- 
scribed (1). In brief, for both manual and automated analysis, slides were 
incubated for 1 h at room temperature with polyclonal anti-HER2 (1:200; 
DAKO Corp., Carpinteria, CA) diluted in Tris-buffered saline containing BSA. 
Previous analysis of titrations of the HER2 antibody demonstrated that higher 
dilutions of anti-HER2 antibody (1:1000~1:8000) more accurately define the 
HER2-high from the HER2-intermediate populations, whereas lower dilutions 
(1:50~ 1:500) distinguish the HER2-normal from HER2-intermediate popula- 
tions.^ In this study we used a concentration (1:200) that sufficiently distin- 
guished all three populations. Goat antirabbit antibody conjugated to a horse- 
radish peroxidase-decorated dextran polymer backbone (Envision; DAKO 
Corp.) was used as a secondary reagent. For manual analysis, slides were 
visualized with diaminobenzidine (DAKO Corp.), followed by ammonium 
hydroxide-acidified hematoxylin. For automated analysis, tumor cells were 
identified by use of a fluorescently tagged anticytokeratin antibody cocktail 
(AE1/AE3; DAKO Corp.). We added 4',6-diamidino-2-phenylindole to visu- 
alize nuclei, and HER2 was visualized with a fluorescent chromogen (Cy-5- 
tyramide; NEN Life Science Products, Boston, MA). Cy-5 (red) was used 
because its emission peak is well outside the green-orange spectrum of tissue 
autofluorescence. 

Automated Image Acquisition and Analysis. Automated image acquisi- 
tion and analysis using AQUA has been described previously (1). In brief, 
monochromatic, high-resolution (1024 X 1024 pixel; 0.5-/Am) images were 
obtained of each histospot. We distinguished areas of tumor from stromal 
elements by creating a mask from the cytokeratin signal. Coalescence of 
cytokeratin at the cell surface helped localize the cell membranes, and 4',6- 
diamidino-2-phenylindole was used to identify nuclei. The HER2 signal from 
the membrane area of tumor cells was scored on a scale of 0-255 and 
expressed as signal intensity divided by the membrane area. 

FISH. FISH" analysis was performed with the PathVysion HER2 DNA 
Probe Kit (Vysis, Downers Grove, IL), using two directly labeled fluorescent 
DNA probes complementary to the UERllneu gene locus (LSI HER2/neu 
SpectrumRed) and to chromosome 17 pericentromeric a satellite DNA 
(CEP 17 SpectrumGreen), according to standard protocols. HER2//jeM gene 
amplification was quantified by comparing the ratio of LSI HER2//!eu to 
CEP17 probe signals in accordance with the PathVysion HER2 DNA Probe 
Kit criteria. We examined 60 nonoverlapping tumor cell nuclei in each histo- 

' R. L. Camp, M. Dolled-Filhart, D. L. Rimm, unpublished observations. 
■* The abbreviation used is: FISH, fluorescence in situ hybridization. 
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spot to determine the average number of HER2/neM and chromosome 17 
copies/cell for each tissue specimen. The ratio of these averages was used to 
determine the presence of HER2/«e« gene amplification. Specimens with a 
HER2/MeM:chromosome 17 ratio >2 were scored as positive for UER2/neu 
gene amplification. 

Data Analysis. Manual scoring of HER2 expression was assessed by a 
pathologist (R. L. C.) using a nominal four-point scale (0 to 3+). Histospots 
containing <I0% tumor, as assessed either subjectively (manual) or by mask 
area (automated), were excluded from further analysis. Previous studies have 
demonstrated that the staining from a single histospot provides a sufficiently 
representative sample for analysis (4, 5). Correlations with other prognostic 
markers were determined by x^ analysis. Overall survival analysis was as- 
sessed by Kaplan-Meier analysis with the Mantel-Cox log-rank score for 
determining statistical significance. Relative risk was assessed by the univa- 
riate and multivariate Cox proportional hazards model. Analyses were per- 
formed with Statview 5.0.1 (SAS Institute, Cary, NC). Patients were deemed 
"uncensored" if they died of breast cancer within 30 years of their initial date 
of diagnosis. 

