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Abstract
Loss of cell polarity proteins such as Scribble induces neoplasia in Drosophila by promoting
uncontrolled proliferation. The role polarity proteins play during tumorigenesis in mammals is
poorly understood. We demonstrate that knockdown of Scribble in mammary epithelia disrupts
cell polarity, blocks three-dimensional morphogenesis, inhibits apoptosis and induces dysplasia in
vivo that progress to tumors after long latency. Knockdown of Scribble also cooperates with
oncogenes such as Myc to transform epithelial cells in 3D acini and induce tumors in vivo by
blocking activation of an apoptosis pathway. Like knockdown, mislocalization of Scribble from
cell-cell junction was sufficient to promote cell transformation. Interestingly, spontaneous
mammary tumors in mice and humans possess both downregulated and mislocalized Scribble
suggesting a selection-pressure for Scribble inactivation. Thus, we demonstrate that Scribble is a
novel regulator of breast cancer and that deregulation of polarity pathways promotes dysplastic
and neoplastic growth in mammals by disrupting morphogenesis and inhibiting cell death.
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Introduction
Breast cancer is thought to originate from epithelial cells of the terminal ductal lobular units
(TDLU) in the breast (Allred et al., 2004; Allred et al., 2001). Each TDLU has multiple
small units referred to as acini that consist of a single polarized layer of luminal epithelial
cells surrounding a hollow lumen (Allred et al., 2001; Bissell et al., 2002; Rodriguez-Boulan
and Nelson, 1989). The establishment and maintenance of polarized organization is critical
for normal function of mammary epithelial cells in vivo. Early during initiation and
progression of carcinoma, epithelial cells loose their ability to maintain a normal polarized
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organization suggesting a critical role for molecules that regulate cell polarity in breast
cancer.

Establishment of apical-basal polarity in mammalian epithelia is coordinated by a set of
proteins referred to as polarity regulators (Nelson, 2003). These include the Scribble (Scrib)/
Lethal (2) giant larvae (Lgl)/Discs large (Dlg) proteins that direct formation of basolateral
membranes. The Crumbs/PALS/PATJ and Partitioning defective 3 (Par3)/Par6/atypical
protein kinase C (aPKC) protein complexes that direct establishment of the apical membrane
and the apical-basal border, respectively (Macara, 2004; Margolis and Borg, 2005; Nelson,
2003).

In Drosophila, loss of function mutations in polarity genes such as scrib, lgl, and dlg1 result
in aberrant proliferation and abnormal cell polarity/architecture, demonstrating a direct
relationship between cell polarity regulators and control of cell proliferation (Bilder, 2004;
Bryant, 1997). Although the mechanistic details of the relationship between polarity and cell
proliferation is yet to be well understood, genetic analysis suggests that polarity proteins use
separate pathways to regulate cell structure and cell proliferation (Lorenzo et al., 1999).

Recent studies suggest a role for polarity proteins in human cancers. For example, human
scrib and dlg1 are targeted for ubiquitin-mediated proteolysis by the E6 oncoprotein from
high-risk strains of human papillomavirus (HPV) (Gardiol et al., 1999; Humbert et al., 2003;
Nakagawa and Huibregtse, 2000). Genetic alteration in dlg5 is correlated with inflammatory
bowel disease, which predisposes the patients to gastric cancer (Stoll et al., 2004).
Furthermore, loss of Scribble expression is frequently observed in colon and lobular breast
cancers (Gardiol et al., 2006; Navarro et al., 2005). In addition, we recently demonstrated
that the oncogene ErbB2 requires an interaction with the Par6/aPKC polarity complex to
transform three-dimensional mammary epithelial acini (Aranda et al., 2006). These findings
indicate an important role for polarity proteins during cell transformation. However, neither
the mechanism by which polarity regulators control cell transformation nor how they
interact with oncogenes are well understood. To directly investigate how polarity proteins
regulate breast cancer progression, we examined the effect of deregulating the polarity
protein Scribble by itself or in combination with oncogenes HPV E7 and c-myc. Myc was
chosen because it not only regulates initiation and progression of breast cancer, but also
lacks the ability to disrupt apical-basal polarity of mammary epithelial cells in culture
(Reichmann et al., 1992). The latter property of Myc makes it an ideal candidate for
investigating interactions between oncogenes and polarity pathways.

Overexpression of c-myc is frequently observed in early breast lesions (Spandidos et al.,
1987) and the c-myc locus is rearranged in roughly 5%, and amplified in 15%, of breast
tumors (Deming et al., 2000; Liao and Dickson, 2000). Furthermore, Myc protein is
overexpressed in approximately 70% of breast tumors and correlates with poor clinical
prognosis and disease relapse. Although cells in culture and transgenic mouse models have
been used to investigate how Myc transforms mammary epithelial cells, the details of the
mechanism is not fully understood (Nass and Dickson, 1997; Tilli and Furth, 2003).
Expression of Myc under the control of mouse mammary tumor virus (MMTV) (Stewart et
al., 1984), whey acidic protein (WAP) promoter (Schoenenberger et al., 1988) or under a
tetracycline-inducible system (D’Cruz et al., 2001) results in development of mammary
tumors with a latency of 7–14 months in 50–80% of virgin glands. The long latency
associated with Myc-induced mammary tumorigenesis is likely related to the fact that Myc
induces both proliferation and apoptosis in mouse mammary epithelial cells in vivo (Nilsson
and Cleveland, 2003). Coexpression of Myc and growth factors such as transforming growth
factor α (TGFα) in transgenic mammary glands shortens the latency by inhibiting apoptosis
(Amundadottir et al., 1995; Sandgren et al., 1995). In addition, overexpression of the anti-
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apoptotic protein Bcl2 (Jager et al., 1997), or loss of the pro-apoptotic protein Bax,
cooperates with Myc to promote tumorigenesis (Jamerson et al., 2004b). These observations
demonstrate that inhibition of apoptotic pathways can potentiate Myc-induced tumorigenesis
in vivo. Neither the mechanisms by which Myc induces death in mammary epithelia nor the
mechanisms by which the cells develop resistance to Myc-induced apoptosis is well
understood.

In this study, we demonstrate that deregulation of Scribble promotes transformation of
mammary epithelial cells in vitro and in vivo by disrupting morphogenesis, cell polarity and
inhibiting cell death. We also report that deregulation of Scribble is selected-for during
spontaneous mouse mammary tumorigenesis and in human breast cancer. These
observations have led us to propose a model for investigating the mechanisms by which
polarity proteins regulate initiation of carcinoma in mammals.

