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Class Ia phosphatidylinositol 3 kinase (PI3K) is required for oncogenic receptor-mediated transformation;
however, the individual roles of the two commonly expressed class Ia PI3K isoforms in oncogenic receptor
signaling have not been elucidated in vivo. Here, we show that genetic ablation of p110a blocks tumor formation
in both polyoma middle T antigen (MT) and HER2/Neu transgenic models of breast cancer. Surprisingly, p110b
ablation results in both increased ductal branching and tumorigenesis. Biochemical analyses suggest a competi-
tion model in which the less active p110b competes with the more active p110a for receptor binding sites, thereby
modulating the level of PI3K activity associated with activated receptors. Our findings demonstrate a novel
p110b-based regulatory role in receptor-mediated PI3K activity and identify p110a as an important target for
treatment of HER2-positive disease.
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The class Ia phosphatidylinositol 3 kinases (PI3Ks) are
key components of growth factor signaling pathways
regulating cell proliferation, survival, and death. Class
Ia PI3Ks are heterodimeric lipid kinases composed of
a p85 regulatory subunit and a p110 catalytic subunit. In
response to growth factor stimulation and the subsequent
activation of receptor tyrosine kinases (RTKs), PI3K is
recruited to the membrane via interaction of its p85
subunit with tyrosine phosphate motifs on activated
receptors or to adaptor proteins associated with the re-
ceptors; e.g., insulin receptor substrate 1 (IRS1). Other
receptors such as G protein-coupled receptors (GPCRs),
as well as oncogenes including Ras and polyomamiddle T
antigen (MT), can also activate the p110 subunit (Liu et al.
2009; Schaffhausen and Roberts 2009; Vanhaesebroeck
et al. 2010). The activated p110 catalytic subunit of PI3K
then catalyzes the phosphorylation of phosphatidylinositol
4,5-bisphosphate (PIP2) to form PIP3, which elicits mul-

tiple downstream signaling pathways. There are three
highly homologous p110 catalytic isoforms (p110a, p110b,
and p110d) encoded by three distinct genes: Pik3ca,
Pik3cb, and Pik3cd, respectively. In mammals, expres-
sion of p110d is largely restricted to the immune system,
while p110a and p110b are ubiquitously expressed
(Engelman et al. 2006; Liu et al. 2009; Vanhaesebroeck
et al. 2010). The tumor suppressor PTEN, a lipid phos-
phatase, reduces the cellular pool of PIP3 by converting
it back to PIP2 and therefore functionally antagonizes
PI3K activity (Parsons 2004).
The two ubiquitously expressed PI3K isoforms p110a

and p110b are very similar in their catalytic and regula-
tory domains. They use the same substrates and generate
the same lipid products. The structural and enzymatic
overlap of these two PI3K isoforms might suggest that
they are functionally redundant. However, recent studies
have demonstrated that the p110a and p110b isoforms
play distinct roles in cellular signaling, growth, and
oncogenic transformation. It has been shown in mice, for
example, that both p110a and p110b contribute to insulin
action in the liver (Foukas et al. 2006; Ciraolo et al. 2008;
Jia et al. 2008; Sopasakis et al. 2010), whereas angio-
genesis and vascular endothelial growth factor (VEGF)

5These authors contributed equally to this work.
6Present address: Incyte Corp., Wilmington, DE 19880, USA.
7Corresponding authors
E-mail jean_zhao@dfci.harvard.edu
E-mail william.muller@mcgill.ca
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.191973.112.

GENES & DEVELOPMENT 26:1573–1586 � 2012 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/12; www.genesdev.org 1573

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


signaling require p110a but not p110b (Graupera et al.
2008). Interestingly, while p110a is essential for lung
adenocarcinoma induced by Kras (Gupta et al. 2007),
p110b is required for prostate tumorigenesis driven by
Pten loss in mice (Jia et al. 2008).
Aberrant activation of RTKs often leads to malig-

nant transformation, and PI3K—a key effector of most
RTKs—has emerged as a major therapeutic target for this
class of cancers (Engelman 2009; Liu et al. 2009). While we
and others have previously shown that p110a is the
dominant PI3K isoform involved in the response to acute
growth factor stimulation and RTK activation in cultured
cells (Knight et al. 2006; Zhao et al. 2006; Jia et al. 2008),
p110b’s role in mediating RTK signaling remains unclear.
Moreover, the specific functional roles of p110a and p110b
in mediating oncogenic RTK-driven signaling and tumor-
igenesis have not been examined in vivo. This question is
becoming increasingly critical given the growing recogni-
tion of isoform-specific functions, as mentioned above, as
well as the advent of isoform-specific PI3K inhibitors for
cancer therapy. In the present study, we investigate the
roles of these two isoforms in mammary gland develop-
ment as well as inMT- and HER2/Neu-inducedmammary
tumorigenesis and explore the underlying mechanism
defining their distinct roles in RTK-mediated signaling
and oncogenic transformation.

Results

Ablation of p110a impairs normal mammary gland
development, whereas ablation of p110b leads
to mammary gland hyperplasia

Before investigating the effects of knocking out p110
isoforms in tumorigenesis, we first examined their effects
on normal mammary gland development. To determine
whether the targeted ablation of p110a or p110b interferes
with normal mammary gland development, we crossed
mice bearing floxed alleles of p110a (Zhao et al. 2006) or
p110b (Jia et al. 2008) with transgenic mice in which Cre
expression is driven by the mouse mammary tumor virus
(MMTV) promoter (MMTV-Cre) (Wagner et al. 1997). The
resulting mice were heterozygous or homozygous for loss
of p110a or p110b in the mammary glands. We performed
whole-mount analyses of inguinal mammary glands iso-
lated from females with the relevant genotypes at 6 and
12 wk of age and at 2 d post-partum. Mammary glands
heterozygous for the loss of p110a had apparently normal
duct outgrowth as well as post-partum lactation indistin-
guishable from that ofwild-type littermates (Supplemental
Fig. 1). Consistent with this finding, mice carrying one
allele of p110a were able to nurse their pups normally.
However, homozygous ablation of p110a dramatically
impaired mammary duct outgrowth and branching during
puberty and significantly decreased post-partum lactation
(Fig. 1A).
The impairment of mammary duct outgrowth in

MMTV-Cre/p110aL/L mice varied significantly from one
gland to another. As shown in Supplemental Figure 1B,
a contralateral pair of fourth mammary fat pads isolated

from a single MMTV-Cre/p110aL/L female at 6 wk of age
displayed dramatic differences in their degree of duct
outgrowth. Notably, while one of them had only moder-
ately impaired outgrowth (Supplemental Fig. 1B, left panel),
the other had only a few rudimentary ducts emerging in the
nipple area and almost no postnatal outgrowth (Supplemen-
tal Fig. 1B, right panel). This variation from gland to gland
within a single animal suggests a cell-autonomous
defect. One possible explanation relates to the mosaic
nature of MMTV-Cre-mediated deletion (Wagner et al.

