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Introduction

During the 3 years of this grant, we generated tet-regulatable p190-B overexpressing transgenic mice.
Using these mice, the effects of p190-B overexpression during all stages of mammary gland development was
examined. We have also investigated the effects of p190-B loss of function during embryonic mammary gland
development. The overexpression studies are now published in Molecular Endocrinology. A manuscript
describing the embryonic mammary gland development studies has been reviewed by Developmental Biology
and is now in revision. Together, these two reports complete Task 1. Our investigation of the effects of loss
and gain of p190-B function on ErbB2-induced mammary tumorigenesis, as proposed in Task 2, is in progress
as described below. Finally, we have developed inducible p190-B overexpressing MCF-7 human breast cancer
cell lines to address the experiments proposed in Task 3. Using this model we have identified a novel role for
p190-B in regulating mitosis and cytokinesis, and overexpression of p190-B leads to multinucleation. We
propose that this may be one mechanism by which p190-B may influence tumorigenesis potentially by affecting
genomic stability.

Body
Task 1. To elucidate the role of p190-B in mammary gland development in p190-B deficient and tetracycline

(tet)-regulatable p190-B overexpressing mice (Months 1-24).

The role of p190-B in mammary gland development using the tet-regulatable p190-B overexpressing
mice has now been published in Molecular Endocrinology, and a reprint of the manuscript has been included as
Appendix 1. The major findings of these studies are summarized as follows. P190-B Rho GTPase activating
protein (GAP) is essential for mammary gland development since pl190-B deficiency prevents ductal
morphogenesis. To investigate the role of p190-B during distinct stages of mammary gland development,
tetracycline (tet)-regulatable p190-B overexpressing mice were generated (Appendix 1, Figure 1). Short-term
induction of p190-B in the developing mammary gland results in abnormal terminal end buds (TEBs) that
exhibit aberrant budding off the neck, histological anomalies, and a markedly thickened stroma (Appendix 1,
Figures 1 and 2). Overexpression of p190-B throughout postnatal development results in increased branching,
delayed ductal elongation, and disorganization of the ductal tree (Appendix 1, Figure 6). Interestingly,
overexpression of p190-B during pregnancy results in hyperplastic lesions (Appendix 1, Figure 7). Several
cellular and molecular alterations detected within the aberrant TEBs may contribute to these phenotypes.
Signaling through the insulin-like growth factor (IGF) pathway is altered (Appendix 1, Figure 5), and the
myoepithelial cell layer is discontinuous at sites of aberrant budding (Appendix 1, Figure 3). An increase in
collagen and extensive infiltration of macrophages, which have recently been implicated in branching
morphogenesis, is observed in the stroma surrounding the p190-B overexpressing TEBs (Appendix 1, Figure 4).
We propose that the stromal response, disruption of the myoepithelial layer, and alterations in IGF signaling in
the pl190-B overexpressing mice impact the TEB architecture leading to disorganization and increased
branching of the ductal tree. Moreover, we suggest that alterations in tissue architecture and the adjacent
stroma as a consequence of p190-B overexpression during pregnancy leads to loss of growth control and the
formation of hyperplasia. These data demonstrate that precise control of p190-B RhoGAP activity is critical for
normal branching morphogenesis during mammary gland development.

We have also investigated the effects of loss of p190-B function on development of the embryonic
mammary gland. These studies were prompted by previous results from our laboratory demonstrating that
mammary buds with a homozygous deletion of the p190-B gene do not grow out when transplanted into adult
recipient mice. We, therefore, examined the effects of loss of p190-B function on embryonic mammary bud
development. These studies, which are summarized below are described in detail in Appendix 2, which is the
manuscript that we submitted to Developmental Biology and is now in revision.



Embryos with a homozygous p190-B gene deletion exhibit major defects in embryonic mammary bud
development. Overall, p190-B deficient buds were smaller in size, contained fewer cells that stained for p63,
and displayed characteristics of impaired mesenchymal proliferation and differentiation (Appendix 2, Figures 2
and 3). Consistent with the reported effects of p190-B deletion on IGF-1R signaling, IGF-1R null embryos also
displayed a similar small mammary bud phenotype with loss of p63 staining cells (Appendix 2, Figure 4).
However, unlike the p190-B null embryos, mesenchymal defects were not detected in the IGF-1R-homozygous
embryos. Because p190-B and IGF-IR signaling intersect at the level of the IRS proteins, we examined IRS1/2
double knockout embryonic mammary buds. IRS1/2 double knockout embryos displayed major developmental
defects similar to the p190B null embryos including smaller bud size and fewer p63 positive cells (Appendix 2,
Figures 5-7). Importantly, like the p190-B deficient buds, the proliferation and differentiation of the IRS1/2
deficient mesenchyme was impaired (Appendix 2, Figure 8). These results indicate that interactions of the
p190-B and IGF-1R signaling pathways are critical for embryonic mammary bud development. We suggest
that these pathways function in recruiting or maintaining a subset of epithelial progenitors and direct essential
epithelial-mesenchymal interactions required to promote mammary bud development.

Task 2. To investigate the role of p190-B in breast cancer progression using both p190-B loss and gain of
Sfunction mouse models (Months 12-36).

The p190-B deficient mice have been bred to the MMTV-ErbB2 mice to generate 15 MMTV-ErbB2
females with loss of one allele of p190-B. These studies can only be performed with loss of one allele of p190-
B because homozygous deletion results in embryonic lethality. There are now approximately 15 mice each in
the experimental and control cohorts. We are aiming to have at least 25 mice in each cohort to provide
sufficient numbers to obtain statistically significant results. When the mice reach 4-5 months of age we will
begin palpating them one time per week to determine tumor latency. Once tumors have formed we will
measure tumor growth using calipers twice per week. These are long-term studies, which we expect to complete
within the next 12-18 months. We are still in the process of examining the effects of p190-B overexpression on
MMTV-ErbB2 induced tumorigenesis. Obtaining trigenic MMTV-rtTA/TetO-p190-B/MMTV-ErbB2 female
mice has been challenging, especially because space in our transgenic mouse facility has become severely
limited due to construction. In addition, these mice have not bred well under these disruptive conditions, which
includes vibrations and noise from the construction that has been underway for the last 6 months. As more
trigenic mice are obtained they will be added to the study, which we expect will continue for the next 18-24
months. While we are generating these mice, we will take an alternative approach using MCF-7 tet-regulatable
p190-B overexpressing clones in xenograft studies in nude mice. This approach does not require mice to be
bred so it can be done in the limited space we have available in our facility. In addition, this allows us to study
the effects of p190-B overexpression in a human breast cancer cell line, which has particular relevance to
estrogen receptor positive breast cancer.

Task 3. To delineate the molecular mechanism by which pl190-B facilitates tumor cell migration and
invasion using tet-regulatable p190-B overexpressing MCF7 breast cancer cells (Months 12-36).



For these studies we generated tet-regulatable p190-B overexpressing MCF-7 clones using an HA-
tagged p190-B-IRES-luciferase construct. Two clones were chosen, one low expressing clone (clone 48) and
one high expressing clone (clone 57) as determined by luciferase assays (data not shown). To investigate the
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Figure 1: Confocal microscopy images showing expression patterns of

endogenous p190-B and the HA-tagged p190-B transgene. A.

Endogenous p190-B (red) localizes to the mitotic spindle during metaphase Red=p190-B
as shown by co-localized staining (yellow, arrow) with atubulin (green). Green=atubulin
P190-B also shows punctate staining (red) along the metaphase plate (blue). Blue=nuclei

B. Endogenous p190-B (red) localizes to the midbody (arrow) during
cytokinesis. Microtubules are stained green and nuclei are blue. C-F. HA-
tagged p190-B transgene expression (red and yellow staining in D,F)
localizes to the mitotic spindle (green). Panels C and E are negative controls
for the HA-tag staining, which show a metaphase cell from the control clone . : . .
or a cluster of cells stained with atubulin and anti-HA antibodies. F. HA- otubulin (green), p190-B (red), and with topro-3 to stain nuclei blue.

tagged p190-B transgene localizes at the spindle, midbody (white arrow) and Arrows point to midbodies. Nf)te the' increase in the 'number of midbodies
membrane (red and yellow, red arrow). as well as the presence of multiple midbody connections between cells

indicating failed cytokinesis and multinucleation in the p190-B
overexpressing clone as compared to the control clone.

Figure 2: P190-B overexpression results in multinucleation. Confocal
microscopy images showing multinucleation of the p190-B overexpressing
clone 57 grown in 2D or 3D cultures (panels B and D, respectively) as
compared to the control clone (panels A and C). Cells were stained for

effects of p190-B overexpression on migration, we
performed a standard monolayer wound closing
assay in which cells were plated at confluency, a scratch was made in the monolayer, and the ability of the cells
to migrate into this area to close the wound was measured. When we performed these experiments we noted
that the p190-B overexpressing clones, in contrast to the control clone, which migrated into the wounded area,
were dying after induction of p190-B (data not shown). As a result, it was not possible to use this assay to
measure migration, which is dependent on the cells being confluent. Interestingly, when we examined the
morphology of the p190-B overexpressing clones we noticed that there appeared to be cells containing multiple
nuclei in the p190-B overexpressing clones as compared to the control clones (data not shown and Figure 2).
This observation, together with reports in the literature implicating the Rho signaling network and other
RhoGAPs including the related p190-A RhoGAP in regulation of mitosis and cytokinesis (1, 2), prompted us to
further examine what role p190-B might be playing in these processes.

To determine the expression patterns of both the endogenous p190-B and the HA-tagged p190-B
transgene during mitosis and cytokinesis, immunostaining was performed to detect p190-B and o-tubulin, a
component of the mitotic spindle. Analysis of these cells using confocal microscopy showed that both
endogenous p190-B as well as the HA-tagged p190-B transgene localize to the mitotic spindle throughout



mitosis and to the midbody during cytokinesis (Figure 1). Interestingly, in contrast to p190-B, p190-A does not
localize to the mitotic spindle or to the midbody suggesting that these related family members play distinct roles
in mitosis and cytokinesis (2). P190-B overexpression for 48 hours in cells grown on plastic or for 5 days in
cells grown in reconstituted basement membrane results in an increase in the number of metaphase cells (4.0%
and 4.2% vs. 2.25% for the p190-B overexpressing clones compared to the control clone, respectively, n=~1000
nuclei counted per clone), cells retaining midbodies (13.3% and 16.6% vs. 8.9%, for the p190-B overexpressing
clones compared to the control clone, respectively, n=~1000 nuclei counted per clone), and multinucleated cells
as shown by representative confocal images of cells containing multiple midbodies (Figure 2B,C arrows). These
results are consistent with several published reports demonstrating that inhibition of Rho activity leads to a
delay in metaphase and failed cytokinesis (3). Taken together, these data suggest that p190-B may be involved
in multiple stages of mitosis, and alteration of p190-B expression is sufficient to disrupt mitosis and cytokinesis
thereby giving rise to multinucleated cells. We suggest that this may be one mechanism by which p190-B may
contribute to breast tumorigenesis by promoting multinucleation potentially leading to genomic instability.
Future studies are aimed at determining the molecular mechanisms by which p190-B regulates mitosis and
cytokinesis, and whether overexpression of p190-B enhances the tumorigenicity of MCF-7 cells in xenograft
experiments.
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Keyv Research Accomplishments

* A manuscript examining the effects of gain of p190-B function on all stages of postnatal mammary
gland development has been published.

¢ Tet-inducible p190-B overexpressing MCF-7 human breast cancer cell lines have been generated and
lead to the discovery of a novel role for p190-B in mitosis and cytokinesis.

Reportable Outcomes

1. A manuscript entitled "P190-B Rho GTPase Activating Protein Overexpression Disrupts Ductal
Morphogenesis and Induces Hyperplastic Lesions in the Developing Mammary Gland” by Tracy Vargo-
Gogola, Brandy M. Heckman, Edward J. Gunther, Lewis Chodosh, and Jeffrey M. Rosen was published
in Molecular Endocrinology 20(6):1391-1405.