Results and Discussion 

Validation of Microarray Cohort. To validate our tissue microar- 
ray cohort of 300 node-positive breast cancers, we assessed several 
traditional histopathological markers of malignancy. Using univariate 
analysis of long-term disease-related survival, we found that large 
tumor size, high nuclear grade, low estrogen receptor expression, and 
high number of involved lymph nodes were all significant predictors 
of poor outcome (Table 1). We next assessed the prognostic power of 
HER2 immunohistochemistry, using standard brown staining, visual 
examination by a pathologist, and scoring on a four-point scale (0 to 
3+). Manual analysis showed a typical pattern of HER2 expression 
with 15% of tumors overexpressing the antigen (2+ and 3+; Fig. 15). 
As expected, high-level (3+) tumors showed a significantly worse 
outcome with a relative risk of 2.25 (P = 0.0007; Table 1). Analysis 
ofHER2 gene amplification by FISH was not predictive in our study, 
but this was most likely attributable to the relatively small number of 
cases that, for technical reasons, were scorable (125 of 300; Table 1). 
However, both automated and manual analyses of HER2 protein 
levels were highly correlated with HER2 gene amplification 
(P < 0.0001). The percentage of HER2-amplified cases in each 
manual category were 4.0% (0), 13.7% (1 +), 71.4% (2+), and 75.0% 
(3+), and in each AQUA category were 9.5% (normal), 13.7% 
(intermediate), and 77.8% (high). 

HER2 Expression on Normal Epithelium. We then assessed the 
level of HER2 expression on normal breast epithelium with use of 

Table 1 Univariate analysis of 30-year disease-related survival 

95% confidence 
Marker n P Relative risk interval 

HER2 manual score 0.0071 
0 153 1.00 
1 + 50 0.9383 1.02 0.68-1.52 
2+ 13 0.9763 1.01 0.49-2.08 
3+ 28 0.0007 2.25 1.41-3.58 

HER2 AQUA score 0.0009 
Normal 46 0.0091 1.71 1.14-2.56 
Intermediate 188 1.00 
High 30 0.0013 2.18 1.35-3.51 

HER2 amplification (FISH) 22 0.8121 1.07 0.60-1.90 
Nodal involvement 0.0279 

1-3 68 1.00 
4-9 54 0.6708 1.08 0.75-1.55 
alO 141 0.0086 1.62 1.13-2.33 

Tumor size (cm) 0.0007 
<2 80 1.00 
2-5 53 0.1255 1.33 0.92-1.93 
>5 102 0.0001 2.09 1.43-3.07 

Nuclear grade 
High 95 0.0O40 1.55 1.15-2.08 

Estrogen receptor 
Negative 104 0.0262 1.41 1.041-1.906 

1446, 

automated analysis on a microarray. This epithelium was derived firom 
normal ducts and/or lobules isolated from uninvolved breast tissue 
taken from 84 breast cancer patients. Consistent with previous studies 
using biochemical assays, our results demonstrated a low but detect- 
able level of HER2 in normal epithelium, which was tightly grouped 
into a single peak with a mean of 5 and a SD of 1.5 (AQUA score; Fig. 
\A; Ref. 6). 

Automated Analysis of HER2 Expression in Breast Cancer. In 
contrast to the tightly grouped peak in normal epithelium, HER2 
expression in breast tumors was broadly distributed (Fig. IC). Ex- 
pression levels of HER2 in tumors exhibited a mode similar to that of 
normal epithelium, but with significant skew toward higher-level 
expression. Examination of the histogram suggested that there were 
three naturally occurring populations based on HER2 expression: 
normal, intermediate, and hi^ (Fig. IQ. A discernible break in the 
histogram at AQUA score 25 divided HER2-high from the remaining 
tumors. The remaining tumors could then be subdivided into HER2- 
low and HER2-intermediate groups depending on whether their ex- 
pression levels were greater than the mean HER2 expression on 
normal epithelium + 1 SD (AQUA score <6.5; Fig. 1, ^ and C). On 
the basis of these divisions, 17.5% of the tumors were designated 
HER2 normal, 71.3% were HER2 intermediate, and 11.2% were 
HER2 high. 