Figure 1. Effects of p110a or p110b ablation on mammary gland
development. (A) Mammary gland whole mounts prepared from
MMTV-Cre, MMTV-Cre/p110aL/L, and MMTV-Cre/p110bL/L

mice at 6 and 12 wk of age and 2 d post-partum. (B) Bar graph
representing the mean number of ductal branch points in
mammary glands of MMTV-Cre or MMTV-Cre/p110bL/L animals
at 12 wk of age. Bars are representative of the mean of five fields
of five mammary glands of each genotype shown. (*) P < 0.05
(Student’s t-test). (C) Mammary gland outgrowth produced by
injection of dissociated control (AdGFP) or p110a- or p110b-
ablated (AdCreGFP) MMECs into a cleared fat pad.
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1997). Such mosaicism would cause mammary glands in
MMTV-Cre/p110aL/L females to contain varying numbers of
mammary epithelial cells that have escaped Cre-mediated
p110a ablation and hence are capable of supporting the
limited ductal outgrowth observed. To test this hypothesis,
we isolated epithelial cells from mounted MMTV-Cre/
p110aL/L mammary tissue using laser capture microdissec-
tion. To enrich the ductal epithelial cells for this experiment,
donor mammary glands were harvested from MMTV-Cre/
p110aL/L females at 2 d post-partum (Supplemental Fig.
1C,D). Genomic PCR analysis of these isolated mammary
epithelial cells showed the presence of both recombined
and unrecombined alleles of the Pik3ca gene encoding
p110a (Supplemental Fig. 1E,F), indicating that ablation of
p110awas not complete. Together, these data suggest that
p110a is essential for mammary gland development.
Our analysis of p110b in mammary gland development

showed that p110b, in contrast to p110a, is dispensable
for the development of a functional mammary gland. In
fact, mammary glands from virgin mice lacking both
copies of p110b displayed a modestly precocious lobulo–
alveolar development with increased ductal branching,
phenotypes normally seen in mammary glands of wild-
type mice in early pregnancy (Fig. 1A,B). This hyper-
morphic phenotype was not readily observed in mam-
mary glands from virgin female MMTV-Cre/p110b+/L

mice (Supplemental Fig. 1, right panels).

The effects of p110a or p110b loss on mammary gland
development are cell-autonomous

To determine whether the effects of p110a/b deletion
on mammary gland development are cell-autonomous,
we isolated primary mouse mammary epithelial
cells (MMECs) from p110aL/L or p110bL/L mice and
infected them with adenovirus expressing Cre-IRES-GFP
(AdCreGFP) or GFP alone (AdGFP) as a control. GFP-
expressing cells were collected by FACS to ensure a pure
population of primary MMECs expressing either CreGFP
or GFP alone. We then introduced paired groups of
knockout and control MMECs into the contralateral
cleared mammary fat pads of 3-wk-old nude mice and
allowed them to develop for a period of 8 wk. After
infection with AdGFP, floxed MMECs of both types gen-
erated mammary epithelial outgrowths upon transplan-
tation (Fig. 1C, first and third panels). In contrast, after
infection with AdCreGFP, only a small cluster of cells with
little ductal outgrowth was observed in fat pads trans-
planted with p110a knockout MMECs (Fig. 1C, second
panel), while regenerated mammary glands from p110b
knockout MMECs displayed increased side branching sim-
ilar to themammary development observed inMMTV-Cre/
p110b mice (Fig. 1C, fourth panel). These data suggest that
the effects of mammary tissue-specific ablation of p110a or
p110b are intrinsic to the mammary epithelium.

The effects of p110a or p110b loss on MT-induced
mammary tumorigenesis

We next examined the roles of p110a and p110b in
mammary tumorigenesis. One widely used transgenic

mouse model of mammary tumor formation is driven
by expression of MT transcribed from the MMTV pro-
moter (Guy et al. 1992). MT is a surrogate for an activated
RTK and is dependent on both the PI3K and Ras/Raf
pathways for transformation (Whitman et al. 1985; Ichaso
and Dilworth 2001; Schaffhausen and Roberts 2009). By
examining the effect of heterozygous ablation of p110a
onMT-induced tumorigenesis, we found that the onset of
palpable tumor formation was markedly delayed upon
loss of one copy of p110a (Fig. 2A). In agreement with
these data, examination of MMTV-MT/Cre or MMTV-
MT/Cre/p110a+/L mammary glands isolated from virgin
females using either carmine red staining or cumulative
tumor weight analyses revealed a greatly reduced tumor
burden at 12 and 16 wk of age inMMTV-MT/Cre animals
heterozygous for loss of p110a compared with control
littermates (Fig. 2B,C). Tumor burdens were further
evaluated using CellVigene automated image analysis
(Supplemental Fig. 2A). Histological analysis of mam-
mary glands from 16-wk-old MMTV-MT/Cre animals
showed tumor masses composed of solid sheets of epi-
thelial cells with some remaining acinar structures (Sup-
plemental Fig. 2B, left panel), similar to other reports for
typical MT-induced mammary tumors in mice of this age
(Guy et al. 1992; Lin et al. 2003). In contrast, the primary
lesions found in 16-wk-old MMTV-MT/Cre/p110a+/L

mice consisted of clusters of hyperplastic acinar struc-
tures, resembling early premalignant lesions typically
found inMMTV-MTmice at 4–6 wk of age (Supplemental
Fig. 2B, middle panel; Lin et al. 2003). We also generated
cohorts of MMTV-MT/Cre/p110aL/L mice that are ho-
mozygous for p110a. Analysis of mammary glands from
these females showed tremendous variation from gland
to gland; e.g., no gland development and hence no tumor
formation, or partial gland formation with tumor lesions
(Supplemental Fig. 2C). Western blot assays of tumor
lesions revealed the presence of p110a (Supplemental
Fig. 2D), suggesting that MT tumors arose from epithe-
lial cells that escaped Cre-mediated deletion, indicat-
ing that p110a is critical for MT-mediated oncogenic
transformation.
In contrast to the effects of p110a ablation, homozy-

gous ablation of p110b did not delay MT-induced tumor
onset (Fig. 2A). Instead, enhanced tumor growth and
increased ductal branching were observed (Fig. 2B,C).
Histological analysis of mammary tumors from 16-wk-
oldMMTV-MT/Cre/p110bL/L females revealed that these
tumors were less differentiated (Supplemental Fig. 2B,
right panel). These results clearly indicate that, while
p110a is important for MT-induced mammary tumor
formation, genetic ablation of p110b enhanced tumori-
genesis driven by MT.