Results
Loss of Scribble disrupts 3D acinar morphogenesis of mammary epithelial cells

Although the expression of Scribble is frequently lost in breast cancer (Navarro et al., 2005),
the significance of this change is not known. To investigate the cellular effects of
downregulating Scribble, we used two different RNA interference (RNAi) constructs to
stably deplete Scribble in the non-tumorigenic human mammary epithelial cells line
MCF-10A (Fig. 1A). Downregulation of Scribble expression did not induce gross changes in
cell morphology and cell-cell junctions as monitored by localization of β-catenin, and F-
actin organization (Suppl. Figure 1A and data not shown). These observations are consistent
with previous studies using both MCF-10A cells and canine kidney epithelial cells grown as
monolayers (Dow et al., 2007; Qin et al., 2005).

MCF-10A cells, when plated on a bed of extracellular matrix, undergo morphogenesis that
involves a proliferative phase (days 1–8) and an apoptotic phase (days 6–9) resulting in
formation of proliferation-arrested 3D structures made-up of polarized epithelial cells
surrounding a central hollow lumen (Debnath et al., 2002; Muthuswamy et al., 2001).
Overall these 3D acinar structures, resemble breast acini in vivo. To determine the role
Scribble plays during 3D morphogenesis, Scrib.RNAi cells were plated on 3D matrix.
Scrib.RNAi acini did not show any evidence of hyperproliferation and were proliferation
arrested similar to control acini (Fig. 1B). To analyze changes in polarity, we monitored the
orientation of the Golgi apparatus. In control acini Golgi were always oriented towards the
lumen (Fig. 1C and (Aranda et al., 2006)), however, cells in Scrib.RNAi acini had a modest,
but reproducible, disruption of Golgi orientation demonstrating that Scribble plays a role
during the establishment of apical-basal axis of polarity during acinar morphogenesis. In
addition to the modest effect on apical-basal axis of polarity, there was a dramatic effect on
the organization of cells within an acinus. The majority of Scrib.RNAi acini (> 55%) had
cells in the luminal space, whereas we rarely (< 6%) observe cells in the lumen of control
acini (Fig. 1D). Since lumen formation in MCF-10A acini requires apoptosis of centrally
located cells (Debnath et al., 2002; Reginato et al., 2005), we investigated whether loss of
Scribble inhibited apoptosis. Only 20% of Scrib.RNAi acini showed evidence of luminal
cell death as monitored by cleaved caspase-3 staining compared with almost 65% of control
acini (Fig. 1E, F). The shRNA-mediated knockdown was stable throughout the time course
of these 3D experiments as validated by the low levels of Scribble in lysates obtained from
24 day old 3D cultures (Suppl. Fig. 1B). Our results demonstrate that while loss of Scribble
had no significant effect on proliferation control, it disrupted normal 3D acinar
morphogenesis by inhibiting establishment of apical-basal polarity and luminal apoptosis.
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Loss of Scribble promotes abnormal ductal morphogenesis in transgenic mammary
glands

To determine the effect of Scribble loss on ductal morphogenesis in vivo, we used the
mammary fat pad transplantation assay (Edwards, 1996). Previous studies have
demonstrated that COMMA-1Dβgeo (CD) cells, an immortalized, pluripotent mouse
mammary epithelial cell line derived from a mid-pregnant BALB/c mouse, efficiently re-
populates an epithelium-free (cleared) mammary fat pad by undergoing ductal
morphogenesis with primary and secondary branched structures (Aguilar-Cordova et al.,
1991; Danielson et al., 1984; Deugnier et al., 2006; Jerry et al., 1994). To demonstrate that
CD cells could be used to rapidly generate transgenic mammary glands, CD cells expressing
green fluorescent protein (GFP) were transplanted into cleared fat pads. The outgrowths
were analyzed eight weeks after transplantation by imaging freshly isolated mammary fat
pads under a fluorescence microscope. While the non-transplanted mammary fat pads do not
show evidence of GFP positive ducts (data not shown), fat pads transplanted with CD-GFP
cells display green ducts (Fig. 2A) demonstrating that the cells engineered in culture can
repopulate the orthotopic site to form transgenic mammary ducts.

To determine the effect of downregulating Scribble on ductal morphogenesis, CD cells
stably depleted of Scribble by RNAi (CD-Scrib.RNAi) (Fig. 2B) or the control CD-GFP
cells were transplanted into cleared mammary fat pads. At 48 weeks, both GFP and
Scrib.RNAi cells repopulated the mammary fat pad with numerous side branches with dense
and enlarged end buds (Fig. 2C, open arrows). Similar changes were observed within eight
weeks of transplantation (Suppl. Fig. 1C). Histological sections of outgrowths from CD-
GFP transplanted glands showed normal glandular structures (Fig. 2E, solid arrows). In
contrast, the CD-Scrib.RNAi cells formed outgrowths that primarily consisted of
multilayered epithelia with no apparent ductal space (Fig. 2D, E). Over the course of the
experiment (48 weeks), 2/20 (10%) mice transplanted with CD-Scrib.RNAi cells formed
palpable tumors, whereas none of the CD-GFP transplants formed palpable tumors.
Histological analysis of the rare tumors suggests that loss of Scribble can result in
development of glandular, well-differentiated epithelial tumors (data not shown). Thus, cells
lacking Scribble are unable to undergo normal epithelial morphogenesis in vivo. In addition,
the development of spontaneous tumors in CD-Scrib.RNAi transplants suggests that
Scribble functions as a tumor suppressor in mammary epithelial cells.

