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Abstract
Preclinical data indicate that α6β4 integrin signaling through Ras homolog gene family, member A,
plays an important role in tumor cell motility. The objective of this study was to determine whether
the combined expression of α6β4 integrin and neuroepithelioma transforming gene 1 (Net1), a
guanine nucleotide exchange factor specific for Ras homolog gene family member A, is associated
with adverse clinical outcome in breast cancer patients. Immunohistochemical expression of each
protein was evaluated in a tumor tissue microarray prepared from the primary tumors of 94 node-
positive patients with invasive breast carcinoma treated with total mastectomy and doxorubicin-based
chemotherapy without radiation with a median follow-up of 12.5 years. Associations between
staining results and multiple clinicopathologic variables were investigated. Although there was no
significant association between α6β4 integrin or Net1 expression and clinical outcome when each
marker was considered individually, coexpression of α6β4 and Net1 was associated with decreased
distant metastasis–free survival (P = 0.030). In the subset of patients with hormone receptor–positive
tumors, coexpression of α6β4 and Net1 was associated with a decrease in distant metastasis–free and
overall survival (P < 0.001 and P = 0.006, respectively). Although an association between human
epidermal growth factor receptor 2 expression and coexpression of α6β4 and Net1 (P = 0.008) was
observed, coexpression of α6β4 and Net1 (hazard ratio, 1.63; P = 0.02) and lymphovascular invasion
(hazard ratio, 2.35; P = 0.02) were the only factors independently associated with the development
of distant metastasis in multivariate analysis. These findings suggest that coexpression of α6β4
integrin and Net1 could be a useful biomarker for aggressive disease in node-positive breast cancer
patients.
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Introduction
The α6β4 integrin is a protein heterodimer that functions as a receptor for laminin isoforms,
including laminin-5, a component of epithelial basement membranes (1-10). Preclinical data
suggest that α6β4 signaling plays an important role in tumor cell motility and invasion (2-5,
7,11-13). Rho family small G proteins function as GTPases downstream of integrins (14-16).
The α6β4 integrin has been shown to signal through Ras homolog gene family member A
(RhoA), and α6β4-mediated activation of RhoA is essential for the ability of this integrin to
promote carcinoma migration and invasion (5,7). Neuroepithelioma transforming gene 1
(Net1) is a RhoA-specific guanine nucleotide exchange factor, which controls the activation
state of RhoA (17-23).

Many integrins are difficult to evaluate by immunohistochemistry in archival tissues (24,25),
but we recently found that a modified heat-induced antigen retrieval method greatly improves
immunohistochemical staining for the β4 integrin subunit in formalin-fixed, paraffin-
embedded tissue sections. The objective of this study was to examine the expression of α6β4
integrin and Net1 in the primary tumors of a group of patients with invasive breast carcinoma
treated with doxorubicin-based chemotherapy and long clinical follow-up to determine
whether coexpression of these proteins has a greater association with clinical outcome than
expression of either protein alone.

Materials and Methods
Patients

This study was approved by The University of Texas M.D. Anderson Cancer Center
institutional review board. Patients included in this retrospective study were treated on Protocol
DM86-12, a randomized study comparing 6 cycles of 5-fluorouracil, doxorubicin, and
cyclophosphamide in the adjuvant setting to 6 cycles of fluorouracil, doxorubicin, and
cyclophosphamide followed by 4 cycles of methotrexate and vinblastine. Although patients
≥50 y of age with estrogen receptor–positive disease were randomized to receive tamoxifen or
6 cycles of fluorouracil, doxorubicin, and cyclophosphamide plus 4 cycles of methotrexate and
vinblastine, those who received tamoxifen were excluded from our retrospective study, so all
patients in our study received doxorubicin-based chemotherapy without tamoxifen. The
previous clinical protocol failed to show any benefit from the addition of four cycles of
methotrexate and vinblastine to six cycles of fluorouracil, doxorubicin, and cyclophosphamide,
so both groups were regarded as having similar doxorubicin-based chemotherapy (26).

Inclusion criteria for this retrospective study were resectable stages II and IIIA breast cancer
with axillary lymph node metastases, surgical treatment with mastectomy and axillary
dissection without irradiation, age younger than 75 y at diagnosis, no evidence of distant disease
at diagnosis, and no history or concurrent malignancy. Additional entry criteria included
availability of sufficient archival paraffin-embedded tumor tissue from the primary breast
tumor to obtain cores for tissue microarrays. Ninety-four patients met the study criteria. All
patients had surgery done at M.D. Anderson Cancer Center between 1986 and 1994.