2. I have been awarded an NCI K99/R00 Howard Temin Pathway to Independence Career Development
Award based on the studies funded by this proposal.

3. Based on the work supported by this proposal I have obtained an academic faculty position as an
Assistant Professor in the Indiana University School of Medicine at Notre Dame that I will start in
January of 2008.

Conclusions



The funding provided by this proposal has been key to my successful completion of several research
goals. In addition, I believe that this research and the training that I have received at Baylor College of
Medicine has provided me with a strong foundation to direct an independent research program in the areas of
mammary gland biology and breast cancer. I look forward to continued interactions and support from the DOD
Breast Cancer Research Program in the future.

Appendices
1. "P190-B Rho GTPase Activating Protein Overexpression Disrupts Ductal Morphogenesis and Induces

Hyperplastic Lesions in the Developing Mammary Gland” by Tracy Vargo-Gogola, Brandy M.
Heckman, Edward J. Gunther, Lewis Chodosh, and Jeffrey M. Rosen, Molecular Endocrinology
20(6):1391-1405.

2. "Crosstalk Between the P190-B RhoGAP and IGF Signaling Pathways is Required for Embryonic
Mammary Bud Development" by Brandy M. Heckman, Geetika Chakravarty, Tracy Vargo-Gogola,
Maria Gonzales-Rimbau, Darryl L. Hadsell, Adrian V. Lee, Jeffrey Settleman, and Jeffrey M. Rosen. In
Revision.
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P190-B Rho GTPase-Activating Protein
Overexpression Disrupts Ductal Morphogenesis
and Induces Hyperplastic Lesions in the Developing

Mammary Gland
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Jeffrey M. Rosen
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Research Institute, University of Pennsylvania, Philadelphia, Pennsylvania 19104

p190-B Rho GTPase activating protein is essential
for mammary gland development because p190-B
deficiency prevents ductal morphogenesis. To in-
vestigate the role of p190-B during distinct stages
of mammary gland development, tetracycline-reg-
ulatable p190-B-overexpressing mice were gener-
ated. Short-term induction of p190-B in the devel-
oping mammary gland results in abnormal terminal
end buds (TEBs) that exhibit aberrant budding off
the neck, histological anomalies, and a markedly
thickened stroma. Overexpression of p190-B
throughout postnatal development results in in-
creased branching, delayed ductal elongation, and
disorganization of the ductal tree. Interestingly,
overexpression of p190-B during pregnancy re-
sults in hyperplastic lesions. Several cellular and
molecular alterations detected within the aberrant
TEBs may contribute to these phenotypes. Signal-
ing through the IGF pathway is altered, and the
myoepithelial cell layer is discontinuous at sites of

aberrant budding. An increase in collagen and ex-
tensive infiltration of macrophages, which have re-
cently been implicated in branching morphogene-
sis, is observed in the stroma surrounding the
p190-B-overexpressing TEBs. We propose that the
stromal response, disruption of the myoepithelial
layer, and alterations in IGF signaling in the p190-
B-overexpressing mice impact the TEB architec-
ture, leading to disorganization and increased
branching of the ductal tree. Moreover, we suggest
that alterations in tissue architecture and the ad-
jacent stroma as a consequence of p190-B over-
expression during pregnancy leads to loss of
growth control and the formation of hyperplasia.
These data demonstrate that precise control of
p190-B Rho GTPase-activating protein activity is
critical for normal branching morphogenesis dur-
ing mammary gland development. (Molecular En-
docrinology 20: 1391-1405, 2006)

AMMARY GLAND DUCTAL morphogenesis is a
Mcomplex developmental process during which
mammary epithelial cells must proliferate, migrate into
the stromal fat pad, and differentiate into luminal and
myoepithelial cell compartments (1). These processes
occur within terminal end buds (TEBs), which drive the
ductal penetration into the stromal fat pad (2). Ductal
outgrowth is particularly dependent upon stromal-
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Abbreviations: AKT, Protein kinase B; Dox, doxycycline;
ECM, extracellular matrix; GAP, GTPase-activating protein;
HA, hemagglutinin; H&E, hematoxylin and eosin; IGF-IR, IGF
receptor |; IRES, interribosomal entry site; IRS, insulin recep-
tor substrate; MTB, MMTV-rtTA transgenic mice; ROK, Rho
kinase; RT, reverse transcriptase; rtTA, reverse tet transacti-
vator; PAK, p21-activated kinase; pAKT, phosphorylate AKT;
pPAK, phosphorylated PAK; pROK, phosphorylated ROK;
TEB, terminal end bud; tet, tetracycline; TetO, tet operator.
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epithelial interactions, which provide proliferative and
apoptotic cues as well as signals that effect cell mi-
gration (3, 4). Through their interactions with integrins,
Rho GTP-binding proteins function to integrate extra-
cellular signals to ultimately affect cell movement, pro-
liferation, survival, and differentiation, all of which are
essential events during ductal morphogenesis (5).

Precise regulation of Rho GTPase activity is critically
important, and several families of proteins including the Rho
GTPase-activating proteins (GAPS) are capable of modu-
lating their activity (6). RhoGAPs function as negative reg-
ulators of Rho activity by enhancing the intrinsic GTPase
activity of the Rho proteins to rapidly convert active GTP-
bound Rho to inactive GDP-bound Rho (7). The role of the
Rho-signaling pathway in mammary gland development
and breast cancer progression is not well understood. Sev-
eral studies have reported overexpression of Rho family
members in human breast cancers (8-10), and a number of
reports have delineated functions of the Rho pathway by
introducing dominant-negative or active forms of Rho into
breast cancer cell lines (11).
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Until recently, Rho signaling in normal mammary
gland development had not been examined. P190-B
RhoGAP, an important negative regulator of the Rho
pathway, was identified in a screen for genes showing
enriched expression in TEBs (12). P190-B is highly
expressed throughout virgin mammary gland develop-
ment in both the body and cap cell layers of the TEBs
and in the mature ducts. Expression of p190-B de-
creases during late pregnancy and remains low, but
detectable, during lactation. Homozygous deletion of
this RhoGAP gene completely inhibits ductal out-
growth (12, 13). Loss of one allele of p190-B results in
decreased proliferation within the TEBs, causing a
transient delay in ductal morphogenesis. Thus, mam-
mary gland development is critically dependent on
p190-B RhoGAP.

To further elucidate the role of p190-B in mammary
gland development and tumor progression, a tetracy-
cline (tet)-regulatable p190-B-overexpressing mouse
model was developed. This inducible system was cho-
sen because it allows for manipulation of p190-B ex-
pression during distinct stages of mammary gland de-
velopment and function. Using this approach, p190-B
overexpression during ductal morphogenesis is
shown to drastically alter TEB architecture. As a result,
ductal elongation is delayed, branching is increased,
and organization of the ductal tree is disrupted. Over-
expression of p190-B during pregnancy results in hy-
perplastic lesions, which persist after postlactational
involution. These studies demonstrate, for the first
time, that overexpression of a RhoGAP is sufficient to
disrupt mammary gland architecture and promote hy-
perplasia, confirming our previous findings that pre-
cise regulation of p190-B RhoGAP is critically impor-
tant in the developing mammary gland.

RESULTS

P190-B Overexpression Results in Aberrant
TEB Architecture

To generate the tet-regulatable p190-B-overexpress-
ing mice, a transgene construct was designed in which
a hemagglutinin (HA)-tagged human p190-B cDNA
was subcloned into TMILA containing the tet operator
(TetO)/minimal cytomegalovirus promoter elements
followed by an interribosomal entry site (IRES)-lucif-
erase (Fig. 1) (14). The presence of the IRES-luciferase
allows for rapid identification of transgene expression
in the mammary gland after induction. Injection of this
construct into the pro-nuclei of fertilized FVB oocytes
yielded nine founder lines, as determined by Southern
blot and PCR analyses (Fig. 1 and data not shown).
To identify lines containing inducible p190-B trans-
gene expression, bigenic mice were obtained by
breeding the p190-B founder mice to mouse mam-
mary tumor virus (MMTV)-riTA (MTB) mice that ex-
press the reverse tet transactivator (rtTA) in the mam-
mary epithelium under the control of the mouse MMTV

long terminal repeat (Fig. 1A) (15). Bigenic mice (5 wk
old) from each line and MTB control mice were treated
with the tet analog doxycycline (Dox) at 2 mg/ml in
their drinking water for 3-7 d to induce transgene
expression. After treatment, mammary glands were
dissected from the mice and analyzed for luciferase
activity, p190-B transgene expression by RT-PCR,
and morphological changes by whole-mount mam-
mary gland analysis (Fig. 1C). Three of the lines (6667,
6671, and 6674, denoted with asterisks in Fig. 1B)
showed inducible p190-B transgene expression as
determined by luciferase activity and RT-PCR (Fig. 1,
D and E). To determine which cell types express the
p190-B transgene, immunofluorescence for the HA-
tagged p190-B was performed on mammary gland
tissue sections from Dox-treated midpregnant bigenic
and MTB control mice. As expected, the HA-tagged
p190-B transgene is localized to the mammary epithe-
lial cells, which is consistent with the expression of the
MMTV-rtTA within this compartment of the mammary
gland (Fig. 1F) (15).

Because p190-B was originally identified in a screen
for genes showing enriched expression in the TEBs,
the effects of acute overexpression of p190-B on TEB
morphology were examined. Strikingly, within 3 d of
p190-B transgene induction, aberrant TEBs with ex-
tensive budding off the neck region were apparent in
the whole-mounted mammary glands (Fig. 1C). Histo-
logical analysis of hematoxylin and eosin (H&E)-
stained tissue sections from these glands further dem-
onstrated the extent of disruption of the TEB
architecture (Fig. 2, A and B). The TEBs exhibited
extensive budding, abnormal morphologies, and dis-
organized and thickened stroma that, in some cases,
encompassed the leading edge of the TEB. To quan-
tify the extent of disruption of the TEB structures in the
p190-B-overexpressing mice, the percentage of nor-
mal TEBs was determined after 3 d of transgene in-
duction. Structures were designated normal if they did
not exhibit budding off the neck region of the TEB. In
comparison with the Dox-treated control mice (n = 6;
57 TEBs analyzed), the percentage of normal TEBs
was significantly decreased in the p190-B-overex-
pressing mice [n = 5 (67 TEBs analyzed), 98.2 + 1.85
vs. 34.8 = 12.2 (P < 0.0003), respectively (Fig. 2E)].
Despite the pronounced TEB anomalies seen after
short-term p190-B overexpression, acute overexpres-
sion of p190-B did not have any apparent effects on
the morphology of the mature ducts in these mice (Fig.
2, C and D). These phenotypes were not observed in
the Dox-treated MTB control mice. All three inducible
lines showed the TEB phenotype, and subsequent
studies were performed on two of the lines, 6667 and
6671. These results indicate that tight regulation of
p190-B expression is critical to maintain normal TEB
architecture.