Comparison of Manual and Automated Techniques. We then 
compared HER2 expression as gauged by automated and manual 
techniques (Fig. 1, panels C and B, respectively). In contrast to 
AQUA scores, which were continuously scored on a scale of 0-255, 
manual scoring of HER2 expression was performed on a nominal 
four-point scale (0 to 3+). Despite this difference, regression analysis 
demonstrated good correlation between the two methods (r = 0.704). 
However, there was a significant degree of overiap in the automated 
scores of cases fi-om adjacent manually determined groups (Fig. ID). 
Whereas there was a clear division between the histograms of tumors 
scoring 0/1+ and 2+/3+, the distinction between tumors scoring 0 
and 1 + was indistinct. This result shows the difficulty in manually 
translating a biological (continuous) marker into a nominal four-point 
scale. Even for the trained eye of a pathologist, accurate distinction 
between nominal categories (e.g., 2+ versus 3+) is difficult and often 
arbitrary. Indeed, recent studies have demonstrated a significant lack 
of reproducibility in the clinical determination of HER2 levels attrib- 
utable in part to this difficulty (7-9). 

Examination of manual and automated techniques revealed that 
both were equally able to define a population of tumors expressing 
high levels of HER2 with poor outcome (relative risk, 2.25 and 2.18; 
P = 0.0007 and 0.0013, respectively; Table 1). However, unlike 
manual analysis, automated analysis revealed that tumors expressing 
normal levels of HER2 also showed a significantly worse outcome 
(relative risk, 1.71; P = 0.0091; Table 1). Given the amount of 
overiap in the 0 and 1 + categories from manual scoring (Fig. ID), it 
is not surprising that manual assessment of stained slides has not 
previously identified the HER2-normal population. 

Defining the Subpopulation of HER2-normal Tumors. To de- 
termine whether HER2 expression correlated with known prognostic 
markers in our cohort, we assessed possible associations between 
HER2 and hormone receptor status, tumor size, and nuclear grade. 
High-level HER2 expression was correlated with high nuclear grade 
and inversely correlated with estrogen receptor status (Table 2). 

The HER2-normal population showed no significant correlation 
with nodal involvement, tumor size, or estrogen receptor, but did 
show an association with high nuclear grade (P = 0.0494; Table 2). 
Few of the HER2-normal tumors exhibited gene amplification (2 of 
21 examined), ruling out the possibility that in tumors expressing 
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Automated Analysis Manual Scoring 

Fig. 1. Automated analysis of HER2 divides 
tumors into three categories based on tlieir level of 
expression. A, analysis of 84 samples of normal 
epithelium demonstrates a low but detectable level 
of HER2 expression {light blue). Examination of a 
cohort of 300 node-positive carcinomas shows a 
right-skewed histogram {dark blue, green, and 
red). Cases were divided by expression level as 
follows: high (AQUA score >25; red), normal 
(AQUA score less than the mean expression of 
normal epithelium + I SD; dark blue), and inter- 
mediate (between normal and high; green). B, 
manual (visual) analysis of HER2 staining using a 
nominal four-point scale shows that 15% of the 
tumors over-express HER2 (2-H/3-h; inset). 
AQUA scores of tumors separated according to 
their manual score (0 to 3+) show significant 
overlap, particularly between 0 and 1 -I- tumors. C, 
Kaplan-Meier analysis of automated HER2 scores 
shows that both normal and high-level expressers 
do poorly relative to intermediate-level tumors. D, 
Kaplan-Meier analysis of manual HER2 scores 
distinguishes a survival difference only with the 
high (3H-) expressers. 
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normal levels of HER2, the HER2 gene is amplified but the HER2 
protein is not detected. 

Multivariate Analysis of HER2-normal and -high Populations. 
Finally, we determined whether normal or high expression of HER2 
by tumors was an independent predictor of long-term disease-related 
survival. Combined multivariate analysis of HER2 with the traditional 
histopathological markers, nodal involvement, tumor size, nuclear 
grade, and estrogen receptor, demonstrated that both normal- and 
high-level HER2 expression were independently predictive of patient 
outcome (Table 3). 