Antibodies
A monoclonal rat antihuman antibody directed against the β4 integrin subunit was purchased
(clone 439-9B, BD Biosciences), and a rabbit polyclonal antibody to the C-terminal eighteen
amino acids of Net1 was produced. The anti-Net1 antibody was purified using protein A-
Sepharose beads and concentrated using an Amicon stirred cell containing a 30-kDa Ultracel
YM-30 filter (Millipore). Bovine serum albumin was added to a concentration of 0.1 mg/mL,
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and the mixture was dialyzed overnight in PBS plus 10% glycerol. After dialysis, extra glycerol
was added to a final concentration of 30%.

Immunohistochemical Staining
Tissue microarrays were prepared from the paraffin blocks of the primary breast tumors using
a manual tissue puncher or array (Beecher Instruments). Up to 6 cores, 0.6 mm in diameter,
were cut from each primary tumor. Before α6β4 integrin staining, slides were placed in a plastic
pressure cooker in citrate buffer and heated at 20% power in a 1,300-W microwave oven for
5 min × 7 with 30 s intervals between each heating period. No antigen retrieval method was
used for Net1. Peroxidase activity was inhibited using 3% H2O2 in methanol for 5 min, and
slides were blocked with 15 μL/mL goat serum in PBS at room temperature for 30 min. The
primary anti-β4 subunit antibody (1:100 dilution) was applied at 4°C overnight, followed by
secondary biotinylated antirat IgG (1:200, Vector Labs) at room temperature for 1 h. The
purified anti-Net1 antibody (5 μg/mL in PBS plus 3% bovine serum albumin) was applied at
room temperature for 1 h, followed by secondary biotinylated rabbit antigoat IgG (1:200,
Vector Labs). Nonimmune goat serum was used as a negative control. Staining was done using
the ABC kit (Vector Labs) and a standard avidin-biotin peroxidase method.

The immunohistochemical stains were scored without knowledge of the clinical outcome.
Staining for α6β4 integrin was scored as positive if at least 5% of invasive tumor cells had
membranous and/or cytoplasmic staining because we previously observed membranous and/
or cytoplasmic staining in tumors with β4 mRNA expression (27). Weak cytoplasmic staining
for Net1 was observed with the nonimmune serum negative control, so only cytoplasmic
staining results clearly above the background staining were considered positive. No nuclear
staining was observed with the nonimmune serum negative control, and nuclear staining in at
least 10% of invasive tumor cells was considered positive for Net1.

Statistical Analyses
Fisher's exact test was used to evaluate associations between immunohistochemical staining
results and multiple clinicopathologic variables. All Ps were two sided. Survival estimates
were calculated using the Kaplan-Meier product limit method, and the two-sided log-rank test
was used to test the association between particular factors and survival. Ten-year survival
estimates were expressed ± SE. Multivariate analysis was done using the Cox proportional
hazards regression model. All statistical analyses were carried out using SSPS 12.0 for
Windows (SPSS, Inc.).

Results
The mean age of the patients was 49 years (range, 28-74 years). Clinical tumor stages included
25 T1, 57 T2, 7 T3, and 5 Tx tumors. The mean tumor size was 3.0 cm (range, 0.5-10 cm).
Eighty-one patients had invasive ductal carcinoma, 10 had invasive lobular carcinoma, 2 had
mixed invasive ductal and lobular carcinoma, and 1 had invasive papillary carcinoma.
Sixtumors were grade 1, 40 were grade 2, and 48 were grade 3. Lymphovascular invasion was
present in 39 cases and absent in 55. Ninety-two patients were staged as N1, and two were
staged as N2. An average of 18 lymph nodes were removed at axillary dissection (range, 5-48),
and the average number of positive nodes was 4 (range, 1-30). The mean clinical follow-up
was 130 months (range, 3-226 months). Additional clinicopathologic features of this patient
population are summarized in the first column of Table 1.

Although primary tumor tissue from 94 patients was included in the tissue microarrays, a few
cores had insufficient tumor and/or were technically unsuitable for evaluation. Satisfactory
immunohistochemical stains for α6β4 integrin and Net1 were obtained in 92 and 90 patients,
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respectively. Staining for α6β4 in normal breast tissue adjacent to tumor was observed in the
myoepithelial cell layer of normal breast ducts and was absent from the luminal cell layer (Fig.
1A). Staining for α6β4 in normal myoepithelial cells was cytoplasmic and membranous and
polarized predominantly on the basal aspect of the cells. Staining for Net1 in normal breast
tissue was observed in myoepithelial and luminal ductal epithelial cells and was predominantly
nuclear (Fig. 1C).

