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Abstract
Rho family small GTPases serve as molecular switches in the regulation of diverse cellular functions,
including actin cytoskeleton remodeling, cell migration, gene transcription, and cell proliferation.
Importantly, Rho overexpression is frequently seen in many carcinomas. However, published studies
have almost invariably used immortal or tumorigenic cell lines to study Rho GTPase functions and
there are no studies on the potential of Rho small GTPase to overcome senescence checkpoints and
induce preneoplastic transformation of human mammary epithelial cells (hMEC). We show here that
ectopic expression of wild-type (WT) RhoA as well as a constitutively active RhoA mutant (G14V)
in two independent primary hMEC strains led to their immortalization and preneoplastic
transformation. These cells have continued to grow over 300 population doublings (PD) with no
signs of senescence, whereas cells expressing the vector or dominant-negative RhoA mutant (T19N)
senesced after 20 PDs. Significantly, RhoA-T37A mutant, known to be incapable of interacting with
many well-known Rho effectors including Rho kinase, PKN, mDia1, and mDia2, was also capable
of immortalizing hMECs. Notably, similar to parental normal cells, Rho-immortalized cells have
WT p53 and intact G1 cell cycle arrest on Adriamycin treatment. Rho-immortalized cells were
anchorage dependent and were unable to form tumors when implanted in nude mice. Lastly,
microarray expression profiling of Rho-immortalized versus parental cells showed altered expression
of several genes previously implicated in immortalization and breast cancer progression. Taken
together, these results show that RhoA can induce the preneoplastic transformation of hMECs by
altering multiple pathways linked to cellular transformation and breast cancer.
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Introduction
A large body of evidence implicates Ras-like small G proteins as major players in the regulation
of a variety of cellular processes. Rho GTPases cycle between inactive GDP-bound and active
GTP-bound states, a transition controlled by guanine nucleotide exchange factor proteins,
which convert the GDP-bound to GTP-bound form, and by GTPase-activating proteins, which
stimulate the low-intrinsic GTPase activity to convert the active to inactive form (1). It is
believed that the multitude of cellular processes regulated by Rho reflects the interaction of
the active form with several distinct effector molecules and subsequent activation of these
effectors (1-3). For example, Rho effectors such as phosphatidylinositol-4-phosphate 5-kinase,
Rho kinase (and related ROCK kinase), formin homology protein p140-Dia, and rhophilin
have been linked to the regulation of actin cytoskeleton organization (1,4-6), and citron kinase
seems to regulate cytokinesis (7,8). Recent evidence suggest a role of Rho effector PKN in
cortical actin formation (9) and in G2-M checkpoint regulation (10).

At the cellular level, Rho family small GTPases have emerged as key regulators of cell
adhesion, migration, endocytic trafficking, cytokinesis, gene transcription, and cell
proliferation through control of the actin cytoskeleton remodeling and other cellular responses
to external stimuli (2,11,12). The role of Rho G proteins in cell proliferation and oncogenesis
is emphasized by the fact that most of their exchange factors were originally identified as
oncogenes and by the facilitation of cellular transformation by activated Rho and reversal of
various aspects of the transformed phenotype, including invasive behavior, by interrupting Rho
function (13-18). Dysfunctional regulation of Rho GTPases has been implicated in certain
aspects of cancer development. For instance, overexpression of activated Rho mutants can
transform fibroblasts (13). Rho proteins promote cell cycle progression through enhanced
cyclin-dependent kinase activity by regulating the levels of cyclin D1, p21WAF1, and
p27KIP1 (14). Transcriptional up-regulation of the levels of particular Rho proteins has been
described in many types of human cancers, including cancers of the colon, breast, lung,
stomach, and pancreas, and was correlated with tumor progression and invasion (15-18). In
breast cancer, increased RhoA expression correlated with cancer progression (17,18), and Rho
protein overexpression was shown to contribute to breast cancer cell invasion and metastasis
(18). However, the role of Rho proteins in the early steps of transformation of primary human
epithelial cells, which are normally programmed to undergo replicative senescence, has not
been investigated.