Loss of Scribble inhibits apoptosis triggered by activation of oncogenes in 3D acini
We have previously demonstrated that HPV E7 expressing MCF-10A acini fail to undergo
proliferation arrest (Debnath et al., 2002). However, the increased proliferation was not
sufficient to transform acini due to a compensatory increase in apoptosis of cells within the
luminal space (Debnath et al., 2002). To investigate the effect of losing Scribble in oncogene
expressing cells, we generated E7 expressing MCF-10A cells deficient in Scribble. Loss of
Scribble expression inhibited apoptosis (Fig. 3A, B) and resulted in large, filled acini (Suppl.
Fig. 2A). Thus, in addition to inhibiting apoptosis during normal 3D acinar morphogenesis,
loss of Scribble also blocked apoptosis associated with hyperproliferation triggered by an
oncogene, suggesting that Scribble loss may cooperate with oncogenes during
transformation.

c-Myc, an oncogene implicated in breast cancer, induces both proliferation and apoptosis in
a number of cell types including mammary epithelia (Amundadottir et al., 1996; Evan et al.,
1992). We investigated if Myc induces apoptosis in MCF-10A cells and if downregulation
of Scribble affects Myc-induced apoptosis. To inducibly activate Myc, we used a Myc-
estrogen receptor (ER) fusion protein that can be activated using the estrogen analog 4-
hydroxytamoxifen (4-OHT) (Eilers et al., 1989; Littlewood et al., 1995). Stimulation of
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MCF-10A cells expressing Myc-ER fusion (Suppl. Fig. 2B) induced nuclear translocation of
Myc (data not shown), indicating that Myc activation can be induced in these cells. We note
that 4-OHT does not have any non-specific effects on growth and morphogenesis of
MCF-10A cells because the cells lack expression of the 4-OHT target, ERα (Lane et al.,
1999).

Activation of Myc (for more than 20 days) did not induce apoptosis in cells grown as
monolayer cultures with normal levels of serum and growth factors. We next analyzed the
effects of Myc activation in cells grown as 3D acini. In the absence of 4-OHT, Myc-ER cells
form normal, proliferation-arrested acini by day 12 (data not shown). However, acini grown
in the presence of 4-OHT have high rates of cell proliferation (Suppl. Fig. 2C) and increased
cell death in each acinus, as monitored by immunostaining for cleaved-Caspase-3 (Suppl.
Fig. 2C). Although Myc induced both proliferation and apoptosis in MCF-10A acini, more
than 60% of acini died after long-term activation of Myc for 28 days (Suppl. Fig. 2D, E, see
acini with abnormal morphology). These data demonstrate that, unlike cells on plastic
dishes, Myc-induces apoptosis in 3D acini grown in the presence of serum and growth
factors. Interestingly, Myc-induced apoptosis is dominant over Myc-induced proliferation
suggesting that Myc-induced transformation of mammary acini is likely to require activation
of mechanisms that resist Myc-induced apoptosis.

To determine if Scribble loss blocks Myc-induced apoptosis, we activated Myc in
Scrib.RNAi acini. Whereas activation of Myc in control acini induced apoptosis in more
than 45% of structures, less than 15% of Scrib.RNAi acini showed evidence of cell death in
response to Myc activation (Fig. 3C, D). We have previously shown that apoptosis of
centrally located cells requires upregulation of Bim, a BH3 domain only pro-apoptotic
protein (Reginato et al., 2005). Consistently, activation of Myc induced an increase in the
levels of Bim in developing (Day 8) 3D structures, and loss of Scribble suppressed the
ability of Myc to induce Bim expression (Fig. 3E). Furthermore, long-term activation of
Myc in Scrib.RNAi acini resulted in formation of large disorganized multiacinar structures
(Suppl. Fig. 3A), suggesting that loss of Scribble can cooperate with Myc to transform 3D
mammary epithelial structures.

To confirm that these surprising observations are not due to off-target effects of the RNAi
approach, we established Myc.ER cells expressing a second Scribble shRNA and
determined that knockdown of Scribble using shRNA-2 phenocopied the effects observed
with shRNA-1 (Suppl. Fig. 3B). In addition to using two independent RNAi vectors we also
rescued Scribble expression in Scrib.RNAi cells using an RNAi-resistant cDNA (Suppl. Fig.
4A). The Scribble protein levels reached the pre-RNAi levels as determined by
immunofloresence and the acini with normal levels of Scribble cells became sensitive to
Myc-induced apoptosis and upregulated Bim (Suppl. Fig. 4A, B and C). Thus, the inhibition
of cell death observed in Scrib.RNAi cells is specific to changes in Scribble protein levels
and not due to non-specific effects of RNAi.

Myc induces activation of Rac by promoting Scribble-® PIX/GIT1 interaction
Next we investigated the mechanism by which Scribble interacts with Myc in mammary
epithelial cells. Scribble is a scaffold protein with 16 N-terminal leucine-rich repeats (LRRs)
and four PSD95/Dlg/ZO-1 (PDZ) domains. Scribble uses its LRRs to localize to the
basolateral membranes of polarized epithelial cells and uses its PDZ domains to directly
associate with the guanine nucleotide exchange factor (GEF) ARHGEF7/βPIX/Cool-1 (Pak
interactive exchange factor beta/Cloned out of library-1) and activate the small GTPases Rac
and Cdc42. βPIX is found in a tight complex with G protein-coupled receptor kinase
interactor 1 (GIT1) (Audebert et al., 2004a) and the βPIX-GIT1 complex is known to
promote Rac activation at focal adhesions (Frank and Hansen, 2008). To determine if loss of
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Scribble affected Rac activity in mammary epithelial cells, we monitored the levels of GTP-
bound Rac by pulldown assays using the Rac binding domain of Pak1. Loss of Scribble
expression resulted in a significant decrease in Rac.GTP levels (Fig. 4A) suggesting that
Scribble is a critical regulator of Rac activity in MCF-10A cells.

To investigate the relationship between changes in Rac activity and Myc-induced apoptosis,
we monitored Rac.GTP levels before and after activation of Myc. Surprisingly, activation of
Myc induced a significant increase in Rac.GTP levels by six hours (Fig. 4B) and was
sustained up to 12 hours (data not shown). Loss of Scribble inhibited Myc induced Rac.GTP
loading, suggesting that Myc uses Scribble to increase Rac.GTP levels. In contrast,
epidermal growth factor (EGF)-induced Rac.GTP loading was not affected by loss of
Scribble expression (Fig. 4C), demonstrating that Scribble is not required for EGF-induced
activation of Rac but was specifically required for Myc-induced activation of Rac.

To determine how activation of Myc induces Rac activation in a Scribble-dependent
manner, we investigated if Scribble itself or members of the Scribble complex are targets of
Myc-induced transcription. Myc, along with its partner Max, binds to DNA with a core
consensus sequence of CACGTG (Blackwell et al., 1993; Blackwell et al., 1990). We re-
analyzed data from previously reported genome-wide studies in Burkitts lymphoma cells
aimed at identifying genes with promoters that not only have a Myc binding site but also
have Myc and Max protein bound to them (Li et al., 2003). Among the members of the
Scribble complex, we found that both Myc and Max are bound to the promoter element of
βPIX and GIT1 but not Scribble, suggesting that ®PIX and GIT1 may be direct
transcriptional targets of Myc. Activation of Myc in MCF-10A cells induces more than two
fold increase in levels of βPIX and GIT1 mRNA (Fig. 4D). The increase in the levels of
mRNA was similar to or greater than the increase in levels seen for a well-established Myc
target, RCL (an N-deoxyribosyltransferase family member) (Fig. 4D). As expected, we did
not observe any significant change in the mRNA levels of Scribble (Fig. 4D), demonstrating
that Myc specifically induces expression of βPIX and GIT1.