Targeted ablation of the p110a isoform impairs
the growth of established tumors driven by MT

To characterize the effects of p110a or p110b ablation
on cells from established MT-driven tumors, we har-
vested tumors from MMTV-MT/p110aL/L and MMTV-
MT/p110bL/L mice at 12–14 wk of age, dissociated the
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tumor cells, cultured them briefly to allow in vitro
infection with AdCreGFP or AdGFP as a control, and
then selected productively infected cells by FACS. This
approach overcomes the limitation of not being able
to assess homozygous MMTV-Cre-mediated deletion of
p110a on MT-induced tumorigenesis as described above.
These primary MT mammary tumor cells were trans-
planted into the mammary fat pads of athymic mice.
Three weeks post-transplantation, the control MT tumor
cells had formed large tumors, but no tumor masses were
found at sites injected with cells ablated for both alleles
of p110a (Fig. 2D). In contrast, loss of p110b in MT-driven
tumor cells resulted in a small but significant increase in
tumor volume compared with control tumors (Fig. 2D).
These data are consistent with the results described
above that, while p110a is critical in mediating MT-
induced mammary tumor formation and maintaining the
tumorigenic state, p110b can actually down-modulate
MT-induced oncogenic transformation.

The effects of p110a or p110b loss on HER2/Neu-induced
mammary tumorigenesis

To examine the roles of p110a and p110b in a more
disease-relevant model of breast tumors, we introduced
floxed p110a or p110b alleles into a well-characterized
HER2/Neu model—MMTV-Neu-IRES-Cre (NIC)—that
coexpresses activated Neu and Cre recombinase (the lat-
ter via an IRES) under the control of a single MMTV
promoter (Ursini-Siegel et al. 2008). This approach elim-
inates the need for an additional MMTV-Cre transgene

and circumvents the stochastic nature of the expression
of Neu and deletion of p110 that occurs when expression
of the relevant genes are driven by separate promoters.
Interestingly, whole-mount analysis of mammary glands
from mice prior to palpation of tumor lesions revealed
that, while the mammary glands of NIC females display
hyperplastic lesions, NIC/p110aL/L female mice exhibit
normal ductal outgrowth (Fig. 3A). It is intriguing that,
while dramatically impaired mammary gland develop-
ment is seen in MMTV-Cre/p110aL/L mice, NIC/p110aL/L

mice had normal ductal outgrowth. Similarly, lobulo–
alveolar budding is substantially increased in the p110b-
deficient mammary glands in MMTV-Cre/p110bL/L mice
but not in the NIC/p110bL/L mammary glands. We do not
have a clear explanation for these observations, but one
possibility is that ablation of p110 isoforms in mam-
mary glands is mediated by different MMTV-Cre lines
that fire their MMTV promoters at different stages of
development and/or within different epithelial cell
populations. The MMTV-Cre (Wagner et al. 1997) line
expresses Cre during the embryonic stage before or at
the beginning of the formation of the rudimentary
ductal structure, which might result in more complete
deletion of p110a or p110b and more significant de-
velopmental phenotypes. The MMTV promoter in NIC
mice is active in luminal mammary epithelial cells after
birth (Ursini-Siegel et al. 2008). Thus, the phenotypes
seen in NIC/p110aL/L and NIC/p110bL/L could be re-
lated to luminal expression of Cre in the NIC popula-
tion. Alternatively, the different phenotypes in the two
models may reflect at least some degree of compensatory

Figure 2. Effects of p110a or p110b abla-
tion on mammary tumorigenesis in MMTV-
MT mice. (A) Kaplan-Meier curve of tumor-
free survival of mouse cohorts of the indi-
cated genotypes. The median latency (T50)
is ;50 d for both MT/Cre and MT/
Cre/p110bL/L mice. (*) P < 10 3 10�10 (log-
rank test). (B) Representative mammary
gland whole mounts of MT/Cre, MT/Cre/
p110a+/L, and MT/Cre/p110bL/L mice at 12
and 16 wk of age. (C) Average cumulative
tumor weight (6SEM) for each cohort of
mice at 8, 12, and 16 wk of age. MT/Cre (8
wk [n = 4], 12 wk [n = 6], 16 wk [n = 6]); MT/
Cre/p110a+/L (8 wk [n = 6], 12 wk [n = 8], 16
wk [n = 11]); MT/Cre/p110bL/L (8 wk [n = 6],
12 wk [n = 8], 16 wk [n = 7]). (*) P < 0.05; (**)
P < 0.005 (Student’s t-test). (D) Volumes of
transplanted tumors at day 21 post-injec-
tion. Tumors were derived from injection of
MT/p110aL/L or MT/p110bL/L MMECs after
treatment in vitro with AdCreGFP or
AdGFP (n = 11 for both). (*) P < 0.05; (**)
P < 0.0001 (Student’s t-test).
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signaling arising from ErbB2 action in mammary epithe-
lial cells.
Analyses of Ki67 expression in ducts and lobules dem-

onstrated that Neu induced robust cell proliferation in
mammary glands of NIC mice at the preneoplastic or
early neoplastic stage (Supplemental Fig. 3A). While the
Ki67-positive cells were significantly reduced in the
mammary glands of NIC/p110aL/L mice, the number of
proliferating cells significantly increased in NIC/p110bL/L

mice (Supplemental Fig. 3A), thus providing the cellular
mechanism by which p110a is important for Neu-induced
neoplastic transformation, and p110b plays a negative role
in Neu-mediated transforming activity.
We next followed cohorts of virgin females with NIC,

NIC/p110aL/L, and NIC/p110bL/L genotypes to assess the

roles of PI3K isoforms in HER2/Neu-initiated tumor
development. NIC mice develop palpable tumors at 131 d
of age, with each mouse carrying multiple tumors (Fig.
3B-D). Although all NIC/p110aL/+ mice developed tu-
mors, the time to tumor onset was significantly extended
to 150 d (P < 0.001), and tumor burden and occurrence
were also significantly reduced (Fig. 3B–D; Supplemental
Fig. 3B). Notably, ablating both copies of p110a virtually
blocked tumor formation, with only one mouse in the
cohort of 23 NIC/p110aL/L mice developing a single
tumor over an observation period of 230 d (Fig. 3B). This
solitary HER2/Neu tumor, which developed when the
mouse was 186 d old, appears to have truly escaped p110a
dependence, as Western blotting confirms the loss of
p110a expression in the tumor (Supplemental Fig. 3C).