P190-B overexpression is predicted to alter signal-
ing downstream of Rho family proteins. One of the
immediate downstream targets of the Rho-signaling
pathway is Rho kinase (ROK). An increase in p190-B
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Fig. 1. Generation of Tet-Regulatable p190-B-Overexpressing Mice

A, A schematic of the two constructs used to generate bigenic tet-regulatable p190-B-overexpressing mice. B, Southern blot
analysis of p190-B-overexpressing founder lines. *, Inducible lines. C, Whole-mount mammary glands showing aberrant budding
off the neck region of p190-B-overexpressing TEBs compared with uninduced bigenic controls after 3 d of transgene induction.
All three inducible lines showed this phenotype. Representative images at X2.5 magnification are shown. Bars, 0.5 mm. D,
Luciferase activity shown as relative light units (RLUs) per mg of protein in mammary glands from control and Dox-treated mice.
E, RT-PCR analysis of p190-B transgene expression in mammary glands from control and Dox-induced mice. RT-PCR for L19
is shown as a control for the RT reaction. Reactions performed in the absence of RT did not contain products (data not shown).
Data from line 6671 are presented in panels D and E and are representative of the three lines. F, Immunostaining for HA-tagged
p190-B (red) on mammary gland tissue sections from d 18 pregnant mice demonstrates that transgene expression is localized
to the mammary epithelial cells. Nuclei (blue) are 4',6-diamidino-2-phenylindole stained. CMV, Cytomegalovirus; LTR, long
terminal repeat.
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Fig. 2. p190-B Overexpression Disrupts TEB Architecture

Representative images of H&E-stained mammary gland tissue sections from bigenic or MTB control mice treated with Dox for
3 d are depicted. A, A TEB from a control mammary gland with normal architecture is shown. B, A TEB from a p190-B-
overexpressing mammary gland with abnormal budding is shown (arrows). The mature ducts appear normal in the p190-B-
overexpressing mice (panel D) as compared with the MTB control mice (panel C). Scale bars, 50 um. E, The percentage of normal
TEBs in p190-B-overexpressing (Bigenic) compared with control (MTB) mammary glands is depicted by a graph. F, Western
analysis of phosphorylated and total ROKII, PAK-2, and ERK levels in p190-B-overexpressing and control mammary glands.

activity is expected to inhibit Rho activity and, conse-
quently, decrease ROK activity. p190-B overexpres-
sion may also alter signaling downstream of the Rho
family protein Rac, and p21-activated kinase (PAK) is
one target of Rac that may be similarly down-regu-
lated in response to p190-B overexpression. To ex-
amine whether this is the case, Western blotting for the
phosphorylated active forms of ROKII (pROKII/Thr396)
and PAK2 (pPAK2/Thr402) was performed. In compar-
ison with the MTB control, pROKII expression was

substantially diminished in the p190-B-overexpressing
mammary glands (Fig. 2F). Total ROK expression,
however, was equivalent between the MTB and p190-
B-overexpressing mice. Similarly, pPAK-2 expression
was lower, but this likely reflects decreased total
PAK-2 expression that was detected in the p190-B-
overexpressing as compared with the MTB control
mammary glands (Fig. 2F). Recently, coordination of
Rho and ERK signaling was shown to control tissue
architecture (16). Thus, the pronounced decrease in
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Rho signaling that was detected in the p190-B-over-
expressing mammary glands might alter ERK activity.
To investigate this possibility, Western blotting for
phosphorylated ERK was performed. This analysis
showed a marked decrease in phosphorylation of
ERK, whereas total ERK levels were similar between
the p190-B-overexpressing and MTB controls (Fig.
2F). Taken together, these results demonstrate that
overexpression of p190-B in the mammary gland
inhibits signaling downstream of the Rho family
proteins.

To assess whether the newly formed buds off the neck
region of the TEBs will persist or regress, cell proliferation
and apoptosis were evaluated. To detect proliferation
within the buds, immunohistochemical staining for the
proliferation marker Ki67 was performed. As seen in Fig.
3B, the aberrant budding structures extending from the
TEBs in the p190-B-overexpressing mice are highly pro-
liferative. Apoptosis was assessed by immunohisto-
chemical staining for the apoptotic marker, cleaved
caspase-3, and few cells within the aberrant buds are
undergoing apoptosis (Fig. 3D). These data suggest that
the newly formed buds will grow out to form branches
because the cells within the buds are proliferating and
undergoing apoptosis similarly to cells within the control
TEBs. Taken together, these data demonstrate that
short-term p190-B overexpression disrupts TEB mor-
phology and may lead to aberrant branching off of the
neck of the TEB.

To further examine the morphological abnormalities
seen in the p190-B-overexpressing TEBs, immunohis-
tochemical staining was performed for cap/myoepi-
thelial and body cell markers, p63 and E-cadherin,
respectively (Fig. 3, E-H). This analysis demonstrated
that both cell types are present within the aberrant
TEBs. However, p63 immunostaining revealed that the
cap/myoepithelial cell layer surrounding the aberrant
TEBs is discontinuous along the neck region both at
sites of aberrant budding and in areas not associated
with aberrant budding (Fig. 3H). This disruption was
not observed in the control TEBs, which show a con-
tinuous myoepithelial cell layer including at sites of
initiating side branches distal to the TEBs (Fig. 3G,
arrowhead; shown at higher magnification in the inset).
Immunostaining for the myoepithelial marker smooth
muscle actin also show discontinuity in this cell layer
(data not shown). Thus, the alteration in the myoepi-
thelial layer surrounding the abnormal TEBs does not
appear to reflect a normal phenomenon associated
with side branching. These data suggest that p190-B
overexpression alters cell-cell or cell-extracellular ma-
trix (ECM) interactions to impact the myoepithelial cell
layer surrounding the TEBs.

P190-B Overexpression Results in Abnormal
Stroma Surrounding the TEBs

Histological analysis of the H&E-stained TEBs demon-
strated that the stroma surrounding the TEBs was
altered in the p190-B-overexpressing mice. The

stroma in the p190-B-overexpressing glands ap-
peared disorganized, thicker, and more cellular. The
degree of stromal disorganization correlated with the
extent of TEB disruption such that the TEBs with dras-
tically altered morphologies had more pronounced
stromal anomalies. To further examine the stromal
changes occurring in the p190-B-overexpressing
mice, Masson’s trichrome staining was performed as it
allows for visualization of aniline blue-stained collagen
fibers. As seen in Fig. 4B, the stroma surrounding the
aberrant TEB from the p190-B-overexpressing mam-
mary gland is highly enriched in collagen fibers as
compared with the control TEB in which the collagen
fibers are localized primarily to the neck region of the
TEB (Fig. 4A). This result suggests that p190-B over-
expression results in altered stromal-epithelial interac-
tions during TEB outgrowth.

Immune cells, in particular macrophages and eosin-
ophils, have recently been shown to play an important
role in ductal morphogenesis in the developing mam-
mary gland (17). Macrophages are also known to be
involved in activation of stromal fibroblasts to affect
ECM deposition (18). The aberrant budding off the
TEBs, as well as the alterations in the stromal thick-
ness and collagen deposition that were observed in
the p190-B-overexpressing mice, suggested that
there may also be alterations in immune cell infiltration
surrounding the abnormal TEBs. To examine this pos-
sibility, immunohistochemical staining for the macro-
phage and eosinophil marker F4/80 was performed. In
contrast to the control TEBs, which have fewer F4/80-
positive cells localized predominantly to the neck re-
gion of the TEBs, the number of cells staining positive
for F4/80 in the stroma surrounding the aberrant TEBs
is markedly increased (Fig. 4, C and D). Taken to-
gether, these data suggest that p190-B overexpres-
sion influences immune cell infiltration within the
stroma adjacent to the TEBs, which ultimately affects
TEB architecture.

Downstream of p190-B RhoGAP are the insulin re-
ceptor substrate (IRS) proteins 1 and 2 (19). Deficiency
of p190-B leads to increased ROK activity and phos-
phorylation of the IRS proteins, which targets them for
degradation. As a result, IGF receptor (IGFR) signaling
is diminished. Signaling through the IGFR pathway has
also been shown to play an important role in mammary
gland ductal morphogenesis because IGF-IR defi-
ciency impairs take rate and ductal outgrowth in mam-
mary gland transplantation studies (20). Constitutive
activation of IGF-IR increases ductal side branching,
delays ductal outgrowth, and results in rapid formation
of adenocarcinomas (21). To determine whether sig-
naling through the IGFR pathway is altered in the
aberrant TEBs in the p190-B-overexpressing mice,
immunohistochemistry for IRS-1, IRS-2, and a down-
stream target of the IGFR-signaling pathway, phos-
phorylated Akt (pAKT) was performed. Interestingly,
this analysis revealed a reduction in IRS-1 and IRS-2
expression levels (Fig. 5, A-D) as well as a reduction in
pAkt in the aberrant TEBs as compared with control
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Fig. 3. Immunohistochemical Analysis of Proliferation, Apoptosis, and Cap/Myoepithelial and Body Cells in p190-B-Overexpressing TEBs

A and B, Immunostaining for the proliferation marker ki67 shows abundant proliferation in the control TEBs as well as the aberrant buds
(arrow) in the p190-B-overexpressing TEBs. The inset shown in panel B demonstrates multiple buds extending from the TEB. C and D,
Immunostaining for the apoptotic marker, cleaved caspase 3, shows that few cells are undergoing apoptosis in the abnormal buds similar
to the control TEBs (arrows indicate positively stained cells). E and F, Immunostaining for E-cadherin marks the body cells in the TEBs. G and
H, P63 immunostaining demonstrates noncontiguity of the myoepithelial cell layer in the p190-B-overexpressing TEBs (arrows) as compared
with the control TEB, which shows a continuous cap/myoepithelial cell layer surrounding the TEB including at sites of side branching (inset,
arrows). Note the thickened stroma surrounding the p190-B-overexpressing TEBs. Scale bars, 50 um.
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Fig. 4. Abnormal Stroma Surrounds p190-B-Overexpressing TEBs

A and B, Masson’s trichrome staining shows increased collagen deposition (arrows, blue area) in the stroma surrounding the
aberrant p190-B-overexpressing TEB as compared with the MTB control TEB. Scale bars, 100 um. C and D, Immunostaining for
the macrophage and eosinophil marker F4/80 shows abundant immune cells (arrows) within the stroma adjacent to the
p190-B-overexpressing TEB as compared with the stroma surrounding the control TEB, which contains fewer immune cells that
are localized primarily to the neck region of the TEB. Scale bars, 100 um.

TEBs (Fig. 5, E and F). Western blotting of mammary
gland extracts confirmed decreased expression of
IRS-1, IRS-2, and total AKT in the p190-B-overex-
pressing as compared with the Dox-treated control
mammary glands (Fig. 5G). Although a decrease in
expression of these proteins in the aberrant TEBs was
not predicted, these results indicate that p190-B over-
expression impacts signaling through the IGFR
pathway.

Long-Term p190-B Overexpression during Virgin
Mammary Gland Development Results in
Disorganization of the Ductal Tree

p190-B is normally highly expressed in the TEBs and
mature ducts throughout postnatal mammary gland
development. Acute overexpression (3—7 d) of p190-B
resulted in pronounced abnormalities in the TEB ar-
chitecture, including increased budding off the neck
region of the TEBs. As shown in Fig. 3, analysis of
proliferation and apoptosis within the aberrant TEBs
suggested that these buds may persist and form new
branches. To determine whether the TEB abnormali-
ties would ultimately affect ductal outgrowth and for-
mation of the arborized ductal tree, long-term p190-B
overexpression studies were performed in which
p190-B expression was induced throughout postnatal
mammary gland development. For these studies, big-

enic (n = 6; three mice from each line) and wild-type
(n = 4) littermate control mice were treated continu-
ously with Dox beginning at 5.5 wk of age until 9.5 wk
of age, at which time the growing ducts normally reach
the end of the fat pad. In comparison with the Dox-
treated wild-type littermate control mammary glands,
which showed normal architecture within the ductal
tree, long-term p190-B overexpression resulted in dis-
organization of the ductal tree and increased branch-
ing, as seen in the whole-mounted mammary glands
(Fig. 6B). Luciferase assays and RT-PCR were per-
formed to confirm expression of the p190-B transgene
(Fig. 6E and data not shown).