To determine if the changes in gene transcription are reflected at the level of composition of
the Scribble protein complex, we monitored both changes in protein expression levels of
βPIX and GIT1 (Fig. 4E) and the formation of Scribble-βPIX-GIT1 protein complex.
Interestingly, activation of Myc induced a significant increase in formation of the Scribble-
βPIX-GIT1 trimeric protein complex (Fig. 4F) suggesting that Myc directly promotes
assembly of the Scribble complex.

Myc induces apoptosis by activating a Rac-JNK–Jun-Bim pathway
Since activation of JNK, a downstream target of Rac signaling, has been associated with cell
death pathways (Kennedy and Davis, 2003), and JNK activity is required for lumen
formation during acinar morphogenesis of mouse mammary epithelial cells (Murtagh et al.,
2004), we hypothesized that Myc-induced apoptosis in MCF-10A cells may involve
Rac.GTP-induced activation of JNK. To determine if Myc induced activation of JNK
signaling, we monitored the phosphorylation status of a JNK substrate, the transcription
factor c-Jun. Activation of Myc induced a 5-fold increase in the percentage of control acini
positive for phospho-Jun (p-Jun), whereas no significant changes in p-Jun levels were
observed in Scrib.RNAi acini (Fig. 5A, B). Consistent with the IF results, protein lysates
derived from 3D acini also showed a Myc-induced increase in phospho-Jun protein levels in
a Scribble-dependent manner (Fig. 5C) demonstrating that Myc activates a Rac-JNK-Jun
signaling pathway in MCF-10A cells.

To determine if activation of the Rac-JNK signaling module is required for Myc-induced
apoptosis, we inhibited Rac either by expressing a dominant-negative mutant of Rac
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(RacN17) that potently interferes with Rac signaling or by using a small molecule inhibitor
NSC23766, which functions by interfering with the binding between Rac and its GEFs.
NSC23766 was shown to specifically inhibit serum-induced Rac but not Rho or Cdc42
activation (Bennett et al., 2001), demonstrating that it is a Rac-specific inhibitor. In addition
to inhibiting Rac, we also tested the effect of inhibiting JNK using the small molecule
inhibitor, SP600125, which is known to specifically inhibit the kinase activity of JNK.
Inhibition of Rac or JNK potently blocked Myc-induced apoptosis in 3D acini (Fig. 5D and
Suppl. Fig. 5A) demonstrating that the Rac-JNK signaling is a critical regulator of Myc-
induced cell death. However, inhibition of Mitogen activated protein kinase kinase
(MAPKK) did not inhibit Myc-induced apoptosis (Fig. 5D and Suppl. Fig. 5A) suggesting
that the Myc specifically uses the JNK pathway to induce cell death in polarized mammary
epithelial cells. To determine if Myc-induced expression of Bim is downstream of the Rac-
JNK pathway, we analyzed changes in Myc-induced expression of Bim in 3D acini treated
with the Rac activation inhibitor NSC23766. Activation of Myc did not induce an increase
in Bim expression in the presence of NSC23766 (Fig. 5E), demonstrating that Rac activation
is required for Myc-induced changes in Bim expression.

Next we investigated if βPIX is required for Myc-induced apoptosis in 3D acini. We
downregulated expression of βPIX by RNAi (Fig. 5F) and investigated the ability of Myc to
induce cell death in acini. Downregulation of βPIX phenocopied Scribble loss and blocked
Myc-induced apoptosis (Fig. 5G). Taken together, the above results demonstrate that Myc
induced cell death in mammary epithelial cells by inducing a Scribble-βPIX/GIT1 complex
required for activation of a Rac-JNK-c-Jun-Bim apoptotic pathway.

Loss of Scribble cooperates with Myc to induce mammary tumors
To determine whether the Myc-Scribble pathway is relevant in a mouse model of human
breast cancer, we utilized CD cells and the mammary fat pad transplantation system outlined
above (Fig. 2). CD cells expressing GFP or Scrib.RNAi were engineered to express Myc
(without an ER fusion) (Fig. 6A). CD-Myc and CD-Myc.Scrib.RNAi cells were transplanted
into contralateral glands within the same to animal to avoid inter-animal variations (Fig.
6B). Formation of palpable mammary tumors was monitored on a weekly basis. Although
almost all of the CD-Myc.Scrib.RNAi transplanted mammary glands developed palpable
tumors (as early as 9 weeks) faster than the glands transplanted with CD-Myc cells (at least
13 weeks) (Fig. 6C), analysis of the tumor onset kinetics for the entire cohort of animals
(n=19) did not reach statistical significance (p value = 0.236). This is consistent with
previous reports showing that while haploid loss of the proapoptotic gene bax cooperated
with Myc to inhibit apoptosis and promote tumorigenesis, it did not alter the latency of
tumors in mice expressing MMTV-Myc (Jamerson et al., 2004b). However, we observed
that the tumors from CD-Myc.Scrib.RNAi cells were almost 10 fold larger than those
induced by transplantation of CD-Myc cells (Median mass: 0.126 Vs. 1.236 grams) (p
=0.003) (Fig. 6B, D) indicating that loss of Scribble cooperates with Myc in vivo to enhance
tumor growth.

Histological analysis of the tumors demonstrated that CD-Myc.Scrib.RNAi cells formed
glandular, low grade, and well-differentiated tumors, while the CD-Myc cells formed
epithelial tumors displaying an apoptotic nuclear morphology (Fig. 6E). We found no
evidence of lung metastasis during the course of the study, which is consistent with low
grade tumors.

We next investigated whether Scribble loss was maintained throughout the tumorigenic
process. Immunoblots of CD-Myc.Scrib.RNAi tumor lysate (4/4 analyzed) had undetectable
levels of Scribble compared to CD-Myc tumors (Fig. 6F). Interestingly, 1/4 of the CD-Myc
tumors (tumor #3) had lower levels of Scribble than the other three tumors analyzed.