Figure 3. Effects of p110a or p110b abla-
tion on HER2/Neu-driven mammary tu-
morigenesis. (A) Representative whole
mounts of mammary glands from mice
carrying MMTV promoter-driven NIC (n =

9), NIC/p110aL/L (n = 6), and NIC/p110bL/L

(n = 10) at 10–12 wk of age before any
formation of palpable tumor lesions. Bar
graph shows the number of hyperplastic
lesions in mammary glands of the indicated
genotype (n = 5 each). (*) P < 0.05. (B)
Kaplan-Meier curve of tumor-free survival
of mouse cohorts of the indicated geno-
types. T50NIC = 131 d, T50NIC/p110a+/L =

150 d. (*) P < 0.001; (**) P < 10 3 10�17

(log-rank test). (C) Average tumor burden
per mouse (6SEM) for each cohort of mice
at study endpoint (6 wk post-palpation of
the first tumor in each mouse). (*) P < 0.05
(Student’s t-test). (D) Average number of
tumors per animal (6SEM) at study end-
point as described in C. (*) P < 0.005
(Student’s t-test). (E) Kaplan-Meier curve
of tumor-free survival of mouse cohorts of
the indicated genotypes. T50NIC = 141 d,
T50NIC/p110b+/L = 137 d, T50NIC/p110bL/L =

127.5 d. (*) P < 0.002 (log-rank test). (F)
Average tumor burden per mouse (6SEM)
for each cohort of mice at study endpoint as
described in C. (*) P < 0.05 (Student’s t-test).
(G) Average number of tumors per animal
(6SEM) at study endpoint (as described inC).
(H) Volumes of tumor transplants at day 28
post-injection of MMTV-NeuT/p110aL/L (n =

11) or MMTV-NeuT/p110bL/L (n = 18)
MMECs treated in vitro with AdCreGFP or
AdGFP. (*) P < 0.05; (**) P < 0.0001 (Student’s
t-test).
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Further studies following NIC/p110aL/L mice for longer
times will be necessary to determine whether more
p110a-independent HER2/Neu tumors occur and to elu-
cidate the underlying mechanisms for such escapees. In
contrast, p110b deletion resulted in a more rapid HER2/
Neu mammary tumor occurrence and an increased
tumor burden but did not alter the number of tumors
per mouse (Fig. 3E–G; Supplemental Fig. 3D). These re-
sults are consistent with our findings in the MT tumor
model described above.

The p110a isoform is required for the growth
of established tumors driven by HER2/Neu

Because of the coupled expression of HER2/Neu and Cre,
the NIC/p110 model limits our analysis to determination
of whether a PI3K isoform is required for the initiation of
HER2/Neu tumor development. To ascertain whether
HER2/Neu tumors are dependent on PI3K for maintaining
tumor cells in their transformed state, we crossed floxed
p110 mice with another HER2/Neu mammary tumor
model, MMTV-NeuT (Lucchini et al. 1992). Established
NeuT-driven tumors carrying floxed p110 alleles were
isolated, and dissociated tumor cells were treated with
AdCre to delete p110. These cells were then transplanted
into the mammary fat pads of athymic mice. Consistent
with the results from the NIC model, deletion of p110a
blocked the growth of NeuT-driven tumor transplants.
Loss of p110b slightly but significantly increased tumor
volume (Fig. 3H). Taken together, these data suggest that
HER2/Neu-driven tumor cells are critically dependent on
the p110a isoform of PI3K to maintain their transformed
state, while p110b may negatively regulate HER2/Neu
transforming activity.

The effects of p110a or p110b loss on oncogenic
MT- or HER2/Neu-driven PI3K signaling
in primary mammary tumor cells

To explore the potential mechanism underlying these
surprising, opposite effects of p110a or p110b loss onMT-
and HER2/Neu-mediated tumorigenesis, we performed
biochemical analyses on tumor-derived MMECs to de-
termine how the PI3K activity associated with oncogenic
MT or HER2/Neu is affected by the absence of p110a or
p110b. We isolated MMECs from MT- or NeuT-driven
tumors carrying floxed p110a or p110b alleles, treated
themwith AdCreGFP or AdGFP as a control, and isolated
GFP-expressing cells by FACS. To study the effect of
ablating p110 isoforms on MT- or NeuT-associated PI3K
activity, cells were starved to minimize confounding sig-
nals from the activation of other receptors. While MT
binds to the p85/p110 complex directly (Schaffhausen and
Roberts 2009), HER3 recruits PI3K to an activated HER2/
Neu (Supplemental Fig. 4A). We confirmed that treatment
of NeuT tumor cells with a HER2 inhibitor, lapatinib,
abolished formation of the HER3/PI3K complex and PI3K
activities associated with HER3, as well as phosphoryla-
tion of AKT, in cells (Supplemental Fig. 4B–D). In addition,
equal amounts of MT and HER3 were found in the

immunoprecipitates from the various cell lysates (Sup-
plemental Fig. 4E,F). We therefore measured PI3K activity
in MT or HER3 immunoprecipitates in vitro and found
robust lipid kinase activity associated withMTor HER3 in
control cells treated with AdGFP. While deletion of p110a
significantly reduced 39 phosphoinositide synthesis, de-
pletion of p110b increased MT- or HER3-associated PI3K
activity (Fig. 4A,B). In parallel, greatly reduced pAkt
levels were seen in p110a-deficient cells derived from
MT or NeuT tumors, and increased levels of pAkt were
observed in p110b-ablated cells (Fig. 4C,D). These data
suggest that p110a is the major PI3K isoform mediating
oncogenic MT- and HER2/Neu-driven signaling and that
p110b plays a negative regulatory role in modulating the
strength of PI3K signaling downstream from activated
receptors.
Given previous reports that p110a has much higher

specific lipid kinase activity than p110b (Beeton et al.
2000; Knight et al. 2006; Zhao et al. 2006), one would
predict that the level of receptor-associated lipid kinase
activity should reach a maximum level if all RTKs were
bound with p110a. Conversely, if most RTKs were
associated with p110b isoform, the PI3K activity would
be much reduced (Fig. 4E). We therefore hypothesize that
the occupancy of receptors by the less active p110b
titrates the levels of the more active p110a that can
associate with receptors and thus modulates the overall
lipid kinase activity and the amount of PIP3 production in
response to RTK activation (Fig. 4E). Thus, loss of p110b
liberates binding sites on activated receptors that can
then be occupied by the more active p110a, consequently
increasing signal output (Fig. 4E). To test this hypothesis,
we assessed the amount of p110a bound to MTor HER2/
HER3 complexes in the absence of p110b. Indeed, the
abundance of p110a associated with MT or HER3 was
increased in cells lacking p110b (Fig. 4F,G).
To further corroborate the suppressive effects of p110b,

we stably introduced MT or NeuT into wild-type mouse
embryonic fibroblasts (MEFs), p110b knockout (bKO)
MEFs, bKO MEFs with exogenous expression of p110b
(bKO +b), and bKO MEFs with exogenous expression of
kinase-dead p110b-K805R (bKO +KR) (Supplemental
Fig. 4G). These cells were starved to emphasize the MT-
or NeuT-driven pAKT and eliminate other confound-
ing growth factor signals. Our results show that, while
ablation of p110b results in increased pAKT levels in
MEFs expressing MT or NeuT, overexpression of either
wild-type (bKO +b) or kinase-dead (bKO +KR) versions of
p110b markedly reduced pAKT levels in these cells
(Supplemental Fig. 4G). We further show that the reduced
pAKT levels are associated with increased binding of
p110b to MTor HER3 in cells expressing wild-type or KR
p110b (Supplemental Fig. 4G). Together, these data are
consistent with our model that the effect of p110b loss
on MT- or HER2/Neu-driven tumorigenesis may be due
to removal of the less active p110b from competition
with the more active p110a for binding sites on the on-
cogenic MT or HER2/Neu receptor. This results in in-
creased PI3K signaling and in turn leads to increased
oncogenic transformation.
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Interestingly, however, the effect of increased p110a
binding in the absence of p110b is relatively more subtle
in the HER2/Neu model than in the MT model. Our
hypothesis predicts that, as the number of binding sites
for PI3K on the activated receptor increases, the effect of

p110b ablation will decrease (see Supplemental Fig. 4H
for a schematic diagram explaining the model). Specifi-
cally, our model suggests that, where there are relatively
small numbers of activated receptors capable of binding
p85, we would expect to see an increase in receptor-