Our data suggest that HER2 divides cases of node-positive breast 
carcinoma into three categories: normal, intermediate, and high ex- 
pressers. Tumors expressing either normal or high HER2 levels do 
poorly in long-term follow-up. Of particular note are three previous 
studies that have looked at HER2 expression levels using "gold 
standard" biochemical techniques (Western blots and ELISAs; Refs. 
6, 10-13). Two of these studies suggested a bimodal distribution for 
HER2, with both low and high levels correlating with known markers 

of tumor aggression (10-12), but a third found no such distribution 
(13). Because such techniques require fresh tissue for analysis, they 
were unable to assess long-term follow-up on a large cohort of 
patients. The AQUA-based analysis provides quantitative information 
from tissue microarrays constructed from archival tissues; we thus 
were able to examine a large cohort of patients with known long-term 
disease-related survival. Our data show that normal HER2 expression 
is an independent prognostic indicator of poor outcome and demon- 
strate that, unlike manual immunohistochemical analysis, automated 
analysis can identify a patient population that is otherwise detectable 
only by established biochemical assays. 

HER2 overexpression can induce an aggressive phenotype via the 
activation of downstream regulators (e.g., phosphoinositol 3-kinase, 
Erk/MfikP kinase, and Ras; Refs. 14-16). How normal levels of HER2 
could be associated with a similar aggressive phenotype is unknown 
at present. We speculate that these tumors might overexpress another 
growth factor receptor that promotes tumor aggression via a ligand- 
dependent or -independent mechanism. It is possible that expression 

Table 2 Distribution of prognostic markers by HER2 level based on )C analysis 

All cases 

Normal Intermediate High 

P{)?) 

Normal vs. High vs. 
Marker n % (%) (%) (%) intermediate intermediate 

Nodes positive 268 0.8171 0.1891 
1-3 145 54 60 54 43 
4-9 70 26 23 27 33 
2:10 53 20 17 19 23 

Tumor size (cm) 238 0.3033 0.8911 
<2 102 43 35 44 48 
2-5 81 34 44 32 32 
>5 55 23 21 24 20 

Nuclear grade 269 0.0494 0.0011 
High 97 36 45 30 60 

Estrogen receptor 263 0.5325 <0.0001 
Negative 105 40 39 34 77 
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Table 3 MuUivariate analysis of 30-year disease-related survival 

95% confidence 
Marker n P Relative risk interval 

HER2 0.0097 
Normal 42 0.0191 1.68 1.09-2.59 
Intermediate 162 1.00 
High 25 0.0136 1.96 1.15-3.36 

Nodal 0.1058 
involvement 
1-3 60 1.00 
4-9 48 0.5915 1.12 0.73-1.72 
alO 121 0.0353 1.61 1.03-2.53 

Tumor size (cm) <0.0001 
<2 78 1.00 
2-5 52 0.2220 1.31 0.85-2.01 
>5 99 <0.0001 2.59 1.67-4.02 

Nuclear grade 
High 87 0.2158 1.26 0.87-1.82 

Estrogen receptor 
Negative 89 0.0032 1.75 1.21-2.54 

of such alternate growth factor receptors in some tumors results in the 
down-regulation of HER2 expression via a feedback mechanism, 
producing aggressive tumors bearing a HER2-normal phenotype. An- 
other possible explanation for the poor prognosis of HER2-normal 
tumors is that high levels of coreceptor ligand-independent activation 
of HER2 might result in the intemalization and degradation of the 
receptor, producing apparent low-level HER2 expression. Finally, 
HER2-normal breast cancers may represent a population of aggressive 
poorly differentiated neoplasms that have developed HER2- and 
growth factor-independent mechanisms for their growth. The associ- 
ation between normal HER2 expression levels and high nuclear grade 
supports this idea. Recent data from the Brown and Botstein group 
also support this finding. They showed five unique breast cancer 
classes by cDNA array clustering experiments, two of which had very 
poor outcomes. One of these groups was HER2 positive, but the other 
showed no evidence of HER2 overexpression (17). 

From a clinical perspective, response to Herceptin has largely been 
seen in HER2 high expressers or HER2-amplified cases. This may be 
attributable to the fact that 2+ or 3+ levels of expression were 
required for entry into most clinical trials (18-20). The response of 0 
or 1+ tumors to paclitaxel with and without Herceptin is being 
studied in a large randomized trial (CALGB 9840; Ref 21). Although 
patients with HER2-normal tumors are unlikely to respond to Her- 
ceptin, they may benefit from more aggressive traditional chemother- 
apy. The ability to accurately distinguish between HER2-normal and 
HER2-intermediate tumors by automated analysis not only has prog- 
nostic value but may also help in the development and evaluation of 
new therapeutics targeted to treat this subpopulation. 
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