Zhan et al. Page 7

Cell. Author manuscript; available in PMC 2011 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Loss of Scribble blocks Myc-induced apoptosis during mammary tumorigenesis
To gain insight into the mechanisms by which loss of Scribble cooperates with Myc in vivo,
we investigated the apoptosis and proliferation status of the tumors. More than 80% of the
cells in CD-Myc tumors stained positive for the apoptosis marker cleaved Caspase-3,
whereas less than 3% of the cells in CD-Myc.Scrib.RNAi tumors were positive for cleaved
Caspase-3 (Fig. 6G). Similar results were obtained using TUNEL (terminal
deoxynucleotidyl transferase biotin-dUTP nick end labeling) apoptosis assay (data not
shown). However, both Myc and Myc.Scrib.RNAi tumors had similarly high rates of
proliferation (Fig. 6G) indicating that loss of Scribble does not affect Myc-induced
proliferation in vivo. Thus, loss of Scribble promotes Myc-induced mammary tumorigenesis
by inhibiting Myc-induced apoptosis and not by enhancing Myc-induced proliferation.

We next tested if the Rac-JNK-c-Jun-Bim pathway is active in these Myc-induced
mammary tumors. All CD-Myc tumors expressed significant levels of Bim (Fig. 6H) and
phospho-Jun (Fig. 6I), whereas 3/4 of Myc.Scrib.RNAi tumors expressed low levels of Bim
and phospho-Jun (Fig. 6H and I). However, 1/4 of Myc.Scrib.RNAi tumors had high levels
of Bim and phospho-Jun suggesting Scribble-independent mechanisms may exist. These
observations suggests that Myc activates the Rac-JNK-c-Jun-Bim apoptosis pathway in vivo
in a Scribble dependent manner and that loss of Scribble blocks the ability of Myc to
activate the apoptosis pathway.

Loss of Scribble expression is selected for during MMTV-Myc mammary tumorigenesis
Next we tested whether Scribble levels are somatically downregulated during the
development of mammary tumors in MMTV-Myc transgenic mouse models of human breast
cancer. Among the five mammary tumors analyzed from MMTV-Myc tumors (D’Cruz et
al., 2001), three had low or undetectable levels of Scribble (Fig. 6J) suggesting that loss of
Scribble expression is selected for during MMTV-Myc induced mouse mammary
tumorigenesis. By contrast, we did not see any decrease in Scribble levels in 4/4 MMTV-
HER2/Neu-induced tumors (Guy et al., 1992) (Figure 6J), indicating that downregulation of
Scribble is not required or selected for during HER2/Neu-induced tumorigenesis in mice.
Thus, there must be a selection pressure to downregulate expression of Scribble during Myc-
induced mouse mammary tumorigenesis.

Scribble is deregulated by loss of membrane localization in human breast cancer cell lines
To determine the relevance to human cancers, we investigated changes in expression of
Scribble in human breast cancer cell lines. Although we did not observe a dramatic decrease
in total protein levels, almost all breast cancer cell lines (MCF-7, MDA-MB-231 and
SUM159) had Scribble localized to the cytoplasm and not restricted to the cell-cell junctions
(Fig. 7A and data not shown). This observation raised the possibility that Scribble may also
be deregulated by loss of membrane localization. This possibility is consistent with previous
findings in Drosophila where a single amino acid point mutation in a LRR domain of
Scribble mislocalizing it from cell-cell junctions results in a fly phenotype identical to that
observed for the Scrib complete loss of function mutant (Zeitler et al., 2004). In addition, the
mice mutant rumz that results in a defective neuronal migration, was mapped to a Scrib
allele that harbors a point mutation in the LRR domain (Zarbalis et al., 2004). Together
these results demonstrate that mislocalization of Scribble from cell-cell junctions inactivates
the protein in Drosophila and mammals.

To directly test whether mislocalization of Scribble deregulates its function in mammary
epithelial cells, we mutated a conserved Proline at position 305 to a Leucine (P305L), which
is known to disrupt membrane binding of LRR domain containing proteins (Audebert et al.,
2004b). We generated Myc.ER cell populations overexpressing either wild type (wt)
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Scribble or the P305L mutant. The cells have a modest (2–3 fold) overexpression of Scribble
compared to the endogenous levels present in MCF-10A cells (Suppl. Fig. 5B).
Immunofloresence analysis showed that the wild type protein localizes to cell-cell junctions
whereas the P305L mutant localizes to the cytoplasm, demonstrating that Scribble uses the
LRR domain to localize to cell-cell junctions in mammary epithelial cells (Fig. 7B). To
determine whether mislocalization of Scribble disrupts acinar morphogenesis, day 12 acini
were immunostained with GM130 and DAPI (Fig. 7C). While the control and wt Scribble
overexpressing cells had a well-developed lumen and polarized Golgi apparatus, P305L
acini had no detectable lumen and a disrupted Golgi orientation. Consistently, the P305L
expressing acini did not stain positive for cleaved Caspase-3 compared to control and wt
Scribble acini (data not shown). These phenotypes were similar to or more severe than those
observed in Scrib.RNAi acini (Fig. 1D).

To determine whether mislocalization of Scribble blocks Myc-induced cell death, we
monitored Myc-induced apoptosis in wt and P305L expressing cells. While Myc induced
apoptosis in both control and wt acini, it failed to induce apoptosis in P305L acini (Fig. 7D),
demonstrating that Scribble mislocalization is sufficient to inhibit Myc-induced cell death.
These results suggest that the Scribble mislocalization observed in breast cancer cell lines
represents a second mode of inactivating Scribble function during cell transformation or
tumorigenesis.

Scribble is both downregulated and mislocalized in human breast cancers
To determine if Scribble is deregulated in primary human breast cancers we analyzed both
changes in levels of Scribble mRNA expression and changes in subcellular localization of
Scribble protein. Total RNA was isolated from 32 human tumors and four normal breast
samples (Fig. 7E). Seventeen tumors had more than a two-fold decrease in the level of
Scribble expression compared to normal breast, as determined by Q-PCR analysis (Fig. 7E)
suggesting that Scribble levels are frequently downregulated during evolution of breast
tumors.