Figure 4. Effects of p110a or p110b ablation on MT- or HER2/Neu-mediated PI3K signaling. (A) Lipid kinase activity associated
with MT immunoprecipitates from MMTV-MT/p110aL/L or MMTV-MT/p110bL/L tumor-derived cells treated in vitro with
AdCreGFP or AdGFP as indicated. The bars represent relative lipid kinase activity 6 SD (n = 7). (*) P < 0.05; (**) P < 0.005
(Student’s t-test). (B) Lipid kinase activity associated with HER3 immunoprecipitates from MMTV-NeuT/p110aL/L or MMTV-
NeuT/p110bL/L tumor-derived cells treated in vitro with AdCre or AdGFP. The bars represent relative lipid kinase activity 6 SD (n =

12). (*) P < 0.05; (**) P < 0.005 (Student’s t-test). (C) Western blots for p110a, p110b, pAktS473, pAktT308, and vinculin (as a loading
control) in cell lysates prepared from MMTV-MT tumor cells carrying p110aL/L or p110bL/L. Cells were treated in vitro with AdGFP or
AdCre and starved without growth factors before being subjected to lysis. The bar graph shows the relative levels of pAkt (6SD) (n = 7
for each). (*) P < 0.05; (**) P < 0.005 (Student’s t-test). (D) Western blots for p110a, p110b, pAktS473, pAktT308, and vinculin (as a loading
control) in cell lysates prepared from MMTV-NeuT tumor cells carrying p110aL/L or p110bL/L. All cells were treated in vitro with
AdGFP or AdCre and starved without growth factors before being subjected to lysis. The bar graph shows the relative levels of pAkt
(6SD) (n = 9 for each). (*) P < 0.05; (**) P < 0.005 (Student’s t-test). (E) Schematic diagram illustrating a competition model in which the
competitive occupancy by p110a and p110b—the two PI3K isoforms with low and high lipid kinase activities, respectively—de-
termines the overall PI3K activity associated with ligand-bound, activated RTKs. Ablation of p110a is expected to result in greatly
reduced PI3K activity. Conversely, loss of p110b liberates binding sites on receptors, which can then be occupied by the more active
p110a, consequently increasing signal output. (F) Representative Western blots of MT immunoprecipitates of the indicated lysates
are shown. The bar graph represents the relative amount of p110a associated with MT immunoprecipitates in the indicated lysates
(n = 7, 6SD). (*) P < 0.05; (**) P < 0.005 (Student’s t-test). (G) Representative Western blots of HER3 immunoprecipitates of the
indicated lysates are shown. The bar graph represents the relative amount of p110a associated with HER3 immunoprecipitates in the
indicated lysates (n = 12, 6SD). (*) P < 0.05; (**) P < 0.005 (Student’s t-test).
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associated PI3K activity and that the magnitude of the
increase would be determined by the relative numbers of
p110a and p110b and the relative difference in their
specific PI3K activities (Supplemental Fig. 4H, left panel).
At the other extreme, if there are an infinite number
of active receptors that ‘‘soak up’’ all of the p110 mole-
cules, leaving no free p110a to compensate when p110b
is ablated, the result of p110b ablation is reduced PI3K
activity. This circumstance would be similar to the sit-
uation presented by expression of a kinase-dead p110b
(Ciraolo et al. 2008) or inactivation of p110b by inhibitors
(see below) and would be predicted to give a modest de-
crease in receptor-associated PI3K activity (Supplemental
Fig. 4H, right panel). For most receptors with interme-
diate abundance, the effect of ablation of p110b would be
expected to result in changes varying from a modest
increase to a modest decrease in receptor-associated PI3K
activity (Supplemental Fig. 4H, middle panel). This model
predicts the relatively large effects seen in the MT model,
since there are a very limited number ofMTmolecules per
cell that are capable of binding PI3K (Bolen et al. 1987;
Morrison et al. 1988), while the transgenic MMTV-HER2/
Neu cells that overexpress active HER2/Neu receptors
(Siegel et al. 1999) would be expected to exhibit more
modest effects upon p110b ablation.

The effects of p110a or p110b loss on growth factor
signaling in normal primary mammary epithelial cells

Given the competition model that we proposed for p110
isoforms in oncogenic receptor-mediated signaling and
our initial observation of the effects of p110a or p110b
loss in normal mammary gland development, we hypo-
thesized that these isoforms might also play similar roles
in mediating certain growth factor signaling in normal
MMECs. To test this hypothesis, we isolated MMECs
from mammary glands of wild-type and floxed p110a or
p110b mice and treated these cells with AdCre to ablate
p110a or p110b. To determine the effects of p110a or
p110b ablation on signaling in response to growth factor
stimulation and subsequentRTKactivation, theseMMECs
were starved and then stimulated with insulin and EGF,
the main growth factors in MMEC culture medium.
Western blot analyses showed robust phosphorylation of
endogenous EGFR and IR/IGF1R in all MMECs in re-
sponse to insulin/EGF stimulation (Fig. 5A). As expected,
pAkt levels (Fig. 5A) as well as the amount of lipid kinase
activity that can be immunoprecipitated with IRS1
(Fig. 5B) in response to insulin/EGF were greatly reduced
in cells ablated for p110a, suggesting that p110a is the
major PI3K isoform mediating growth factor signaling
in MMECs. In contrast, pAkt levels were increased in
cells ablated for p110b (Fig. 5A), and increased lipid
kinase activity could be immunoprecipitated with IRS1
in p110b-null cells (Fig. 5B). To further test this intriguing
finding, we carried out additional experiments with
MMECs isolated from floxed p110b mice and treated
them with AdCreGFP or AdGFP. Cells were starved and
then stimulated with insulin before being subjected to
immunoprecipitation with IRS. Consistently, both the
lipid kinase activity and the amount of p110a associated

with IRS were significantly increased (Fig. 5C,D). Con-
sistent with our competition model of PI3K isoforms in
RTK-mediated signaling described above (Fig. 4E), these
results identify p110a as the primary PI3K isoform in
normal MMECs responding to insulin and EGF stimula-
tion and support a regulatory role for p110b in fine-tuning
the strength of PI3K signaling downstream from these
growth factors. Our model presupposes that the levels of
p110a and p110b are roughly comparable in MMECs.
Using recombinant proteins as standards, we determined
that the ratio of p110a:p110b in MMECs is ;60:40 (Sup-
plemental Fig. 5) These data thus provide potential
mechanistic insights for the impairment of mammary
gland development in the absence of p110a and the mod-
erately hypermorphic mammary gland phenotype ob-
served in the absence of p110b.