To quantify the increase in ductal branching, the
average number of secondary and tertiary branch
points was compared between the control and p190-
B-overexpressing mice. This analysis revealed a sig-
nificant increase in branching in the p190-B-overex-
pressing mice (21.9 = 1.84 vs. 15.5 = 1.93; P < 0.03)
as compared with the control mice (Fig. 6F). Histolog-
ical examination of H&E-stained tissue sections dem-
onstrated that long-term p190-B overexpression
throughout ductal morphogenesis results in the pres-
ence of abnormal TEBs and thickened stroma sur-
rounding the mature ducts (Fig. 6, C and D). Normally
at 9.5 wk of age, the TEBs have reached the end of the
fat pad and begin to regress. TEBs were still detected
in the most disorganized p190-B-overexpressing
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Fig. 5. Decreased IGFR Signaling in p190-B-Overexpressing TEBs

Immunohistochemical staining for IRS-1 (panels A and B), IRS-2 (panels C and D), and pAKT (panels E and F) demonstrated
that expression of the IRS proteins and pAKT was significantly diminished in the aberrant p190-B-overexpressing TEBS as
compared with control TEBs. Scale bars, 50 um. G, Western blotting shows decreased IRS-1, IRS-2, and AKT expression in
Dox-treated bigenic as compared with MTB control mammary glands. Focal adhesion kinase (FAK) is shown as a loading control.

mammary glands in which the ducts had not yet
reached the end of the fat pad. Proliferation rates
within the mature ducts were similar between the
p190-B-overexpressing and Dox-treated wild-type lit-
termate control mice as determined by quantification
of Ki67-positive cells (2.6 = 0.97 vs. 2.1+1.1; P >
0.07). Taken together, these data demonstrate that the
aberrant budding off the TEBs in the p190-B-overex-
pressing mice results in a disorganized ductal tree with

increased branching and altered stroma surrounding
the mature ducts.

Upon examination of the long-term p190-B-overex-
pressing mammary glands, it was noted that the se-
verity of the aberrant branching and disorganization
within the growing ductal tree correlated with a delay
in ductal outgrowth. To further investigate the effects
of p190-B overexpression on ductal elongation, p190-
B-overexpressing mammary tissue was transplanted
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Fig. 6. Persistent Overexpression of p190-B during Ductal Morphogenesis Results in Delayed Ductal Elongation, Increased
Branching, and Disorganization of the Ductal Tree

A and B, Whole-mounted mammary glands from Dox-treated wild-type control littermates and bigenic mice show aberrant
architecture of the ductal tree in the p190-B-overexpressing mammary gland as compared with the normal ductal tree seen in
the Dox-treated control. Arrows indicate the presence of abnormal TEBs. C and D, H&E-stained tissue sections show thickened
stroma surrounding the ducts in the p190-B-overexpressing mammary glands as compared with the thin layer of connective
tissue surrounding the ducts in the control mammary glands. Scale bars, 50 um. E, RT-PCR shows p190-B transgene expression
in the Dox-treated bigenic mice, but not in the wild-type controls. All wild-type controls were negative, and L19 and no-RT controls
were performed (data not shown). F, Quantification of side branching in long-term Dox-treated mammary glands revealed a
significant increase in the number of side branches in the p190-B-overexpressing mice compared with the Dox-treated wild-type
control mice. The average number of branch points is shown by graph. G, The percentage of bigenic compared with MTB control
transplants that filled the fat pad is shown by graph. Bi, Bigenic; Wt, wild type.

into the cleared fat pads of 3-wk-old female mice. As were collected 3 d after parturition and analyzed by
a control, MTB tissue was transplanted into the con- H&E staining. Luciferase assays were performed to
tralateral cleared no. 4 fat pads. The transplants were confirm transgene expression (data not shown). Inter-
allowed to grow out for 8 wk, at which time the mice estingly, p190-B overexpression resulted in a dramatic

were bred to wild-type FVB males. Mammary glands delay in ductal outgrowth as compared with the MTB
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controls. This analysis revealed that 100% (six of six)
of the MTB control transplants completely filled the fat
pad, whereas only 33% (two of six) of the p190-B-
overexpressing transplants filled the fat pad (n = 6;
P < 0.01) (Fig. 6G). The remaining four p190-B-over-
expressing transplants filled the fat pad 50% or less
(data not shown). These data demonstrate that
p190-B overexpression delays ductal morphogenesis,
and pregnancy does not rescue this defect.

Overexpression of p190-B during Pregnancy
Results in Hyperplastic Lesions

To examine the affects of p190-B overexpression dur-
ing pregnancy and lactation, 12-wk-old bigenic (n = 6)
and MTB (n = 3) and wild-type littermate (n = 3)
control mice were bred to wild-type male mice. To
induce p190-B transgene expression, Dox treatment
was started when the males were placed with the
females and continued throughout pregnancy and lac-
tation. MTB and wild-type control mice were also Dox
treated. During late pregnancy (d 16-18) 3- to 5-mm
biopsy samples were collected from the bigenic (n =
2) and wild-type littermate (n =2) control mice. Inter-
estingly, histological examination of H&E-stained sec-
tions of biopsy samples from both bigenic mice
showed hyperplastic lesions that were readily detect-
able within the small samples that were collected (Fig.
7, C and D). Neither of the wild-type controls con-
tained hyperplastic lesions. Furthermore, hyperplastic
lesions were detected in involuted mammary glands

from the p190-B-overexpressing mice, but not in the
controls (Fig. 7B). Overexpression of p190-B, how-
ever, did not inhibit lactation because all six bigenic
mice were able to support their litters (six or more
pups) to weaning age.

DISCUSSION

Reported here for the first time is an in vivo model in
which the effects of tet-regulatable p190-B RhoGAP
overexpression on mammary gland development and
function are examined. To date, investigation of the
role of the Rho pathway in the mammary gland has
been performed primarily in breast cancer cell lines in
which Rho signaling is manipulated by overexpression
of either dominant-active or inhibitory forms of Rho
(11). More recently, small interfering RNA has been
used to down-regulate specific Rho family members in
breast cancer cell lines (22, 23). These studies have
elucidated roles for the Rho-signaling pathway in pro-
liferation, adhesion, and invasion of breast cancer
cells. However, they have not allowed for examination
of this pathway in normal mammary epithelial cells in
the context of the in vivo environment, which includes
stromal-epithelial interactions that are critical for
mammary gland development, function, and breast
cancer progression. In the current study, the p190-B
transgene is under the control of a tet-regulatable
promoter, which provides temporal control allowing
for investigation of the effects of overexpression of this

Fig. 7. p190-B Overexpression during Pregnancy Results in Hyperplastic Lesions

A and B, Hyperplastic lesions from p190-B-overexpressing mice are shown in whole-mounted involuted mammary glands
(panel B, arrow), whereas no lesions were detected in the Dox-treated MTB control glands (panel A). Magnification, X4. C and
D, H&E-stained sections showing the histology of the hyperplastic lesions from each biopsy. Scale bars, 50 um.
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RhoGAP at distinct stages of mammary gland devel-
opment and function. This unique aspect allowed us to
examine the effects of p190-B overexpression on duc-
tal outgrowth in the developing virgin and during preg-
nancy and lactation.

Acute overexpression of p190-B during ductal mor-
phogenesis dramatically altered the architecture of the
TEBs and the adjacent microenvironment. The abnor-
mal TEBs were characterized by extensive budding off
the neck region, disruption of the myoepithelial cell
layer, and pronounced stromal alterations. Overex-
pression of p190-B throughout ductal morphogenesis
resulted in delayed ductal elongation, disorganization
of the ductal tree, and increased side branching. Pre-
viously, loss of p190-B was shown to completely in-
hibit ductal morphogenesis (13). Haploinsufficiency of
p190-B was shown to transiently delay ductal mor-
phogenesis, due to decreased proliferation in the cap
cell layer of the TEB, possibly resulting from dimin-
ished expression of IRS proteins (13). The current
study complements the loss of function studies and
demonstrates that precise regulation of p190-B in the
developing mammary gland is required for normal TEB
structure, ductal elongation, and organization of the
ductal tree.

p190-B overexpression resulted in several cellular
and molecular changes within the TEBs and surround-
ing microenvironment, all of which are likely to con-
tribute to the aberrant TEB architecture. Interestingly,
the myoepithelial layer was found to be discontinuous
along the neck region and at sites of aberrant budding
in the p190-B-overexpressing TEBs. In contrast, alter-
ations in the myoepithelial cell layer were not detected
at sites of lateral budding or at any point along the
neck region of the control TEBs. This result suggests
that disruption of the myoepithelial cell layer in the
aberrant TEBs is not reflective of a normal phenome-
non associated with lateral branch points. However,
the role of the myoepithelial cell layer in the formation
of lateral branches is not clear. One model in the
literature suggests that the myoepithelial cell layer is
normally absent at branch points, although the data
supporting this model are unclear (24). In contrast to
this model, it has also been suggested that the myo-
epithelial cells reform the cap cell layer during the
initiation of lateral branches (25). One possible role for
the myoepithelial cells, which secrete a number of
proteases, is that they may contribute to maintenance
and remodeling of the ECM underlying the ductal ep-
ithelium during lateral branching (26). Furthermore,
myoepithelial cells may have tumor suppressor roles
because they have been shown to inhibit proliferation,
induce apoptosis, and block invasion of breast cancer
cells (27-29). Mice overexpressing an inducible form
of fibroblast growth factor receptor 1 (MMTV-iFGFR1)
also had a noncontiguous myoepithelial cell layer at
sites of aberrant branching (30). Thus, disruption of the
myoepithelial cell layer in the p190-B-overexpressing
TEBs may play an important role in the abnormal TEB
architecture and aberrant budding off the neck region

of the TEBs. The molecular mechanisms by which
overexpression of p190-B contributes to alterations in
the myoepithelial cell layer remain unclear. Future
studies examining the interactions between primary
myoepithelial and luminal epithelial cells isolated from
the tet-regulatable p190-B-overexpressing mice in a
three-dimensional culture system will help to elucidate
the molecular signaling pathways involved in the
cross-talk between the myoepithelial and luminal ep-
ithelial cells.

Another phenotype observed in the aberrant TEBs
was a pronounced alteration in the adjacent microen-
vironment. The stroma was thicker, more cellular, and
contained more collagen as determined by Masson’s
trichrome staining. Recently, elegant studies by Dr.
Valerie Weaver and colleagues (16) demonstrated that
matrix rigidity plays a critical role in epithelial morpho-
genesis. Rho-dependent cytoskeletal tension and ERK
activity are increased in epithelial cells grown on a stiff
stroma, thereby altering cell-cell/cell-matrix adhesion
and polarity to ultimately disrupt morphogenesis.
These studies demonstrated that even small increases
in matrix stiffness are sufficient to increase cell prolif-
eration and compromise tissue architecture. Further-
more, ROK-mediated contractility is required for
breast epithelial cells to sense the rigidity of their en-
vironment, and down-regulation of Rho activity is nec-
essary for epithelial cell differentiation (31). Thus, the
increase in collagen and stromal thickness adjacent to
the aberrant TEBs may result in a more rigid stroma,
leading to disrupted TEB architecture in the p190-B-
overexpressing mice.

Interestingly, ROK and PAK activity is decreased in
the p190-B-overexpressing mammary glands. The
Rho pathway plays an essential role in regulation of
actin cytoskeletal dynamics, and remodeling of the
actin cytoskeleton is required for a number of cellular
processes (32). Continual inhibition of Rho signaling
by overexpression of p190-B RhoGAP, therefore, is
not likely to be tolerated within normal mammary ep-
ithelial cells. Thus, it is probable that a compensatory
up-regulation of other signaling pathways that contrib-
ute to cytoskeletal regulation occurs in response to
p190-B overexpression. The stromal response in the
p190-B-overexpressing mice may occur to compen-
sate for the chronically depressed ROK and PAK ac-
tivity, thereby allowing for modulation of Rho-depen-
dent cytoskeletal tension.

In addition to the changes in matrix deposition, a
significant increase in the number of immune cells was
detected by immunostaining for the macrophage and
eosinophil marker F4/80. Whereas disruption of the
myoepithelial cell layer may contribute to alterations in
the stromal environment as discussed above, it is
likely that p190-B overexpression modulates inside-
out signaling pathways that influence immune cell in-
filtration and ECM deposition. Macrophages and eo-
sinophils have been shown to play an essential role in
branching morphogenesis of the mammary gland be-
cause depletion of these cells inhibited ductal branch-
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ing and elongation (17). Their ability to promote ECM
remodeling and aid in the release of growth factors
may contribute to the disruption in ductal morphogen-
esis seen in the p190-B-overexpressing mice. Thus,
the aberrant budding off the TEBs and increased
branching observed after long-term p190-B overex-
pression is likely to be influenced by the marked in-
crease in F4/80-positive immune cells observed in
association with the aberrant TEBs. The molecular
mechanisms by which overexpression of p190-B con-
tributes to the recruitment of immune cells remain
unclear. In breast cancer cells, the Rho-signaling path-
way was shown recently to be important for produc-
tion of colony-stimulating factor 1 (33), which is a
major regulator of macrophage activation (34). Thus, it
is possible that p190-B overexpression leads to alter-
ations in Rho signaling that impact expression of col-
ony-stimulating factor 1 expression, resulting in the
recruitment of macrophages.