To determine if Scribble localization was deregulated in primary tumors both normal and
tumor tissues were immunostained with an anti-Scribble antibody. Whereas Scribble was
found only at cell-cell junctions of epithelial cells within the TDLU structures of normal
breast (Fig. 7F), it was mislocalized in 10 out of 20 Ductal carcinoma in situ (DCIS)
samples. However, all the tumors also had regions with normal Scribble localization
demonstrating that tumors are mosaic for normal and mislocalized Scribble. The presence of
a mosaic pattern rules out any immunostaining artifacts because the regions with proper cell-
cell junction localization serve as an internal control for the immunostaining procedure. In
addition, we collected optical sections and determined that Scribble was mislocalized in all
sections of the tumor tissue (data not shown). Thus Scribble was deregulated by both
downregulation and by mislocalization in human breast cancer.

Taken together our results demonstrate that the polarity protein Scribble is a novel regulator
of transformation in mammals. Scribble is deregulated in breast cancer by downregulation or
mislocalization and that the deregulation disrupts polarity and morphogenesis, blocks
apoptosis and cooperates with oncogenes to transform cells in culture and in vivo by
regulating the Rac-JNK-c-Jun-Bim pathway (Fig. 7G).

Discussion
Disruptions in cell and tissue architecture are observed during initiation and progression of
carcinoma. However, neither the mechanisms by which cell and tissue architecture is
deregulated nor the role tissue architecture plays during cancer are well understood. Our
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results demonstrate that deregulation of the polarity protein, Scribble, not only disrupts cell
architecture, but also functions as a regulator of cell death pathways both during normal
morphogenesis and during oncogenesis in vitro and in vivo. Surprisingly, the effects of
Scribble knockdown were undetectable in monolayer cultures suggesting that traditional
methods of growing epithelial cells on plastic dishes do not provide the environment to
properly study interaction between cell architecture and oncogenic signaling.

Our findings provide novel insight for understanding how cell polarity proteins regulate cell
transformation and suggest a working model for understanding the steps leading to initiation
of carcinoma. We propose that transformation of epithelial cells should be approached as a
deregulated morphogenetic process (Fig. 7H) and not just as a simple increase in cell
number. Such an approach considers both regulators of cell number and regulators of cell
structure as critical components of the oncogenic process. It also accounts for non-
pathological increase in cell number observed during normal tissue remodeling that occurs
during conditions such as pregnancy and wound repair. Under these normal conditions, the
increase in cell number is tightly coupled to a normal morphogenesis program that results in
restoration of glandular organization and normal function. Normal epithelial cells are likely
to repeat this cell proliferation and morphogenesis cycle throughout life. We refer to this as
the “Morphogenesis cycle”. In this context, disruption of polarity pathways can induce
either dysplastic or neoplastic growth by deregulating the morphogenesis cycle without
directly affecting cell proliferation. Whereas, aberrant proliferation signals, in the absence of
changes to morphogenesis pathways, are likely to induce a simple increase cell number that
results in a hyperplastic state (Fig. 7H). Thus, investigating transformation of epithelial cells
within the context of this morphogenesis cycle is likely to provide an ideal platform for
better understanding the role played by cell polarity pathways during initiation and
progression of carcinoma.

Our results suggest that Scribble regulates spatial control of Rac activation. This is
consistent with results showing that Scribble assembles a Cool-1/βPIX-containing complex
and facilitate activation of Rac at focal adhesions of migrating epithelia and astrocytes (Dow
et al., 2007; Frank and Hansen, 2008; Osmani et al., 2006). In polarized mammary epithelial
cells, the P305L Scribble mutant is likely to assemble the βPIX/GIT1 away from cell-cell
junctions and therefore interfere with the ability of endogenous Scribble to activate Rac at
cell-cell junctions. However, further analysis is required to understand the precise
mechanism by which the P305L mutant inhibits the function of wt Scribble. Our results,
taken together with others, demonstrate that Scribble regulates multiple cellular processes
such as cell polarity, directional cell migration and apoptosis by functioning as a scaffolding
protein to activate Rac signaling pathway in a spatially restricted manner.

JNK signaling has been associated with cell death pathways (Kennedy and Davis, 2003),
however, a role for the Rac-JNK axis in Myc-induced activation of apoptosis was not
known. This pathway is likely to be active in multiple cell types because JNK was required
for Myc to induce apoptosis in Rat1 fibroblasts (Yu et al., 1997). Our results suggest that
Bim is a transcriptional target of the Rac-JNK-c-Jun pathway. Consistent with this
possibility, studies in neuronal cells show that c-Jun binds directly to the Bim proximal
promoter and is required for Nerve growth factor-withdrawl induced expression of Bim and
apoptosis (Biswas et al., 2007). Our observations also caution the use of JNK inhibitors for
treatment of breast cancer. Since inhibition of JNK signaling blocks Myc-induced apoptosis,
JNK inhibitors may promote growth of tumors that overexpress the myc oncogene.

The mechanisms by which cells develop resistance to Myc-induced apoptosis is not well
understood. Previous studies have shown that the growth factor TGFα inhibits Myc-induced
apoptosis by inducing expression of Bcl-xL in a AKT and ERK1/2 activation dependent
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manner (Amundadottir et al., 1995; Amundadottir et al., 1996; Ramljak et al., 2003). In
addition, Myc-induced mammary tumors harbor secondary mutations in Kras2 (D’Cruz et
al., 2001), which in turn can activate cell survival pathways. Our results show that disruption
of architecture via deregulation of Scribble blocks the ability of Myc to trigger apoptosis,
identifying a novel mechanism by which cells resist Myc-induced apoptosis. A deeper
understanding of the interaction between Myc and polarity proteins can lead to identification
of novel strategies for controlling Myc-dependent cancers. Furthermore, regulation of cell
death pathways is not only important for initiation and progression of cancers, but also plays
critical roles during development of resistance to cancer treatments. Thus, further
understanding of how polarity pathways are deregulated during transformation will lead to
new diagnostic and therapeutic opportunities.

Experimental Procedures
Plasmids

All plasmids, RNAi vectors and sequences used are detailed in Supplemental materials.