The effects of selective pharmacological inhibition
of p110a or p110b on oncogenic receptor-driven
PI3K signaling and tumorigenesis

Since clinical efforts targeting PI3K in cancer involve
inhibition of kinase activities rather than ablation of
kinase proteins, it is important to examine the effects of
specific pharmacological inactivation of the p110a or
p110b isoform on oncogenic receptor-driven PI3K signal-
ing and tumorigenesis. In particular, we wanted to de-
termine whether there is a difference between p110b
inhibition as opposed to p110b deletion on oncogenic
signals driven by MT or HER2/Neu. To investigate this,
we isolated primary mammary tumor cells from tumor-
bearing MMTV-MT or MMTV-NeuT mice and subjected
these cells to inhibitor studies using GDC-0941, a pan-
PI3K inhibitor (Raynaud et al. 2009); A66, a p110a-selective
inhibitor (Sun et al. 2010); and TGX-221, a p110b-selective
inhibitor (Jackson et al. 2005). We first determined that
the amounts of p110a or p110b activity associated with
the MT/p85 or NeuT/HER3/p85 complexes were not al-
tered when cells were treated with these PI3K inhibi-
tors (Supplemental Fig. 6A,B). This implies that p110a or
p110b remains associated with the receptor complexes
despite being inactivated. As expected, both pan-PI3K and
p110a-selective inhibitors dramatically reduced lipid
kinase activity and pAkt in MT and NeuT tumor cells
(Fig. 6A–D). Our model predicts that there would be no
compensatory effects upon using p110b inhibitors, since
the inactivated p110b is still able to compete with p110a
for binding sites on oncogenes or receptors (Fig. 6E). In-
deed, TGX-221 treatment reduced both lipid kinase ac-
tivity and pAkt levels in these cells, albeit to a much
lesser extent than did GDC-0941 or A66 (Fig. 6A–D). To
confirm the full inhibitory activity of TGX-221 against
p110b, we tested TGX-221 in p110a knockout cells and
showed that it fully blocked Akt activation (Supplemen-
tal Fig. 6C).
To further assess isoform-specific pharmacological in-

hibition of PI3K in vivo, we performed mammary fat pad
transplantation of athymic mice with primary tumors
arising from transgenic mice with MMTV-MTandMMTV-
NeuT genotypes. Transplanted tumor-bearing mice were
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treated with vehicle, GDC-0941, A66, or TGX-221. All
three inhibitors affected the growth of both MT and
NeuT tumors in a manner consistent with their effects in
vitro, with TGX-221 producing only a small reduction,
while both the pan-PI3K and p110a inhibitors dramati-
cally impaired tumor growth (Fig. 7A,B).

Discussion

The key role of PI3K as an effector of most oncogenic
RTKs has been known for some time, and clinical trials
are currently under way to test the effectiveness of pan-
PI3K inhibitors in tumors featuring RTK activation.
However, given the development of second-generation
PI3K inhibitors targeting specific isoforms, it is important
to determine the individual roles of the two ubiquitously
expressed isoforms of PI3K, p110a and p110b, in tumors
driven by activated RTKs. Using both genetic and phar-
macological approaches, we demonstrate for the first
time that p110a is the primary PI3K isoform responsible
for oncogenic RTK signaling and tumorigenesis in mam-
mary epithelium. Our data are consistent with a model in
which the high specific lipid kinase activity of p110a
isoform underlies its functional importance.
The most intriguing and surprising finding was the

observation of significant enhancement of both mam-
mary ductal side branching and mammary tumorigensis
driven by MT or HER2/Neu upon genetic ablation of

p110b. Detailed biochemical analyses revealed that
p110b down-modulates PI3K activity and Akt phosphor-
ylation in primary mammary tumor cells isolated from
MT- and HER2/Neu-driven tumors. A potential mecha-
nism underlying this novel negative role of p110b in RTK
signaling comprises a competition model in which the
less active p110b competes with the more active p110a
for receptor-binding sites, thereby down-tuning the level
of lipid kinase activity associated with receptors. This
model is supported by both genetic and pharmacological
studies and provides one mechanism underlying the di-
vergent roles of p110a and p110b in mammary gland
tumorigenesis.
Notably, our model makes a striking prediction in the

context of heterozygous loss of p110a: The loss of 50%
of p110a should increase the ratio of p110b to p110a,
reduce the amount of p110a available for binding to ac-
tivated oncogenes or receptors, and significantly reduce
the oncogenic transformation of MT or HER2/Neu in
mammary glands (Figs. 2, 3). This is most obvious in the
case of MT transformation, where heterozygous loss of
p110a severely impairs MT-mediated tumorigenesis. Our
model predicts that additional loss of a single copy of
p110b should restore the ratio of p110a/p110b and hence
restore MT-mediated transforming activity. This is ex-
actly what is observed with doubly heterozygous dele-
tion of p110a/p110b on MT-induced tumor formation
(Supplemental Fig. 7).

Figure 5. Effects of p110a or p110b ablation on growth
factor signaling in MMECs. (A) Western blot analyses of
the phosphorylation levels of EGFR, IRb/IGF1Rb, and
Akt in AdCre-treated wild-type (WT), p110aL/L, or
p110bL/L MMECs in response to insulin and EFG
stimulation after ablation of p110a or p110b. The bar
graphs represent the mean 6 SD of pAkt(Thr308) and
pAkt(Ser473) (n = 4). (*) P < 0.05; (**) P < 0.005
(Student’s t-test). (B) Relative lipid kinase activity
associated with IRS1 immunoprecipitates in AdCre-
treated wild-type (WT), p110aL/L, or p110bL/L MMECs
in the presence of insulin and EGF. The bar graph
represents the mean 6 SD of the relative lipid kinase
activity (n = 6). (*) P # 0.05; (**) P < 0.005 (Student’s
t-test). (C) Relative lipid kinase activity associated with
IRS1 immunoprecipitates of MMECs isolated from
p110bL/L mice and treated in vitro with AdGFP and
AdCreGFP as indicated. Cells were starved for 4 h
before insulin stimulation. Bars represent mean 6 SD
(n = 12). (**) P < 0.005. (D) Relative amounts of p110a
associated with IRS1 immunoprecipitates in MMECs
isolated from p110bL/L mice and treated in vitro with
AdGFP and AdCreGFP as indicated. Cells were starved
for 4 h before insulin stimulation. Bars represent
mean 6 SD (n = 14). (*) P < 0.05
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It has long been known that the level of PIP3 is tightly
regulated by the activities of two opposing enzymes,
PI3K and PTEN lipid phosphatase, which act as ‘‘on/off’’
switches, respectively. Our current study suggests a po-
tential novel second mechanism by which the overall
level of PI3K activity can be fine-tuned through the relative
occupancy of binding sites on activated RTKs by two PI3K
isoforms with different lipid kinase activities. While PTEN
negatively regulates PIP3 levels via dephosphorylation, our
data show that p110b can modulate the generation of PIP3
by reducing the total lipid kinase activity bound to acti-
vated receptors, thus allowing the abundance of the critical
second cellular messenger PIP3 to be precisely regulated by
these two complementary mechanisms.
In addition, however, p110b plays a necessary and