Similar to p190-B RhoGAP, IGF-IR is critical for
normal mammary gland ductal morphogenesis. In
transplant studies, embryonic mammary buds defi-
cient for IGF-IR show a significant reduction in take
rate, and ductal outgrowth is severely impaired (20).
Overexpression of a constitutively active IGF-IR in the
developing mammary gland increased side branching,
delayed ductal elongation, and resulted in the rapid
formation of adenocarcinomas (21). p190-B RhoGAP
was recently shown to interact with the IGF-signaling
axis in vivo. Deficiency of p190-B resulted in increased
activity of ROK, which phosphorylates the IRS pro-
teins and targets them for degradation (19). In addi-
tion, IGF-IR activation positively regulates p190-B ac-
tivity through phosphorylation events that alter the
subcellular location of p190-B (35). Furthermore, de-
creased expression of IRS-1 and IRS-2 was detected
in the TEBs of p190-B heterozygous mice (13). Thus,
interactions between IGF-IR and p190-B signaling are
likely to play an important role in the developing mam-
mary gland.

In the current report, expression of the IRS proteins
and activation of the downstream effector AKT were
significantly reduced in the aberrant TEBs. This result
was initially unexpected because p190-B deficiency
also results in reduced IGFR signaling. Although it may
seem surprising that IGFR signaling is decreased as a
result of both p190-B deficiency and overexpression,
this finding may not be unexpected when considering
that normal regulation of Rho signaling is highly dy-
namic (32). Chronic suppression of a pathway that
normally undergoes transient fluctuations may have
unanticipated effects on interacting pathways. Fur-
thermore, overexpression of p190-B should not nec-
essarily lead to an increase in IRS-1/2 expression just
because the reciprocal experiment was shown to lead
to increased ROK activity and IRS degradation (19).
There may be a finite level of IRS gene expression, and
the steady-state level does not, therefore, necessarily
have to increase when p190-B is overexpressed. The
reduced IGFR signaling in response to p190-B over-

expression may account for the delayed ductal elon-
gation that was detected in the p190-B-overexpress-
ing mice, whereas the increased branching may result
from changes in the stromal compartment and cap/
myoepithelial cell layer as discussed above.

The ability to temporally regulate expression of the
p190-B transgene allowed for examination of the role
of p190-B overexpression during distinct stages of
mammary gland development and function. To inves-
tigate the consequences of p190-B overexpression
during pregnancy and lactation, the transgene was
induced on the first day of pregnancy and continued
throughout lactation. p190-B overexpression did not
have any apparent effect on lactation. Interestingly,
hyperplastic lesions were detected in biopsies from
p190-B-overexpressing pregnant and involuted mam-
mary glands. To our knowledge, this is the first report
in which overexpression of a RhoGAP was shown to
have neoplastic activities in vivo. One potential expla-
nation for the development of these lesions is that
there may also be perturbations in the myoepithelial
cell layer when p190-B is overexpressed during preg-
nancy, which could lead to a loss of growth control as
discussed above. Alternatively, increased rigidity of
the stroma may lead to loss of growth control and
tissue architecture (16). Analysis of multiparous mice
in which p190-B is chronically overexpressed is nec-
essary to determine whether these hyperplastic le-
sions will progress. This study, as well as transplan-
tation of the hyperplastic lesions, is currently ongoing.

MATERIALS AND METHODS

Transgenic Mice

To generate the tet-regulatable p190-B transgenic mice, the
following construct was engineered. The 4.9-kb human
p190-B cDNA was subcloned into the TMILA TetO-IRES-
luciferase vector downstream of the TetO (14). A 7.2-kb frag-
ment containing the TetO-p190-B-IRES-luciferase expres-
sion cassette was microinjected into the pronuclei of fertilized
FVB/N oocytes by the Baylor College of Medicine Transgenic
Mouse Core, yielding nine potential founder lines. Southern
blotting to detect the transgene in genomic DNA prepared
from tail cuts was performed to identify founder lines. Mice
were maintained on an inbred FVB/N background.

Bigenic mice were obtained by breeding TetO-p190-B-
IRES-luciferase mice to MTB mice, which contain the reverse
tet transactivator under the control of the MMTV promoter
(15). For genotyping, PCR amplification of the MTB and
p190-B transgenes was performed on genomic DNA pre-
pared from tail cuts using the following oligonucleotide pairs:
for TetO-p190-B, 5'-CCTCAAAAAAGTCATGGGGAACG-
GAGC-3' and 5'-CGCTGACACGGTAGAGTCCTTCGG-3';
for MTB, 5'-TCCAAGGGCATCGGTAAACA-3’ and 5'-GCAT-
CAAGTCGCTAAAGAAG-3'. The p190-B oligonucleotide pair
is specific for the human p190-B transgene and does not
cross-react with endogenous murine p190-B. Reaction con-
ditions were 94 C for 3 min followed by 30 cycles of 94 C for
30 sec, 60 C for 45 sec, 72 C for 45 sec, followed by a 5-min
extension at 72 C. To induce transgene expression, bigenic
mice were treated with Dox (CLONTECH, Mountain View, CA)
at 2 mg/ml in their drinking water containing 5% sucrose.
Fresh Dox water was given twice weekly. Animal care and
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procedures were approved by the Institutional Animal Care
and Use committee at Baylor College of Medicine and were
in accordance with the procedures outlined in the Guide for
Care and Use of Laboratory Animals (National Institutes of
Health publication 85-23).

For mammary gland transplantation, the inguinal no. 4
mammary glands from 21-d-old FVB/N female mice were
cleared of the mammary epithelium as previously described
(86). Small pieces of tissue approximately 1 mm (3) in size
were transplanted into the cleared fat pads. Transplants were
allowed to grow out for 8 wk. Mammary gland tissue isolation
and whole-mount preparation were performed as previously
described (37). Analysis of branch points and TEB morphol-
ogy were performed blindly by examining whole-mounted
mammary glands. For branch point analysis, the primary duct
was identified starting at the nipple, and the average number
of secondary and tertiary branch points off the primary duct
was determined. The unpaired Student’s t test was used to
determine statistical significance.

Luciferase Assay

Snap-frozen mammary tissue was ground using a mortar and
pestle. Tissue extracts were prepared in Passive Lysis Buffer
(Promega Corp., Madison, WI) and cleared by centrifugation.
Luciferase activity was measured using Promega’s Lucif-
erase Assay System according to the manufacturer’s instruc-
tions. Protein concentrations in the tissue extracts were de-
termined using the BCA Protein Quantitation Assay (Pierce
Chemical Co., Rockford, IL).

Southern Hybridization

A random primed (DNA labeling kit, Roche, Indianapolis IN)
cDNA probe recognizing the first 1.3 kb of the human p190-B
coding region was used to probe Southern blots containing
EcoRI-digested genomic DNA prepared from tail cuts as
previously described (38). The digested DNA was transferred
to Zetaprobe (Bio-Rad Laboratories, Inc., Hercules, CA).

Immunohistochemical Staining

Paraffin-embedded tissue sections (5 um) were deparaf-
finized in xylenes and rehydrated through a series of
graded ethanols. Tissue sections were then stained with
hematoxylin and eosin, Accustain (Masson’s) Trichrome
stain (Sigma-Aldrich, St. Louis, MO), or antibodies to de-
tect specific proteins. Antigen retrieval was performed by
microwaving slides in 10 mwm citrate, pH 6, for 20 min. For
immunostaining with mouse monoclonal antibodies, the
M.O.M kit (Vector Laboratories, Burlingame, CA) was used
to block nonspecific binding and for dilution of primary
antibodies. For primary polyclonal antibodies, the tissue
sections were blocked and primary antibodies were diluted
in a 5% solution of BSA in PBS + 0.5% Tween-20. Sec-
tions were incubated with primary antibody overnight at
room temperature. The following antibodies and dilutions
were used: E-cadherin, 1:250 (BD Transduction Laborato-
ries, San Jose, CA); Ki67, 1:5000 (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA); cleaved caspase-3 (Asp175),
1:1000 (Cell Signaling, Beverly MA); p63, 1:500 (Lab Vision
Neomarkers, Fremont, CA); IRS-1, 1:800 (Upstate Biotech-
nology, Inc., Lake Placid, NY); IRS-2 1:800 (Upstate Bio-
technology); pAKT (Ser473), 1:50 (Cell Signaling); F4/80,
1:50 with no antigen retrieval (Caltag Laboratories, Burlin-
game, CA). Biotinylated antirat (Molecular Probes, Eugene,
OR), antirabbit (Oncogene Research, Darmstadt, Ger-
many), and antimouse (Oncogene Research) secondary
antibodies were diluted 1:200 in PBS and were incubated
on the tissue sections for 1 h at room temperature. Vec-
tastain Elite ABC and diaminobenzidine substrate kits were

used to detect immunoperoxidase staining according to
the manufacturer’s instructions (Vector Laboratories). To
detect the HA-tagged p190-B by immunofluorescence, tis-
sue sections from 18-d pregnant mice were subjected to
antigen retrieval as described above. To detect the HA tag,
a monoclonal antibody against HA 1:200 (Covance Labo-
ratories, Inc., Denver, PA) was used with the M.O.M kit.
Fluorescent-tagged antimouse Alexa 594 secondary anti-
body (Molecular Probes) was used at 1:1000. Nuclei were
visualized by staining with 4’,6-diamidino-2-phenylindole.

RT-PCR

RNA was prepared from mammary glands using Trizol Re-
agent according to the manufacturer’s recommendations. To
prepare cDNA, 1 ng of RNA was first DNase treated, primed
with oligo-dT, and reverse transcribed using MMLV-reverse
transcriptase (RT) (all reagents for RT were purchased from
Invitrogen, Carlsbad CA). The human p190-B-specific oligo-
nucleotides that were used for genotyping PCR were also
used for RT-PCR. As a negative control, reactions were also
performed in the absence of RT (data not shown). Amplifica-
tion of L19 served as a control for the RT reaction. The
following oligonucleotides and conditions were used: 5'-AG-
TATCCTCAGGCTTCAGAA-3’ and 5'-TTCCTTGGTCTTA-
GACCTGC-3'. Reaction conditions were 94 C for 3 min fol-
lowed by 30 cycles of 94 C for 30 sec, 60 C for 45 sec, 72 C
for 45 sec, followed by 5 min at 72 C.