Antibodies and Reagents—Antibodies were purchased from commercial sources and
detailed in Supplemental materials. For immunofluorescence, the Scrib antibody was
conjugated to Alexa 647 using a fluorophore labeling kit (Molecular Probes). Growth factor
reduced Matrigel was used for the 3 dimensional culture experiments (BD Transduction
Laboratories). 4-OHT (Sigma). SP600125 (Biomol International LP)

Cell Culture—MCF10A cells were cultured as previously described (Debnath et al.,
2003a). Comma-D β-geo cells were kindly provided by Dan Medina (Baylor College of
Medicine) and were maintained as previously described (Deugnier et al 2006). Populations
of MCF-10A cells expressing Myc.ER and/or Scribble.RNAi were generated by retroviral
infection of the respective plasmids. Generation of MCF-10A 3D structures, indirect
immunofluorescence and biochemical analyses were performed using previously published
protocols (Debnath et al., 2003; Xiang and Muthuswamy, 2006). Myc.ER was activated
using 1 μM 4-OHT. Populations of Comma-1D cells expressing Myc and/or Scribble RNAi
or GFP were generated by retroviral infection and selected with antibiotics as described
previously (Muthuswamy et al., 2001).

Immunoblotting and Immunofluorescence—Cell lysis, immublot analysis and
immunofloresece analysis were performed as previously outlined (Muthuswamy et al.,
2001) (Debnath et al., 2003; Xiang and Muthuswamy, 2006).

Rac.GTP pulldown—Assays were performed using the Rac activation kit (Cell Biolabs)
as per manufacturers instructions.

Immunoprecipitation—MCF10A Myc ER cells treated for 1, 3, 6 or 9 hours with 1uM 4-
OHT or mock treatment were lysed and immunoprecpitation was carried out using 3.0 mg
total protein following previously published protocols previously (Muthuswamy et al.,
2001).

Comma-D Transplantation—All transplantation experiments were performed using
cells within 3–4 passages following infection and drug selection. Cells were trypsinized,
counted, and re-suspended at 100,000 cells/10 μL in RPMI. Three-week-old Balb/C mice
were anesthetized and the no. 4 and 9 inguinal mammary fat pads were cleared of
endogenous epithelium by removing the tissue between the nipple and the lymph node
following established procedures (Ehmann et al., 1987). 100,000 cells in 10 μL RPMI were
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injected into the epithelium-free fat pad and the incision was closed with sutures. Mice were
palpated weekly for tumor onset, starting one month after the mammary epithelial cell
inoculation. Mice were sacrificed when tumors reached 1.5–2 cm in diameter or at the latest
10 months post-transplantation. All tumors and glands were weighed. Tumor free survival
was calculated by using the Kaplan-meier method.

Histological analysis—Mammary glands or tumors were fixed in freshly prepared 4%
paraformaldehyde embedded in paraffin. Five-micrometer sections were used for
immunohistochemistry or stained with hematoxylin/eosin (H&E). All tumors were evaluated
histologically and all glands that did not produce tumors were evaluated as whole mounts
and stained with hematoxylin. The tumor incidences were statistically evaluated using
GraphPad Prism (GraphPad Software, Inc.).

Tumor Immunoblots—Tumor samples derived from Comma-1D.Myc,
Comma-1D.Myc.Scrib.RNAi, MMTV-Myc (Gift from L. Chodosh (U. Penn.)) and MMTV-
ErbB2 were flash frozen in liquid N2 and were ground by mortar and pestle under liquid N2
and lysed (as above) for immunoblotting.

Tumor Immunohistochemistry—Paraffin embedded mouse and human samples were
deparaffinized in xylene twice for 5 min. Antigen retrieval was performed using a pressure
cooker to boil the sample in Trilogy for 15 min. Samples were blocked with 10% goat serum
in 0.1% Triton:PBS for 1 hour. Staining with cleaved-caspase3, PCNA or Scribble in
blocking buffer, was performed in a humidified chamber overnight at 4°C and incubated
with fluorochrome-conjugated secondary antibody for 1 hour at room temperature in
blocking buffer and were stained with DAPI.

RT-PCR
Total RNA was isolated from MCF10AMyc ER cells stimulated with 1uM 4-OHT for
indicted times and from human tissues Versagene RNA tissue Kit (Gentra Systems). The
reverse transcription was performed using the probe kit (Applied Biosystems) to generate
cDNA and the resulting cDNA was used for PCR using SYBR Green master PCR Mix
(Applied Biosystems) in triplicate. The data was gathered on the ABI 7900 sequence
detection system. Details on the primers used are provided in Supplemental Materials.