positive role in certain tumors driven by PTEN loss (Jia
et al. 2008; Torbett et al. 2008; Wee et al. 2008). Similar
genetic behavior has previously been noted for the gene
encoding the p85 adapter protein (Mauvais-Jarvis et al.
2002; Ueki et al. 2002, 2003; Taniguchi et al. 2006); p85

has a dual role as a negative regulator of the ground-state
activity of p110 catalytic kinase subunits while also
functioning to dock the kinases to activating receptors.
In the case of p110b, its negative effect lies at least in part
in its role as a weak kinase competing with the more
potent p110a isoform for binding sites on RTKs. Its
positive function in certain tumors arising from PTEN
loss may arise from a requirement for p110b in mediating
signals downstream from particular activating inputs
such as certain GPCRs or integrins (Hirsch et al. 2000;
Guillermet-Guibert et al. 2008; Jia et al. 2008; Ciraolo
et al. 2010; Martin et al. 2010). Thus, it has been hy-
pothesized that, in at least some PTEN loss-driven tu-
mors, the signal activating PI3K comes from a GPCR.
There is also a second potential mechanism underlying
p110b’s positive role in PTEN-null tumors: It has been
proposed that p110b is responsible for the basal level of
lipid kinase activity observed in cells (Knight et al. 2006;
Dbouk et al. 2010). In some PTEN-null tumors, the signal
amplified by PTEN loss may arise from this baseline

Figure 6. Effects of PI3K inhibitors on lipid kinase
activity and pAkt abundance. (A) Lipid kinase activity
associated with MT immunoprecipitates in MT tumor-
derived MMECs treated with various PI3K inhibitors
(GDC-0941, 0.1 mM; A66, 0.1 mM; and TGX-221, 0.25
mM) as indicated following growth factor starvation.
The bars represent relative lipid kinase activity 6 SD
(n = 6). (*) P < 0.05; (**) P < 0.001 (Student’s t-test). (B)
Lipid kinase activity associated with HER3 immuno-
precipitates in NeuT tumor-derived MMECs treated
with various PI3K inhibitors (GDC-0941, 0.1 mM; A66,
0.1 mM; and TGX-221, 0.25 mM) as indicated. The bar
graph represents relative lipid kinase activity 6 SD (n =

6). (*) P < 0.05; (**) P < 0.001 (Student’s t-test). (C)
Western blot analyses of pAkt in MMTV-MT tumor-
derived cells treated with various PI3K inhibitors (in
micromolar) as indicated following growth factor star-
vation. The bar graphs show the relative amounts of
pAkt(T308) 6 SD (n = 6). (*) P < 0.01; (**) P < 0.001
(Student’s t-test). (D) Western blot analyses of pAkt in
MMTV-NeuT tumor-derived cells treated with various
PI3K inhibitors (in micromolar) as indicated. The bar
graphs show the relative amounts of pAkt(T308) 6 SD
(n = 6). (*) P < 0.01; (**) P < 0.001 (Student’s t-test). (E)
Schematic diagram illustrating that p110b remains
associated with the receptor complex in the presence
of a p110b inhibitor, thus blocking the increased p110a
binding and increased signal output observed in the
p110b knockout scenario.
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activity (Jia et al. 2008). In fact, a recent study that re-
vealed the structure of the p110b/p85 complex in addi-
tion elucidated a distinctive mode of regulation of p110b
by p85 that contributes to the unique properties of p110b
(Dbouk et al. 2010; Vogt 2011; Zhang et al. 2011). Since
PTEN loss simply removes a ‘‘brake’’ from the PI3K
pathway, the key to understanding the roles of the p110
isoforms in transformation induced by loss of PTEN lies
in determining the genetic/tissue-specific signaling in-
puts activating the PI3K pathway in each context
To date, the array of PI3K inhibitors that are in pre-

clinical and clinical development consists largely of non-
isoform selective (pan) inhibitors, and patients with HER2-
positive breast cancer are candidates for such PI3K-targeted
therapy. However, isoform-selective molecules are emerg-
ing in the clinic that, because of their increased specificity,
offer considerable promise of both efficacy and safety ad-
vantages over pan-PI3K inhibitors. Our isoform-specific
inhibitor study suggests that, while there are no tumor-
stimulating effects of inhibiting p110b, p110b will gener-
ally not be an effective target in treating oncogenic RTK-
dependent tumors.Notably,wedemonstrate that a selective
p110a inhibitor under development for clinical use effec-
tively blocks both oncogenic HER2-driven signaling and
tumor growth, suggesting the utility of p110a-specific in-
hibitors either alone or likely in combination with HER2-
targeted therapies such as trastuzumab as therapeutic
agents for HER2-positive disease.

Materials and methods

Animals

MMTV-Cre (Wagner et al. 1997), p110aL/L (Zhao et al. 2006), and
p110bL/L (Jia et al. 2008) mice were backcrossed 10 generations
to the FVB/N background before being subjected to this study.
MMTV-MT (Guy et al. 1992) and NIC (Ursini-Siegel et al. 2008)
were in the FVB/N background. MMTV-NeuT mice were in the
Balb/c background (Lucchini et al. 1992). NCrNu female mice
(Taconic) were used for orthotopic transplantation. All animals
were housed and treated in accordance with protocols approved
by the Institutional Animal Care and Use Committees of Dana-
Farber Cancer Institute and Harvard Medical School.