Western Blotting

To examine expression and phosphorylation of proteins by
Western analysis, mammary gland extracts were first pre-
pared by pulverizing snap-frozen tissues followed by lysis in
Passive Lysis Buffer (Promega) containing a protease inhib-
itor cocktail (Roche) and clearing by centrifugation. Protein
concentrations in the tissue extracts were determined using
the BCA Protein Quantitation Assay (Pierce). Mammary gland
extracts were prepared from p190-B-overexpressing (n = 4)
or MTB control glands (n = 4) at d 3 of involution that had
been treated continuously with Dox throughout pregnancy
and involution. Extracts were pooled (20 ug of each), elec-
trophoresed on 6% or 12% SDS-PAGE gels, and transferred
to polyvinylidine difluoride membrane (Millipore Corp., Bed-
ford MA). Membranes were blocked in 5% milk/Tris-buffered
saline followed by incubation with pROKII (thr396) 1:1000 or
total ROKII 1:1000 antibodies (AnaSpec, Inc., San Jose, CA),
IRS-1 and IRS-2 1:1000 (Upstate Biotechnology), AKT 1:1000
(Cell Signaling), pPAK-2 (thr402) and total PAK-2 1:1000 (Cell
Signaling), focal adhesion kinase 1:1000 (Cell Signaling), and
phosphorylated ERK and ERK 1:1000 (Cell Signaling) in 5%
milk/Tris-buffered saline-Tween 20. Peroxidase-conjugated
goat antirabbit secondary antibody (Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA) was used at
1:5000, and signal was detected with Supersignal West Pico
Solutions (Pierce). Membranes were stripped and reprobed
whenever possible. Fast green stain was also used to confirm
equal loading of proteins on the membranes (data not
shown).
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Abstract:

p190-B RhoGAP (p190-B, also known as ARHGAPS) has been shown previously to play
an essential role in ductal morphogenesis in the postnatal mammary gland. Expression of
p190-B is detected at E12.5 in the epithelium of the mammary anlage. Here we report
that embryos with a homozygous pl190-B gene deletion exhibit major defects in
embryonic mammary bud development including smaller bud size, fewer p63-positive
cells, and display characteristics of impaired mesenchymal proliferation. IGF-1R null
embryos also contain similar small mammary buds and a loss of p63-staining cells.
However, unlike the p190-B null embryos, the IGF-1R- homozygous embryos did not
display similar mesenchymal defects. Since p190-B and IGF signaling intersect at the
level of the IRS proteins, we examined IRS1/2 double knock-out embryonic mammary
buds. We found that IRS1/2 double knock-out embryos exhibit major defects similar to
those observed in the p190-B null embryos. Importantly, like the p190-B deficient buds,
the proliferation of the IRS1/2 null mesenchyme is impaired. These results indicate that
pl90-B and IRS proteins acting possibly through IGF-1R and integrin signaling are
critical for the migration of epithelial progenitors as well as the ensuing epithelial-
mesenchymal interactions necessary to sustain mammary bud development and

morphogenesis.



Introduction

Mouse mammary gland development can first be detected as a line of epithelial
cells that thicken between the limb buds at embryonic day 10.5-11.5 (E10.5-11.5) (Chu et
al., 2004; DasGupta and Fuchs, 1999; Eblaghie et al., 2004; Veltmaat et al., 2004). The
line fragments into individual placodes that appear as elevated domes, which then
invaginate into the underlying dermal mesenchyme to form bulb-shaped buds at E12.5
(Mailleux et al., 2002). At E13 the bud enters a resting phase, and the mesenchyme of
fibroblasts adjacent to the bud condenses into concentric rings that are separated from the
bud by basement membrane (Kimata et al., 1985; Kratochwil, 1969). This process
coincides with the increased expression of fibronectin, tenascin-C and androgen receptor,
which distinguishes the mammary mesenchyme from the surrounding dermis and the
underlying mesenchyme (Chiquet-Ehrismann et al., 1986; Durnberger and Kratochwil,
1980; Inaguma et al., 1988). The cells underlying the mammary mesenchyme condense
to form the fat pad precursor at E14 (Sakakura et al., 1982). The fad pad precursor
becomes less compact at E15-16 forming a loose connective tissue and producing fatty
substances (Sakakura, 1991). During this time the bud undergoes rapid proliferation
leading to bud elongation. The distal end of the primary sprout breaks through the
mammary mesenchyme and penetrates the fat pad precursor. The mammary
mesenchyme has been shown to be both permissive and instructive in mammary
morphogenesis through a series of explant and tissue recombination experiments
(Sakakura et al., 1976; Veltmaat et al., 2003).

Previous studies have demonstrated that p190-B interacts with the insulin-like
growth factor (IGF) signaling pathway. In fibroblasts from p190-B null embryos,

increased Rho kinase activity decreased IGF/insulin signaling to downstream pathways



components, leading to a reduction in phosphorylated p38, JNK, and Akt (Sordella et al.,
2002). The IGF-1 receptor (IGF-1R) functions through activation of an intrinsic tyrosine
kinase in its cytoplasmic domain (Sachev, 2001). Upon activation, the receptor becomes
autophosphorylated and recruits intracellular substrates, including insulin receptor
substrate (IRS) proteins. The IRS proteins (IRS-1,-2, -3, and -40, are adaptor molecules
that organize signaling complexes at sites of receptor activation (White, 2002). IRS-1 and
-2 are ubiquitously expressed including in mammary epithelium. IRS-3 and -4 are
restricted in their localization, and are predominantly found in adipose tissue and brain,
respectively (Lavan et al., 1997a; Lavan et al., 1997b; Lee et al., 2003).

Previous studies from our laboratory have demonstrated that p190-B interacts
with the IGF-1R signaling pathway to regulate mammary ductal morphogenesis in virgin
female mice (Chakravarty et al., 2003). Specifically, both deletion of IGF-1R or
haploinsufficiency of p190-B resulted in decreased proliferation in the terminal end buds
(TEBs) and delayed ductal elongation. Additionally, embryonic mammary transplantation
studies from p190-B and IGF-1R null mice have shown that these pathways are essential
for postnatal mammary gland development, since p190-B null transplants failed to grow
out (Chakravarty et al., 2003), or exhibited only limited outgrowth potential in the case of
IGF-1R (Bonnette and Hadsell, 2001). Loss of IRS-1 has been shown to reduce
mammary fat pad size but is not critical for normal ductal development or pregnancy-
induced proliferation although it was hypothesized that IRS-2 may compensate for the
loss of IRS-1 expression (Lee et al., 2003). These data led us to further investigate the
role of the pl190-B and the IGF signaling pathways during embryonic mammary

morphogenesis.



The studies presented here demonstrate an essential role for p190-B in the
IGFR/IRS-1,2 signal transduction pathway during embryonic mammary morphogenesis.
The data suggest that these pathways are critical for migration of epithelial progenitors.
Furthermore, loss of either p190-B or IRS-1/2 results in major mesenchymal defects
implicating this signaling network in the establishment of the epithelial-mesenchymal
interactions that are necessary to sustain mammary bud development. These embryonic
mammary defects help explain the previously observed failed postnatal ductal
development of the pl190-B-deficient mammary glands, which were dependent on

alterations of the IGF signaling pathway.

Materials and Methods

Tissue preparation

Heterozygous females (p190-B C57Bl/6; IGF-RI FVB; IRS-1/IRS-2 FVB) were mated
with heterozygous males with detection of a plug marked as E1. Pregnant females at
E14.5 of pregnancy were injected with BrdU (100 mg/kg) intraperitoneally. Three hours
later, embryos were dissected by Cesarean section in PBS and fixed overnight in 4%
paraformaldehyde (PFA). Specimens were dehydrated and embedded in paraffin. Serial
sections were then taken in the frontal plane at 7um on probe on plus slides (Fisher
Scientific). Prior to hybridization, the slides were deparaffinized in xylene, rehydrated,
and fixed in 4% PFA for 30 min.

In situ hybridization

Riboprobes were labeled with [DIG]-UTP (Boehringer 1277073), using T7 transcription

system from Stratagene. To generate antisense riboprobe template, p190B cDNA was



amplified from mouse brain by PCR using forward primer 5’-
GGATCCTAATACGACTCACTATAGGGAGAATGAGATTTATGTTGTCCCAG and
reverse primer 5’- GTAATTACTTTCCCAATTTCT. Sense riboprobe template was
generated from the same c¢DNA by PCR using forward primer 5°-
ATGAGATTTATGTTGTCCCAG and reverse primer 5’-
GGATCCTAATACGACTCACTATAGGGAGAGTAATTACTTTCCCAATTTCT.

For whole mount in situs: Embryos were dissected and fixed in 4% PFA overnight,
washed with 70% alcohol. To reduce the background, the embryos were bleached with
4:1 mix of ethanol and 30% H,0, for 1hr and treated with 15pg/ml proteinase K (PK) for
15 min. Proteinase K treatment was blocked with a short rinse in PBT followed by two
washes in freshly prepared 2mg/ml glycine in PBT. Embryos were re-fixed with freshly
prepared 0.2% glutaraldehyde/4%PFA/PBS for 20 min. Fixative was replaced with pre-
warmed (68°C) hybridization buffer (DAKO S3304) and rocked gently until the embryos
sank (indicating that the formamide had penetrated the embryos). This hybridization
buffer was replaced with fresh pre-warmed hybridization buffer containing the probe at a
concentration of 1ug/ml and hybridized overnight at 68°C. The embryos were then
washed two times for 30 min each with freshly prepared pre-warmed solution 1 (50%
Formamide, 5XSSC, 1%SDS) at 68°C followed by another wash of 10 min in a
prewarmed 1:1 mix of solutions I & solution II (0.5M NaCl, 10mM TrisHCI pH 7.5,
0.1% Tween 20) at 68°C followed by 3 final washes of 5 min each with solution II at RT.
Nonspecific hybridization was reduced by incubating the embryos for 30 min in
100ug/ml RNAase A in solution II at 37°C. Excess RNAse A was removed with two 30

min washes with freshly prepared, prewarmed solution III (50% deionized formamide,



2XSSC) at 65°C. Embryos were equilibrated with TBST containing 2mM levamisole and
blocked with 10% FCS/2% blocking reagent (Roche, Mannheim,Germany
1096176)/2mM levamisole in TBST for at least 1 hr. This was followed by overnight
incubation of the blocked embryos at 4°C with 1:1000 anti-digoxigenin-AP antibody
(Roche 1093274) supernatant solution diluted 1:1 in 10% FCS/2% blocking
reagent/ TBST/2mM levamisole. Subsequently they were washed with 2mM
levamisole/TBST solution for 5 — 6 hrs and left overnight in fresh levamisole/TBST at
4°C. Color development was initiated by washing the embryos with freshly prepared
NTMT (100mM Nacl, 100mM TrisHCI pH 9.5, 50mM MgCl12, 0.1% Tween 20) +2mM
Levamisole twice for 20 min and incubating them in prewarmed BM purple (Roche,
1442074) from 30 min to overnight in the dark at room temperature (RT). The stained
embryos were post fixed with freshly prepared 4%PFA.

For embryo sections: paraffin sections (Sum) of E14.5 embryos were deparaffinized,
rehydrated and washed in PBS, then treated with PK (25ug/ml) for 1 hr. at 37°C and
fixed with 4% PFA for 30 min followed by washing with 2xSSC. Pre-warmed
hybridization buffer containing the probe at a concentration of 1pug/ml was added and
hybridized overnight at 55°C. Slides were washed with stringency buffer (50% 2xSSC,
50% Formamide) for 15 min at 42 °C followed by washes with 2xSSC 20 min at RT and
digestion with 40ug/ml of RNase A for 15 min at 37 °C then washed with 0.1xSSC forl5
min at 42 °C and then 10 min at RT. Slides were then washed with Buffer I (100mM Tris
pH 7.5, 150mM NacCl) for 5 min at RT and blocked for 2 hrs in Buffer I with 3% sheep
serum and 0.3% triton X-100 at RT. The slides were then incubated overnight with 1:200

anti-digoxigenin-AP at 4 °C. For color development slides were washed with Buffer I for



10 min at RT and then washed with Buffer II (100mM Tris pH 9.5, 100mM NaCl, 50mM
MgCl) for 2 min at RT and incubating them in prewarmed BM purple (Roche
Mannheim,Germany 1442074) from 30 min to overnight in the dark at RT. Slides were
counterstained with nuclear fast red, dehydrated, and mounted using Permount (Sigma,
St. Louis, MO).