Morphometry—3D structure morphology was quantitated using phase images. Briefly, 50
– 100 3D structures were categorized as normal, disintegrated or large spheres for two
experiments. The percent distribution for each category were calculated and plotted on
graph.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Scribble loss blocks apoptosis and alters 3D organization of epithelial cells
(A) Scribble expression in stable populations of MCF-10A cells expressing control or
independant Scribble shRNAs. (B) Phase images of day 14 control or Scrib.RNAi acini. (C)
Golgi orientation was visualized in day 16 acini stained with GM130 (Red, Golgi marker)
and DAPI. The arrow points to cell where the Golgi is oriented towards the basal surface of
the cell, which is rarely seen in control acini. (D) DAPI stained acini to analyze lumen
filling. (E) Control or Scrib.RNAi acini (day 8) immunostained for activated caspase-3
(Red, apoptosis marker), and DAPI. (F) Acini positive for activated caspase-3 were counted
and the percentage of the total acini are plotted. (n=3, mean ± SD, >150 acini/experiment).
Scale bar = 50μM.
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Figure 2. Loss of Scribble induces abnormal morphogenesis in transgenic mammary glands
(A) CD-GFP cells were transplanted into epithelium-free mammary fat pads and imaged by
fluorescence microscopy 41 weeks post-transplant. (B) Scribble expression in CD cells
expressing Scribble.RNAi. (C). Whole mount analysis of 41 week-old mammary outgrowth
from GFP or Scrib.RNAi cells. (D) Low and (E) High magnification images of hematoxylin
and eosin (H&E) stained sections of CD-GFP or CD-Scrib.RNAi mammary glands.
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Figure 3. Scribble loss blocks apoptosis in the context of Myc and E7
(A) Day eight MCF10A acini expressing HPV16 E7 (E7) alone or in combination with
Scribble.RNAi immunostained with activated caspase-3 (Red) and DAPI (Blue) (10x) (B)
Percentage of activated-caspase-3 positive acini from (A) (n=3, mean ± SD, >150 acini/
experiment) (C) Acini from MCF10A cells with empty vector (control) or expressing Myc
fused to estrogen receptor (Myc.ER), with and without Scrib.RNAi were stimulated (+) on
day 2 with 4-OHT and immunostained on day 6 for activated caspase-3 (Red) and DNA
(Blue). Scale bar, 50 μM (D) Percent of activated caspase-3 positive acini positive from (C)
(n=3, mean ± SD, >150 acini/experiment). (E) Day 8 acini were stimulated with 4-OHT for
12 hours and lysates analyzed for Bim expression and an actin loading control.
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Figure 4. Myc induces activation of Rac by promoting a Scribble-βPIX/GIT1 interaction
(A) Cell lysates from confluent monolayers grown in the absence of 4-OHT were incubated
with GST-Pak1 Rac binding domain and bound Rac (Rac-GTP) was monitored by anti-Rac
immunoblots. Total Rac levels were monitored in one tenth of the lysate used for the
incubation using anti-Rac immunoblots. Cell lysates from confluent monolayers stimulated
with 4-OHT (B) or EGF (C) for indicated times were used to monitor changes in Rac.GTP
levels as in (A). (D) Cells were stimulated with 4-OHT for indicated times and RNA was
isolated. Quantitative PCR was performed using primers against βPIX, RCL, GAPDH
(Glyceraldehyde 3-phosphate dehydrogenase), GIT1, Scrib and β-actin. The data was
normalized to GAPDH mRNA levels and fold change in mRNA levels of βPIX, GIT1, Scrib
and RCL is shown. (n=3, mean±SD) (E) Myc.ER cells were stimulated for indicated periods
of time and total cell lysates were analyzed for changes in GIT1 or βPIX protein levels. (F)
Scribble immunoprecipitants were analyzed for co-immunoprecipitated βPIX and GIT1.
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Figure 5. Myc induces apoptosis by activating a Rac-JNK-Bim pathway
(A) Myc.ER or Myc.ER.Scrib.RNAi acini were stimulated with 4-OHT from day 2 to 6 and
immunostained with p-Jun antibody (Red) and with DAPi (Blue). (B) Graph represents
quantitation of changes in percentage of p-Jun positive acini (n=3, >100 acini/per
experiment; mean± SD). (C) Protein lysates from acini stimulated for three days with 4-
OHT analyzed for changes in phospho-Jun and total Jun levels. (D) Percent of activated
caspase-3 positive Myc.ER acini (stimulated with 4-OHT from Day 2 to Day 6) expressing
RacN17 (Lentivirally transduced) or treated with JNK inhibitor, SP600125 (5μM), Rac
inhibitor NSC23766 (50mM) or MEK inhibitor U0126 (1.0μM) (n=3, mean ± SD, >150
acini/experiment). (E) Lysates from Myc.ER acini treated with NSC23766 from day 2 to
day 4 analyzed for changes in Bim-EL levels. (F) Myc.ER cell populations infected with
shRNA targeting expression of βPIX. (F)Myc.ER or Myc.ER.β.PIX.RNAi acini were
stimulated with 4-OHT and percent of acini positive for activated-casapse-3, was
determined (n=3, mean ± SD, >150 acini/experiment).
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Figure 6. Loss of Scribble cooperates with Myc to induce mammary tumors
(A)Expression of Myc and Scribble in CD.Myc cells alone or in combination with
Scrib.RNAi. (B) Representative mammary tumors in #4 and #9 mammary fat pads
transplanted with Myc.Scrib.RNAi and Myc cells respectively, 13 weeks post-
transplantation. (C) Kaplan-Meier curve for tumor free animals transplanted with control
(MSCV, n= 20); Myc (n= 19) Scrib.RNAi (n= 20) or Myc.Scrib.RNAi (n= 19). (D) Myc
(n=7) or Myc.Scrib.RNAi tumors (n=9) were weighed at the time of isolation and the
distribution plotted. The solid line represents the median value and the inter-quartile range is
indicated. The statistical significance was calculated using two-tailed t test (p = 0.003). (E)
Tumors were fixed, paraffin embedded, sectioned and stained with H&E. (F) Tumors were
lysed and Scribble expression was analyzed. (G) Myc or Myc.Scrib.RNAi tumor tissue were
stained by indirect immunoflorescence for activated-caspase-3 (Red) or PCNA (Red) and
DAPI (Blue). (n=3 representative images shown). Four tumors were analyzed for changes in
Bim expression(H) and phospho-Jun (I) with loading controls. (J) Protein lysates from
spontaneous MMTV-Neu and MMTV-Myc driven mammary tumors were analyzed for
changes in levels of Scribble protein expression (actin loading control).

Zhan et al. Page 23

Cell. Author manuscript; available in PMC 2011 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Mislocalization of Scribble phenocopies loss of scribble expression
(A) MCF-10A and MCF-7 cells on monolayer cultures were immunostained with Scribble
(Red). (B) Day 8 Myc.ER acini (Vector) or cells expressing wild type Scribble (Scrib.Wt) or
P305L mutant of Scribble (Scrib.P305L) were immunostained with Scribble antibody (Red)
and DAPI (Blue). An optical section through the middle of the acini is shown. (C) Day 14
acini were immunostained with GM130 (Red) and DAPI (Blue) and an optical section
through the middle of the acini shown. (D) Percent of acini that stains positive for activated
caspase-3 were determined (n=3, mean ± SD, >150 acini/experiment). (E) RNA isolated
from 32 primary human breast tumors and four normal breast tissues were analyzed for
abundance of Scribble mRNA by quantitative RT-PCR. The graph represents fold change
over the average of values obtained from four normal breast samples. (F) Normal human
breast or a DCIS tissue section was immunostained using anti-Scribble antibodies (top
panel) and a corresponding section was stained with H&E (lower panel). The inserts show
higher magnification images to highlight changes in Scribble localization. (G) Summary of
the results and a model for how Scribble regulates Myc-induced apoptosis in polarized
epithelial cells. (H) A working model for how interaction between cell polarity pathways
and oncogenes can be studies with the context of 3D morphogenesis. Remodeling epithelia
cycle between proliferation and morphogenesis (indicated by the bi-directional arrow
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representing the morphogenesis cycle). Hyperplastic growth: achieved by hyperproliferation
without loss of polarity (eg., E7) that is coupled to a compensatory increase in
apoptosis(grey cells in the lumen). Dysplastic growth: due to disruption of cell polarity and
morphogenesis pathways in the presence of normal proliferation cues. Neoplastic growth:
due combination of hyperproliferation and loss polarity/morphogenesis achieved due to two
cooperating events such as Myc and Scribble loss or due to activation of strong oncogenes
such as ErbB2, and RasV12.

Zhan et al. Page 25

Cell. Author manuscript; available in PMC 2011 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