Forty-four patients (48%) had membranous and/or cytoplasmic expression of α6β4 in tumor
cells (Fig. 1B). Thirty-one patients (33%) had nuclear expression of Net1 in tumor cells (Fig.
1D). Only three patients had cytoplasmic staining of tumor cells for Net1. Because there were
too few patients with cytoplasmic Net1 staining in tumors for meaningful analysis, only nuclear
staining for Net1 was evaluated in this study, and Net1 expression in this report refers to nuclear
Net1 staining. Thirteen (14%) of the 89 patients with available results for α6β4 integrin and
Net1 had coexpression of the 2 markers.

By univariate analysis, there was no significant association between α6β4 integrin or Net1
expression and locoregional recurrence-free (LRF), distant metastasis–free, or overall survival
when each marker was considered individually. In contrast, coexpression of α6β4 and Net1
was significantly associated with decreased distant metastasis–free survival (n = 89; two-sided
log-rank test, P = 0.030), and there was a trend toward decreased overall survival (P = 0.055;
Fig. 2). The 10-year actuarial distant metastasis–free survival was 68% ± 6% versus 34% ±
15% for lack of coexpression versus coexpression, respectively, and the 10-year actuarial
overall survival was 72% ± 5% versus 50% ± 15%. When analysis was restricted to hormone
receptor–positive (estrogen receptor–positive and/or progesterone receptor–positive) patients,
the association between coexpression of α6β4 and Net1 and patient outcome was more
significant. In hormone receptor–positive patients (n = 59), coexpression of α6β4 and Net1
was associated with a decrease in distant metastasis–free and overall survival (P < 0.001 and
P = 0.006, respectively; Fig. 3). The 10-year actuarial distant metastasis–free survival was 64%
± 7% versus 0% ± 0% for lack of coexpression versus coexpression, respectively, and the 10-
year actuarial overall survival was 70% ± 6% versus 34% ± 20%.

To determine whether α6β4 integrin and Net1 were significantly associated with other factors
known to be associated with increased risk, expression of each protein was evaluated in relation
to multiple clinicopathologic characteristics (Table 1). A significant association was observed
between α6β4 and human epidermal growth factor receptor 2 (HER2) expression when HER2
was dichotomized to HER2 = 0 to 2+ and HER2 = 3+. Fourteen (70%) of 20 patients with
HER2 = 3+ had α6β4 expression compared with 29 (41%) of 71 patients with HER2 = 0 to 2
+ (Fisher's exact test, P = 0.025). Associations were also observed between α6β4 expression
and histologic type and tumor grade. Only 1 (10%) of 10 invasive lobular carcinomas was
α6β4 positive compared with 42 (53%) of 79 invasive ductal carcinomas (P = 0.007). None of
the 6 grade 1 tumors was α6β4 positive, but 18 (46%) of 39 grade 2 tumors and 26 (55%) of
47 grade 3 tumors with available α6β4 staining results were α6β4 positive (P = 0.036). When
α6β4 was dichotomized to negative or low (score, 0 or 1) versus moderate or high (score, 2 or
3), there was an inverse association between α6β4 and estrogen receptor expression. Only 3
(5%) of 56 estrogen receptor–positive patients had moderate or high α6β4 expression compared
with 7 (20%) of 35 estrogen receptor–negative patients (P = 0.041).

No significant association was observed between Net1 and any of the clinicopathologic features
evaluated. However, an association between HER2 and coexpression of α6β4 and Net1 was
observed that was stronger than the association between HER2 and α6β4 alone. Only 6 (8%)
of 71 patients with HER2 = 0 to 2+ had coexpression of α6β4 and Net1 compared with 7 (35%)
of 20 patients with HER2 = 3+ (P = 0.008).
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Standard clinicopathologic features associated with patient outcome in this cohort were
evaluated by univariate analysis to select those factors to include in multivariate analysis.
Greater than 20% positive lymph nodes and HER2 expression were associated with decreased
LRF survival (P = 0.013 and P = 0.014, respectively), and patient age of <40 years, tumor size
of >2 cm, lymphovascular invasion, and HER2 expression were associated with decreased
distant metastasis–free survival (P = 0.041, P = 0.040, P = 0.040, and P = 0.049, respectively).
Tumor size of >2 cm, tumor grade 2 or 3, >20% positive lymph nodes, and HER2 expression
were each associated with decreased overall survival (P = 0.016, P = 0.047, P = 0.021, and
P = 0.001, respectively), and Hispanic race was associated with improved overall survival
(P = 0.037).