Immunohistochemistry

Five to seven micrometer sections were incubated overnight at 37°C, deparaffinized with
xylene, and rehydrated with ethanols. Heat-induced antigen retrieval was performed in
10mM citrate by boiling for 20 min. All washes were performed with PBS unless
otherwise stated. Slides were then incubated with the respective antibodies p63
(Neomarkers, Fremont, CA MS-1081-P(Ab1): 1:500 in M.O.M diluent buffer (Vector
Laboratories Burlingame, CA BMK-2202); androgen receptor (Upstate, Lake Placid, NY
06-680): 1:500 in 5% BSA, 0.5% blocking buffer; IRS-1 (Upstate, 06-248): 1:800 in 5%
BSA, 0.5% blocking buffer; IRS-2 (Upstate, 06-506): 1:800 in 5% BSA, 0.5% blocking
buffer; phospho-IRS(Ser612) (Biosource, Carlsbad, CA 44-816): 1:50 in 5% BSA, 0.5%
blocking buffer; phospho-Akt(Ser473) (Cell Signaling, Danvers, MA 9277): 1:200 in 5%
BSA, 0.5% blocking buffer; Biotin-conjugated BrdU (BD Pharmingen, San Jose, CA
550803): 1:10 in 5% BSA, 0.5% blocking buffer all incubated overnight at RT. Sections
were washed in PBS and incubated with anti-rabbit (Oncogene Research, Darmstadt,
Germany), or anti-mouse (Oncogene Research) secondary antibodies diluted 1:1000 in
5% BSA, 0.5% blocking buffer for 1 hr at RT. Vectastain Elite ABC and
diaminobenzidine (DAB) substrate kits were used to detect immunoperoxidase staining

according to the manufacturer’s instructions (Vector Laboratories, Burlingame CA). As a



negative control, slides were incubated with purified rabbit immunoglobulin (The
Jackson Laboratory, Bar Harbor, ME). Detection was achieved by incubation with
diaminobenzidine (DAKO, Carpinteria, CA) for 10 min. Slides were counterstained with

hematoxylin for 30 sec, dehydrated, and mounted using Permount.



Results
p190-B is expressed in the developing mammary anlagen

Previously it was reported that p190-B is ubiquitously expressed in most adult
tissues. In contrast, p190-B is developmentally regulated throughout postnatal mammary
gland development and function (Chakravarty et al., 2000). Lack of ductal outgrowths
from p190-B null transplants indicated that its expression may also be spatiotemporally
restricted during embryonic development. We examined this by performing whole mount
in situ hybridization for p190-B expression on wildtype embryos. For this analysis,
whole mount in situs were done on E8.5 embryos, prior to mammary development, and
E12.5, a stage in mammary bud development where the spherical mammary placode
differentiates into an epithelial bud. Although p190-B mRNA shares only 57%
homology with p190-A at the nucleotide level, the specificity of p190-B antisense probe
was further ascertained by aligning the probe sequence with that of mouse p190-A. In
either case, no significant homology was detected between the two sequences.

Ubiquitous expression of pl90-B was detectable as early as E8.5 (data not
shown). By E12.5, strong expression was detected in the brain, spinal cord, skin, and the
limbs (Figure 1a). At E12.5, the p190-B transcript is detected throughout the mammary
epithelial bud compartment (Figure 1b). This was further confirmed by in situ
hybridization in tissue sections at E14.5 where expression of p190-B is present in the
epithelium and at a lower level in the surrounding mesenchyme in wildtype embryonic
mammary buds (Figure Ic) as compared to the sense control (Figure 1d). This
expression pattern and the lack of ductal outgrowth suggested p190-B might play an

essential role in mammary placode formation and differentiation.



Loss of p190-B results in a smaller mammary bud size with a disorganized
mesenchyme

While a number of signaling molecules have been shown to be expressed within
the epithelium or mesenchyme of the developing bud, few have been shown to play a
functional role. Since loss of p190-B resulted in complete failure of postnatal ductal
development we examined whether p190-B deficiency also impacted formation and
differentiation of the mammary anlagen. For this analysis, E14.5 embryos from all three
genotypes were isolated and the histology of hematoxylin and eosin (H&E) stained
sections was analyzed. Since the buds are known to form at different rates, a bud-to-bud
comparison was done (Veltmaat et al., 2003). The wildtype buds (Figure 2a) had an
organized epithelial center surrounded by a dense mesenchyme. The heterozygous buds
displayed a variable intermediate phenotype. Some buds were comparable to the
wildtype, while in others, the epithelium and surrounding mesenchyme appeared
disorganized. In contrast, the buds from null embryos (n=3) exhibited markedly fewer
epithelial cells and the mesenchyme surrounding the epithelium appeared to be
diminished and disorganized (Figure 2c). Bud size was determined by quantifying the
number of sections through which the bud can be seen, 3 buds each were counted from 3
independent animals. The graph shows that a significant decrease in bud size is observed
in the heterozygous and null embryos as compared to the wildtype (Figure 2d).

To gain further insight into the role of p190-B signaling in placode formation, we
examined the expression of markers of progenitor mammary epithelium and mesenchyme
in tissues from the three genotypes. To evaluate possible alterations in progenitor

epithelial content, the expression of p63 was compared in wildtype, heterozygous and



p190-B-deficient E14.5 mammary anlagen. p63 staining was seen in the epithelium of the
mammary anlagen in wildtype mice (Figure 3a). Interestingly, a pronounced reduction in
the number of p63-positive cells (n=3) was detected in the p190-B deficient embryos
suggesting that fewer p63-positive epithelial progenitors had migrated into the bud
(Figure 3c). As seen in Figure 3b, these changes were less dramatic in the heterozygous
group of embryos.

To further evaluate the functional status of the mesenchyme, expression of
Tenascin-C, a marker of mesenchymal differentiation, was examined in tissues from the
three genotypes. In both the wildtype and heterozygous mice, Tenascin-C staining was
clearly evident in the condensed mesenchyme (Figure 3d,e). However, mammary buds
from the p190-B deficient mice consistently exhibited a reduction in the number of cells
staining positive for Tenascin-C in the mesenchyme (n=3) (Figure 3f).
p190-B may interact with IGF-1R to cause migration of epithelial progenitors

Disruption of the gene for IGF-1R has also been shown to retard postnatal
mammary development (Bonnette and Hadsell, 2001). In particular, it has been reported
that IGF-1R null embryonic mammary buds display reduced growth potential when
transplanted into syngeneic hosts. This phenotype is reminiscent of p190-B heterozygous
transplants. However, it is less severe than the p190-B null transplants that completely
failed to grow out, while the retarded IGF-1R transplants could be rescued by pregnancy
(Bonnette and Hadsell, 2001). We, therefore, explored the possibility that loss of IGF-1R
might also inhibit mammary anlagen formation and differentiation. To test this

hypothesis, we analyzed mammary buds from IGF-1R -/- embryos both histologically



and through expression analysis of markers of epithelial and mesenchymal
differentiation.

As shown in Figure 4, the H&E stained sagittal sections from E14.5 IGF-1R null
embryonic mammary buds indicated that the smaller mammary bud phenotype of p190-B
null mice was also mimicked in IGF-1R null mice. The wildtype buds had an organized
epithelial center surrounded by a dense mesenchyme whereas the null buds displayed
very little epithelium. However, unlike the p190-B null mice, these buds did not show
any apparent mesenchymal defects. These observations were further confirmed by
staining tissue sections from all three genotypes with both p63 and androgen receptor
(AR) antibodies. The mammary buds from IGF-1R null mice had significantly reduced
number of p63-positive cells (n=3) (Figure 4c-e), but did not appear to exhibit defects in
AR staining (n=3) (Figure 4f-h). This result suggests that IGF-1R signaling is required
for adequate migration of p63-positive progenitors into the mammary bud but loss of
IGF-1R does not effect epithelial-mesenchymal interactions.

IRS-1/IRS-2 expression is decreased within the p190-B deficient mammary buds
resulting in inhibition of downstream signaling

We previously reported that decreased expression of IRS-1 and -2 was observed
in TEBs of pl190-B heterozygous mice (Chakravarty et al.,, 2003). To examine if the
downstream effectors of the IGF signaling pathway are affected in the p190-B null
mammary buds, we examined the level of IRS-1 and IRS-2. The intensity of IRS-1 and
IRS-2 staining was decreased within the epithelial compartment of the p190-B null (n=2)
(Figure 5c¢,f) as compared to the wildtype mammary bud (Figure 5a,d). The level of IRS-

1 and IRS-2 in the heterozygous bud (n=2) (Figure 5b,e) was intermediate between the



wildtype and IRS-1/2 null buds. Interestingly the IRS-1 expression is also decreased in
the mesenchyme. These results suggest that lack of p190-B causes a decrease in IRS
proteins, which may result in a loss of down stream signaling.

Fibroblasts from p190-B null embryos exhibited an increase in Rho kinase
activity, which resulted in inhibition of IGF/insulin signaling as well as the activity of
several downstream effectors including p38, JNK, and Akt (Sordella et al., 2002). This
modulation of IGF signaling was shown to be due to phosphorylation of IRS-1 on Ser612
(Sordella et al., 2002). To examine a possible mechanism by which p190-B loss leads to
a decrease in IRS-1 and if this affects downstream signaling, we examined the
phosphorylation status of IRS-1 (Ser612) and active phospho-Akt (Ser473). Phospho-
IRS-1 (Ser612) was increased in the p190-B null (Figure 5i) as compared to the wildtype
(Figure 5g) and heterozygous (Figure 5h) mammary epithelial buds. Intense phospho-Akt
staining was detected in the p190-B wildtype buds (Figure 5j), which was reduced to an
intermediate level in the p190-B heterozygous mammary buds (Figure 4k) and further
decreased in the p190-B null buds (Figure 51). These results suggest that increased
phosphorylation of IRS-1 may lead to loss of downstream signaling through Akt.

Loss of IRS-1/2 phenocopies loss of p190-B and reduces migration of epithelial
progenitors and condensation of mammary mesenchyme

Since p190-B has been shown to regulate the level of IRS proteins both during
ductal development and within the mammary bud, we hypothesized that loss of IRS-1
and IRS-2 may phenocopy the loss of p190-B (Chakravarty et al., 2003). To test this

hypothesis, we analyzed mammary buds from IRS-1/2 double null embryos both



histologically and through expression analysis of markers of epithelial and mesenchymal
differentiation.

As shown in Figure 6, the E14.5 IRS-1/2 double null embryos mimicked the
smaller mammary bud phenotype seen in the IGF-1R null mice and the p190-B null mice.
The wildtype buds (Figure 6a) displayed an organized epithelial center surrounded by a
dense mesenchyme, whereas the double null buds displayed very little epithelium (Figure
6¢). This was quantitated in the same manner as the p190-B null buds with 3 individual
buds examined within 3 animals. A similar decease in size was seen in the IRS-1/2
heterozygote and null mammary buds (Figure 6d). However, unlike the IGF-1R null
mice, the mesenchyme surrounding the epithelium appeared to be diminished and
disorganized much like the p190-B null embryo. These observations were further
confirmed by staining tissue sections of all three genotypes with both p63 and AR
antibodies. The mammary buds from IRS-1/2 double null mice had significantly reduced
staining for p63 (n=3) (Figure 7c), as well as a marked reduction in the number of cells
staining positive for AR in the mesenchyme (n=3) (Figure 7f). Taken together, these
results demonstrate that the IRS-1/2 null mammary buds phenocopy the p190-B deficient
buds.

Loss of either p190-B or IRS1/2 leads to a defect in mesenchymal proliferation at
E14.5

It is possible that pl190-B affects the mesenchyme by either interrupting
pathways necessary for differentiation or by modulating signaling pathways necessary for
the proliferation of the mesenchyme. To investigate whether p190-B is required for

mesenchymal proliferation, we examined cell proliferation by quantitating the number of



BrdU-positive cells associated with the mammary bud at day E14.5 (Figure 8a-c). As
shown in Figure 8d, loss of pl90-B resulted in a decrease in proliferation of the
mesenchymal cells surrounding the E14.5 mammary bud (p<.01). This decrease was
calculated by determining the percentage of BrdU-positive cells that also stained positive
for AR in a serial section. As expected at this developmental stage, only a few of the
epithelial cells within the E14.5 bud were proliferating, and no difference was observed
in the epithelial proliferation between wildtype and p190-B null mammary buds as
calculated by determining the percentage of BrdU-positive cells within the mammary
epithelium. The IRS-1/2 null E14.5 mammary buds exhibited a similar decrease in the
level of mesenchymal proliferation (p<.01) (Figure 8e). A significant decrease was also
detected in the heterozygous IRS-1/2 mammary buds (p<.03). Importantly, there was no
change in cleaved-caspase 3-positive cells in either the p190-B or IRS-1/2 mammary
buds (data not shown), indicating there was no change is percentage of apoptotic cells.
Two buds from 3 animals were analyzed from each genotype. These results coupled with
the altered expression of mesenchymal markers indicate that both p190-B and the IRS
proteins play a critical role in regulating the mesenchymal compartment within the

developing mammary anlagen.