Biochemical analyses

MMECs prepared from wild-type mammary glands or tumors
were starved either 4 h or overnight in DMEM/F12 medium

(Invitrogen) before being lysed for biochemical analyses in 1%
nonidet P-40 lysis buffer containing a protease inhibitor cocktail
(Roche). After centrifugation, cleared lysates were separated on
SDS-PAGE gels and transferred to nitrocellulose membranes.
Western blot assays were performed with primary antibodies
against MT (Pallas et al. 1986), phospho-AktS473, phospho-
AktT308, Akt, p110a, p110b, p-EGFR, and p-IRb/p-IGF1Rb (all
from Cell Signaling Technology), and pan-p85, HER2, HER3, and
IRS1 (all from Millipore). Immunoprecipitations were set up as
follows: Lysates containing 1 mg of total protein from MT
tumors were incubated with 10 mg of MT antibody (rat mono-
clonal antibody, GeneTex), and lysates containing 500 mg of total
protein from NeuT tumors were incubated with 5 mg of anti-
bodies to HER2 or HER3. Lysates containing 300 mg of total
protein from wild-type mammary glands were incubated with 2
mg of anti-IRS1. All immunoprecipitations were carried out
overnight, and protein A/G sepharose (30 mL of 50% bead slurry)
(Santa Cruz Biotechnology) was added for 2 h. Beads were then
collected by centrifugation, followed by three washes with lysis
buffer. The resulting immunoprecipitates were either subjected
to Western blot analysis or used in a lipid kinase assay.

Mammary gland whole mounts and quantitation

of mammary gland branching

The fourth set of mammary glands was harvested and mounted
on glass slides, fixed in an ethanol/glacial acetic acid mixture,
rehydrated, and stained with carmine red followed by dehydra-
tion and a final clearing in toluene as described previously
(Wiseman et al. 2003). Whole mounts of the fourth set of
mammary glands from 12-wk-old MMTV-Cre and MMTV-Cre/
p110b animals were photographed using a Nikon SMZ-U mi-
croscope (23 magnification), and ductal branch points were
marked and counted by hand. Five fields were counted per
sample.

Mammary epithelial cell preparation, culture, adenovirus

infection, and primary transplantation assays

Mammary glands obtained from virgin wild-type or transgenic
females were digested in medium containing 160 U/mL collage-
nase, 1.25 U/mL dispase, 100 U/mL hyaluroindase, 100 mg/mL
gentamicin, and 100 U/mL penicillin/streptomycin for 4 h at
37°C followed by multiple spin-break centrifugations in basal
medium. The collected MMECs were plated in growth medium
containing insulin and EGF, subjected to two rounds of infection
with either AdCreGFP or AdGFP (GeneTransfer Vector Core),
and FACS-sorted 48 h post-infection. For transplantation assays,
cultured primaryMMECs were trypsinized to obtain single cells.
For mammary duct outgrowth, MMECs (1 3 105 cells) were
injected into the cleared inguinal mammary glands of 3-wk-old

Figure 7. Effects of PI3K inhibitors on the growth of
orthotopic tumor transplants derived from MMTV-MT
or MMTV-NeuT tumors. (A) Tumor volumes of
MMTV-MT tumor transplants treated with various
PI3K inhibitors as indicated (n = 12 per group). (*) P <

0.01; (***) P < 0.0001 (Student’s t-test). (B) Tumor
volumes of MMTV-NeuT tumor transplants treated
with PI3K inhibitors as indicated (control, n = 20;
GDC-0941, n = 20; A66, n = 16; and TGX221, n = 16).
(*) P < 0.01; (***) P < 0.0001 (Student’s t-test).
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recipientmice as described (Deome et al. 1959). The transplanted
glands were excised from mice 8 wk post-transplantation and
stained with carmine red (Sigma) for whole-mount analysis. For
tumor growth, cells (2 3 106 MT or NeuT tumor cells) were
resuspended in phosphate-buffered saline (PBS) containing 25%
Matrigel (BD Biosciences) and injected into the inguinal mam-
mary fat pads of nude mice.

Tumorigenesis studies

Nulliparous mice from different cohorts were subjected to
regular palpation, and tumor onset was determined upon palpa-
tion of the first tumor lesion in each individual mouse. To
determine the overall tumor burden of an individual MT trans-
genic animal, all mammary glands of eachmouse were collected,
and their cumulative wet weight was measured. The tumor
growth was determined by the difference between the weight of
a tumor-bearing mammary gland and the weight of a normal
mammary gland. For the NICmodel, the total number of tumors
as well as their cumulative volume were determined for each
animal at the study endpoint, which was 6 wk after detection of
the first palpable tumor. Tumor volumes were measured twice
a week with calipers and calculated by the following formula:
(4/3p) 3 (length/2) 3 (width/2)2 (Wapnir et al. 1996).

Quantification of premalignant lesions

Whole mounts of the fourth set of mammary glands of 14-wk-old
NIC, NIC/p110aL/L, and NIC/p110bL/L animals were photo-
graphed using a Nikon SMZ-U microscope (23 magnification),
and premalignant, hyperplastic nodules were marked and
counted.

Immunohistochemical staining for Ki67 in mammary

gland tissue

The fourth pair of mammary glands of NIC, NIC/p110aL/L, and
NIC/p110bL/L animals was isolated and mounted on glass slides
before fixation in 10% buffered formalin. Sections were then
stained according to routine protocol. In brief, sections were
dewaxed and rehydrated, followed by antigen retrieval by boiling
in citrate buffer. Ki67 antibody (Vector Laboratories) was added
overnight, and positive nuclei were detected by diaminobenziidine
(Sigma). Sections were then counterstained with Mayer’s
hematoxylin.

Lipid kinase assay

Lipid kinase assays were performed as previously described
(Zhao et al. 2006). Briefly, MT or HER3 immunoprecipitates of
freshly prepared cell lysates were subjected to an in vitro kinase
assay using phosphatidylinositol (PI) (Avanti Polar Lipids) as
a substrate. The phosphorylated lipids were resolved by thin-
layer chromatography (TLC) overnight. TLC plates were then
exposed on a storage phosphor screen (Molecular Dynamics),
which was scanned using a STORM imaging machine. The
radioactive product of the reaction, phosphatidylinositol-
3-phosphate (PIP), was quantified by ImageQuant software.

Inhibitor studies in vitro

PrimaryMT tumor- orNeuT tumor-derivedMMECswere treated
with the pan-PI3K inhibitor GDC-0941 (Axon MedChem), the
p110a-specific inhibitor A66 (Selleck), and p110b-specific in-
hibitor TGX221 (Cayman Chemical) at various concentrations

as indicated in the text in vitro. To inhibit HER2-mediated
phosphorylation of HER3, we used lapatinib at the indicated
doses on primary NeuT tumor-derived MMECs that were starved
overnight. We examined lipid kinase activity, pAkt levels, and
interaction with PI3K isoforms by immunoprecipitations of un-
treated versus lapatinib-treated cells.

Inhibitor studies in vivo

For in vivo studies, 2 3 106 MT or NeuT MMECs were
resuspended in 30% Matrigel and subcutaneously injected into
NCrNu recipient animals. Treatment was started the following
day and continued once daily for 25 d. GDC-0941 was adminis-
tered by gavage at 125 mg/kg in 10% DMSO, 5% Tween20, and
85%water. A66 was administered by intraperitoneal injection at
100 mg/kg in 10% DMSO, 5% Tween20, and 85% water.
TGX221 was injected adjacent to the tumor site at 0.2 mg per
injection in 10% DMSO and 90% water.
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