Using the factors found to have significance in univariate analysis as stated above, multivariate
analysis using the Cox proportional hazards regression model was done to determine whether
α6β4 and Net1 coexpression had independent prognostic significance. The only factors
independently associated with decreased distant metastasis–free survival were coexpression
of α6β4 and Net1 (hazard ratio, 1.63; P = 0.024) and lymphovascular invasion (hazard ratio,
2.35; P = 0.020). Only HER2 expression (hazard ratio, 1.55; P = 0.001) and Hispanic race
(hazard ratio, 0.10; P = 0.023) were independently associated with overall survival (Table 2).

Discussion
The results of this study show that α6β4 integrin and Net1 coexpression is independently
associated with the development of distant metastasis. This finding supports the hypothesis
that α6β4 signaling in the presence of Net1 may play an important mechanistic role in the
development of distant metastasis. As an early step in tumor cell migration, α6β4 integrin
activates RhoA to stimulate the actin-myosin contraction necessary for the generation of
traction forces at the leading edge of invasive tumor cells (4,5,7). Although the precise
mechanism for α6β4-mediated metastasis is unclear, a pathway that regulates cytoskeletal
changes and is known to be involved in tumor cell migration may play an important role in
those aspects of tumor cell adhesion and motility related to metastasis.

Net1 is a RhoA-specific guanine nucleotide exchange factor that controls RhoA activation
(20-23). Multiple nuclear localization signal sequences present in its amino terminus allow
Net1 to be localized to the cell nucleus, although export of Net1 from the nucleus to the
cytoplasm is required for RhoA-mediated cytoskeletal rearrangements (20,21,23). We had
difficulty detecting cytoplasmic expression of Net1 partly because faint cytoplasmic staining
was apparent even with the preimmune serum negative control, and it was difficult to discern
low-level expression above the background cytoplasmic staining level. This was not a problem
when evaluating nuclear expression because there was no background nuclear staining using
the preimmune serum control. Preliminary data from the laboratory of one of the authors of
this report (J.A. Frost) suggest that the half-life of cytoplasmic Net1 is very short6, which may
also account for the difficulty in detecting cytoplasmic Net1. For these reasons, we considered
nuclear expression of Net1 as a surrogate marker of a tumor capable of exporting Net1 from
the nucleus. Because Net1 controls RhoA activation, we hypothesized that Net1 would be a
better indicator of RhoA activity than RhoA expression.

In a recent gene expression profiling data analysis, Lu et al. (9) found that a 65-gene “β4
signature” derived from the top 0.1% of genes that correlated with β4 integrin subunit
expression predicted increased tumor recurrence and decreased patient survival when applied
to four independent data sets. Their analysis was based on the hypothesis that a group of genes
involved in α6β4 signaling is more likely to be associated with clinical outcome than β4 subunit

6H.S. Carr, J.A. Frost. Unpublished observation.
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gene expression alone. Although we found no significant association between α6β4 protein
expression alone and clinical outcome, coexpression of α6β4 and Net1 was significantly
associated with decreased distant metastasis–free and overall survival in hormone receptor–
positive patients by univariate analysis, and in the entire patient cohort, α6β4 and Net1
coexpression was independently associated with decreased distant metastasis–free survival by
multivariate analysis. Our findings support the concept that evidence of α6β4 integrin–RhoA
signaling is more predictive of outcome than α6β4 expression alone.

Unlike Lu et al. (9), who reported no association between α6β4 expression and HER2
expression either by immunohistochemistry in a group of archival invasive breast carcinomas
or by regression analysis of expression profiling data retrieved from a combined data set of
315 invasive breast carcinomas, we found an association between α6β4 and HER2 and an even
stronger association between α6β4 and Net1 coexpression and HER2. The association between
α6β4 and HER2 that we observed is consistent with in vitro studies that have found
colocalization of and cooperative signaling between α6β4 integrin and HER2 (11,28).
Moreover, α6β4 integrin seems to be necessary to drive tumorigenesis in the mouse mammary
tumor virus–Neu mouse model of breast cancer. Mice with mammary gland–specific
constitutive activation of HER2 develop breast cancers, and when these mice are crossed with
mice that express a signaling-deficient β4 subunit, tumorigenesis and invasive growth are
inhibited (29).