Discussion

Our results establish that p190-B expression is essential for proper migration of
mammary progenitor cells from the epidermis into the mammary bud as well as
mesenchymal proliferation and differentiation. IGF-1R loss leads to a similar decrease in

migration of mammary progenitors but no detectable change in the mammary



mesenchyme. However, loss of both IRS-1 and IRS-2 phenocopies the loss of p190-B.
This may be due to both the decrease in IRS-1/2 and an increase in serine 612
phosphorylation of IRS-1 resulting in the loss of IGF-1R signaling and its downstream
effectors within the p190-B null bud.

Previous genetic studies have implicated several signaling pathways in various
stages of bud development, such as fgf/fgfr, Lef-1/Tcf, Tbx-3, PTHrP/PTHrPR, and
Eda/Edar(Hennighausen and Robinson, 2001). In the embryonic mammary gland at
E12.5, p190-B was expressed in the mammary epithelium. By E14.5, the bud recruits
condensed layers of mesenchyme that also express p190-B. In transplant studies p190-B
heterozygous and IGF-1R null buds display retarded growth. However, while the p190-B
null buds were incapable of any ductal outgrowth, the retarded IGF-RI null transplants
could be rescued by pregnancy (Bonnette and Hadsell, 2001; Chakravarty et al., 2003).
We, therefore, undertook a study to further characterize the role of this pathway in
embryonic mammary gland development.

We postulated that the interaction of p190-B with the IGF-1R signaling pathway
might affect the migration of epithelial progenitors that give rise to a differentiated
mammary placode. Accordingly, we assessed the progenitor population in both models
using the epithelial progenitor marker p63. P63 is a member of the p53 gene family that
has been demonstrated to be critical for the regulation of proliferation and differentiation
in epithelial progenitor cells (Koster et al., 2004; Mills et al., 1999). In normal adult
breast tissue, p63 immunoreactivity is confined to the nuclei of myoepithelial cells and
forms a continuous basal rim along the epithelial structures (Barbareschi et al., 2001).

However, it is likely that there is a switch in p63 isoforms during development, which



cannot be distinguished by the p63 antibodies currently available. Previous work in the
skin suggests a dual role for p63 in initiating stratification and maintaining proliferative
potential (Koster et al., 2004). However, Mills et.al.(Mills et al., 1999) and Yang et.al.
(Yang et al., 1999) have reported that mice homozygous for a disrupted p63 gene lack
embryonic mammary buds, as well as other epithelial derivatives such as the lacrymal
and salivary glands, due to defective epithelial-mesenchymal signaling. In addition,
germline mutations in the p63 gene have been associated with severe mammary
developmental defects in both mice and humans (van Bokhoven et al., 2001). Since p190-
B null mice possessed all five pairs of mammary buds (data not shown), it was likely that
mammary bud development was impaired during migration of the epidermal epithelium
into the mammary bud. Mammary buds from IGF-1R null mice had very few p63-
positive cells, suggesting that both IGF-1R and p190-B were required for the migration of
this population into the mammary bud. This observation is consistent with a decrease in
migration seen in p190-B null MEFs (unpublished data, J. Settleman). The scaffolding
protein for activated C kinase(RACKI1) which has been shown to modulate IGF-1R and
1-integrin interactions (Kiely et al., 2005) and regulates cell adhesion, has also been
shown to interact with p190-B(unpublished data, J. Settleman), thus, providing another
connection between p190-B, IGF-1R signaling and cell adhesion and migration.
However, the p190-B null phenotype is clearly more severe than the phenotype
caused by loss of IGF-1R alone. To determine if proteins within the IGF signaling
pathway were modulated by loss of p190-B we examined IRS-1, IRS-2, phospho-IRS-
1(Ser612), and phospho-Akt (Ser473). Immunohistochemistry analysis demonstrated

decreased expression of both IRS-1 and IRS-2 in the p190-B null mammary buds.



However, it appears that only IRS-1 is downregulated in the mesenchyme. This is
consistent with previously published data from Sordella ez al. (Sordella et al., 2002) that
linked p190-B to IGF signaling via the modulation of Rho kinase and IRS-1 levels.
There is also an increase in phospho-IRS-1, which was shown previously to lead to
degradation, decreased IGF-1 signaling, and a decrease in transcription as a result of the
loss of phospho-cAMP response element binding (CREB) protein. This decrease in IRS
proteins has also been observed in the ductal development of p190-B heterozygous mice
(Chakravarty et al., 2003). We also observed a decrease in phospho-Akt, a downstream
target of IGF signaling.

The decrease in IRS proteins within the pl190-B deficient mammary buds
prompted us to examine mammary bud morphogenesis in IRS-1/2 double null E14.5
embryos. Lack of IRS-1 and IRS-2 fully recapitulated the phenotype including the
mesenchymal defect observed in the pl190-B null mammary anlage. IRS-1/2 null
mammary buds also have a reduced number of p63-positive mammary progenitors.
Interestingly, the phosphorylation of IRS proteins following integrin engagement has
been reported to promote increased cell motility (Reiss et al., 2001; Shaw, 2001).
Immunohistochemistry for AR marks the condensed mammary mesenchyme, which is
reduced in the p190-B null and the IRS-1/2 double null but not the IGF-1R null mice.
This lack of mesenchyme condensation was shown to be due to a decrease in
mesenchymal proliferation with no increase in apoptosis detected as determined by
cleaved-caspase 3 in both p190-B and IRS-1/2 null embryos. Previous studies have
revealed that DNA synthesis in the stroma surrounding TEBs in the postnatal mammary

gland is required for recruitment of migratory white blood cells, macrophages and



eosinophils, which are essential for normal end bud development (Silberstein, 2001). It is
attractive to speculate that this decrease in mesenchyme due to the lack of proliferation
may be responsible for the failure of transplanted p190-B null embryonic buds to grow
out and form a mature ductal epithelium.

These current results enhance a growing understanding of the molecular
mechanisms that lead to embryonic mammary gland formation. The roles of p190-B
RhoGAP are diverse and include involvement in proliferation(Chakravarty et al., 2003;
Su et al., 2003), cell transformation (Ellis et al., 1990), EMT(Ozdamar et al., 2005),
integrin signaling(Burbelo et al., 1995), cytoskeletal reorganization(Hall, 1998), and
development (Sordella et al., 2002). Many of these contrasting functions may be
attributed to its large molecular weight, the presence of multiple protein motifs, its ability
to act as a scaffold, and its capacity to interact with various chromatin remodeling
complexes through its GAP domain (Nagaraja and Kandpal, 2004). Further studies
including in vivo mammary bud specific gene arrays and pathway specific inhibitor
studies will yield more insight into the roles of pl190-B and IRS-1/2 in embryonic

mammary bud development.
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Figure Legend:

Figure 1: p190-B is expressed throughout the differentiating mammary anlagen. Whole-
mount in situ hybridization of wildtype, E12.5 embryos with p190-B antisense riboprobe
showing strong transcript expression in the in the developing mammary anlagen (a) low
magnification, (b) high magnification. Spatial localization of p/90-B mRNA in E14.5
mammary buds of p/90-B +/+ mice using DIG-labeled antisense riboprobe. Shown are
representative antisense (c) and sense (d) images with strong transcript expression in the
epithelial compartment of the mammary bud and lower expression in the mesenchyme.

Scale bar 50 um (c,d).

Figure 2: p190-B-/- mice possess distinct embryonic mammary buds but have reduced
epithelial content and exhibit marked reduction of the mammary mesenchyme. Sagittal
sections of E14.5 embryonic mammary buds were stained with hematoxylin and eosin
(H&E) to demonstrate a bud to bud comparison of the reduced number of epithelial cells
and loss of a well-defined condensed mesenchyme around the p190-B-null (¢) and
heterozygous (b) buds compared to wildtype (a). Bud size is significantly decreased as

shown by quantization of 3 buds from 3 animals of each genotype (d). Scale bar 50 pm.

Figure 3: Loss of p190-B results in reduced epithelial content and a marked reduction in
mammary mesenchyme. p63 expression in the epithelium of E14.5 mammary buds of
(a)p190-B wildtype, (b)p190-B heterozygous & (c)p190-B null mice. Tenescin-C is

expressed in the condensed mesenchyme surrounding the epithelial buds in (d) wildtype



and (e)heterozygotes however, its expression is dramatically reduced in p190-B-null

embryonic mammary buds (f). Scale bar 50 um.

Figure 4: IGF-1R null mice phenocopy the small mammary bud phenotype of p190-B”
mice, but not the mesenchymal defect. Shown here are the sagittal sections from wildtype
and IGF-1R null E14.5 embryonic mammary buds stained with H&E. Note the smaller
mammary buds in the nulls (b) as compared to the wildtype (a) littermates. p63
expression in the epithelium of E14.5 mammary buds of (c)IGF-1R™, (d) IGF-IR " &
(e) IGF-1IR " mice. AR expression can be detected in the condensed mesenchyme of (f)
wildtype, (g) heterozygotes and (h) IGF-1R null embryonic mammary buds. In panel (h)
the mammary placode is not seen due to the plane of section used for staining. Scale bar

100 um (a,b); 50 um (c-h).

Figure 5: Decreased IRS protein expression and phospho-Akt in p190-B null mammary
buds Sagittal sections of E14.5 embryonic mammary buds stained with IRS-1 (a-c); IRS-
2 (d-f); phosphor-IRS-1(Ser612)(g-1); phosphor-Akt(Ser473)(j-1). Note the reduction in
IRS-1, IRS-2, and phosphor-Akt in the p190-B null buds (c,f,]) as compared to the
wildtype (a,d,j). An increase in phopho-IRS-1 is observed in the epithelium of p190-B

null buds (i) as compared to wildtype (g). Scale bar 50 pm.

Figure 6: Defective epithelial and mesenchymal differentiation in IRS1/2-deficient mice.
Sagittal sections of E14.5 embryonic mammary buds stained with H&E to demonstrate a

bud to bud comparison of the reduced number of epithelial cells and loss of a well



defined condensed mesenchyme around the IRS1/2-null (¢) and heterozygous (b) buds
compared to wildtype (a). Bud size is significantly decreased as shown by quantization of

3 buds from 3 animals of each genotype (d). Scale bar 50 pm.

Figure 7: Loss of IRS1/2 expression results in reduced bud size and disrupted
mesenchyme at E14.5. p63 expression in the epithelium of E14.5 mammary buds of
(a)IRS1/2", (b) IRS1/2"", (¢) IRS1/2”" mice. Note the dramatic reduction in the number
of epithelial cells that stain for p63 both in the heterozygous (b) and IRS1/2-null
mammary placodes (c). AR is expressed in the condensed mesenchyme surrounding the
epithelial buds in (d) wildtype and (e) heterozygotes however; its expression is

dramatically reduced in IRS1/2-null embryonic mammary buds (f). Scale bar 50 pm.

Figure 8: Loss of either p190-B or IRS1/2 leads to a defect in mesenchymal proliferation
at E14.5. Saggital sections of E14.5 mammary buds stained for BrdU. Loss of p190-B
(c) leads to a reduced number of BrdU-positive cells in the mesenchyme compared to
wildtype (a) and heterozygous (b). BrdU/AR-double positive cells were counted as
proliferating mesenchyme. Loss of p190-B (d) or IRS1/2 (e) leads to a decrease in the
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