Although we observed a statistically significant association between α6β4 integrin and HER2
in this patient cohort, it is important to emphasize that many HER2-positive patients did not
express α6β4 and NET1 coexpression. The proportion of HER2-positive patients with α6β4
and NET1 coexpression was 35%, indicating that only a subset of HER2-positive patients
seemed to have this functional integrin signaling pathway. Moreover, the data from Lu et al.
(9) suggest that the association we observed between α6β4 and HER2 may not be applicable
to breast cancer patients in general. However, our data indicate that α6β4 and HER2 expression
are not mutually exclusive and suggest that the α6β4 integrin–RhoA signaling pathway might
be important for subsets of HER2-positive and hormone receptor–positive breast cancers.

Our study had a higher percentage of α6β4-positive cases than that reported by Lu et al. (48%
versus 32%, respectively; ref. 9). All of the patients in our study were lymph node positive,
whereas only 59% of the 105 patients evaluated by immunohistochemistry in the study by Lu
et al. (9) had positive lymph nodes. Moreover, we used a modified antigen retrieval method (a
series of short bursts of microwave treatment in citrate buffer compared with the usual longer
single treatment) to improve detection of the β4 integrin subunit in archival paraffin-embedded
tissues. These differences could account, in part, for conflicting results between our study and
that of Lu et al. (9).

The analysis by Lu et al. (9) revealed an association between α6β4 expression and triple-
negative breast cancers (breast cancers negative for estrogen receptor, progesterone receptor,
and HER2). The α6β4 integrin is normally expressed in the myoepithelial cell layer of breast
ductal epithelium (9), and the β4 integrin subunit was one of the genes in the initial molecular
profiling study on breast cancer that clustered with the gene set that identified the basal-like
group of breast cancers (10), which are generally triple-negative cancers. We did not observe
an association between α6β4 expression and triple-negative cancers in our patient cohort.
However, this should not be surprising because individual genes within the basal-like subgroup
are not as robust at classifying the basal-like subtype as an entire gene transcription profile
(10,30,31). Many estrogen receptor–positive or HER2-positive breast cancers may express
individual proteins that have been identified in the basal-like subgroup, and some of these
might reflect important biological subtypes of estrogen receptor–positive or HER2-positive
breast cancer.
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It is important to acknowledge that the number of patients included in the multivariate analysis
in this study was relatively small for a model with several factors, so this analysis is best
considered hypothesis generating. It is also important to emphasize that patients in this cohort
did not receive tamoxifen or trastuzamab, and it is unclear whether an adverse outcome for
patients with α6β4 and Net1 coexpression is maintained with these targeted therapies.
Nevertheless, we observed that α6β4 integrin and Net1 coexpression seems to select patients
with a high risk for distant metastasis. Future studies should assess whether this prognostic
value is maintained with current targeted therapies. If so, α6β4 and Net1 might be used to select
patients for alternative therapies, including perhaps therapies targeting the α6β4 integrin–RhoA
signaling pathway.
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Figure 1.
Photomicrographs of paraffin-embedded tissue microarray sections with
immunohistochemical staining for α6β4 integrin in normal breast tissue, in which staining is
limited to the myoepithelial cell layer of breast epithelium (A); α6β4 integrin in invasive breast
carcinoma, with predominantly membranous and focal cytoplasmic staining (B); Net1 in
normal breast tissue, in which there is strong nuclear staining (C); and Net1 within nuclei of
invasive breast carcinoma cells (D; immunoperoxidase). Original magnification, ×200.
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Figure 2.
Kaplan-Meier curves of distant metastasis–free (A) and overall (B) survival according to
α6β4 integrin and Net1 coexpression (n = 89).
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Figure 3.
Kaplan-Meier curves of distant metastasis–free (A) and overall (B) survival in hormone
receptor–positive patients according to α6β4 integrin and Net1 coexpression (n = 59).
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Table 2
Cox multivariate analysis of distant metastasis–free and overall survival

Outcome measure Variable HR (95% CI) P

Distant metastasis–free survival Lymphovascular invasion 2.35 (1.15-4.80) 0.020

α6β4 and Net1 coexpression 1.63 (1.07-2.48) 0.024

Overall survival HER2 expression 1.55 (1.20-2.00) 0.001

Hispanic race 0.10 (0.01-0.73) 0.023

Abbreviation: HR, hazard ratio.
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