Here, we report that ectopic overexpression of not only a constitutively active RhoA but also
the WT RhoA induces the immortalization of primary human mammary epithelial cells
(hMEC). Importantly, a point mutant of RhoA, T37A, previously known not to interact with
most well-known Rho effectors, such as Rho kinase, PKN, and mDia, also was capable of
immortalizing the hMECs. Rho-immortalized hMECs have an intact G1 cell cycle checkpoint,
do not exhibit anchorage-independent growth, and do not form tumors in nude mice.
Microarray analyses of Rho-immortalized versus parental MECs revealed altered expression
of several genes known to be involved in cellular immortalization and breast cancer
progression. These results show that ectopic expression of RhoA can induce the preneoplastic
transformation of mammary epithelial cells apparently by dysregulating several biochemical
pathways linked to cellular transformation and breast cancer.

Materials and Methods
Cell strains and cell culture

Reduction mammoplasty-derived hMECs, 76N and 70N, were grown in the DFCI-1 medium,
as described previously (19). RhoA-immortalized cells were grown in DFCI-1 medium
supplemented with 100 μg/mL G418 (Sigma).
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Plasmid constructs
Rho constructs were subcloned in pLXSN retroviral vector (Clontech) from pTB701 plasmid
(kindly provided by Dr. Yoshitaka Ono, Kobe University, Kobe, Japan). RhoA-T19N was PCR
amplified from pcDNA-RhoA. T19N (kindly provided by Dr. Arthur Mercurio, University of
Massachusetts Medical School, Worcester, MA) and cloned in pLXSN.

Retroviral infection of mammary epithelial cells
Retrovirus-containing culture supernatants were prepared as described previously (20). 76N
or 70N cells (5 × 105 per 100-mm dishes) were exposed to retroviral supernatants containing
4 μg/mL polybrene. Stable cell lines were established by selection in G418 (100 μg/mL).

Western blot analysis and antibodies
Cell lysates were quantitated using the bicinchoninic acid protein assay kit (Thermo Fisher
Scientific, Inc.). Denatured proteins were resolved on SDS-PAGE gels, transferred to
polyvinylidine difluoride membranes (Millipore), and Western blotted using monoclonal
antibodies against anti-RhoA (26C4), anti-p53 (DO-1), and anti-p21 (F-5; Santa Cruz
Biotechnology, Inc.) and anti-β-actin (AC-15, Abcam).

Glutathione S-transferase pull-down assay
Glutathione S-transferase (GST) fusion proteins were expressed in BL21 bacterial cells and
purified with glutathione Sepharose 4B beads (Amersham Biosciences). 293T cells were
transfected with myc-tagged Prks-ROCK1 or Prks-ROCK2, flag-tagged Prc-PKN-AL, or
mDia1 using calcium phosphate method. The transfectants were lysed in lysis buffer [50 mmol/
L Tris-HCl (pH 7.5), 100 mmol/L NaCl, 1 mmol/L DTT, 5 mmol/L MgCl2, 50 mmol/L NaF,
1 mmol/L EDTA, 1 mmol/L Na3VO4, 10% glycerol, 1% NP40, 1 mmol/L
phenylmethylsulfonyl fluoride] and spun at 12,000 rpm, and 1 mg each of these supernatants
was incubated with 5 μg of GST or various fusion proteins that were loaded with GTP-γ-S in
loading buffer [20 mmol/L Tris-HCl (pH 7.5), 1 mmol/L DTT, 10 mmol/L EDTA, 50 mmol/
L NaCl, 5% glycerol, 0.1% Triton X-100, 1 mmol/L MgCl2, 100 μmol/L GTP-γ-S] for 4 h at
4°C. Beads were washed and loaded onto 12.5% SDS-PAGE gel. After electrophoresis, the
gel was cut into two parts: the upper part that contained ROCK1, ROCK2, PKN, and mDia1
was transferred into polyvinylidene difluoride (PVDF) membrane and probed with anti-myc
or anti-flag antibodies and the lower part that contained GST fusion proteins was stained with
Coomassie Blue R-250.

Telomerase assays
Telomerase activity and telomerase length were determined, as described previously (21).
Briefly, genomic DNA was isolated from cells using the phenol-chloroform method. Genomic
DNA (3–5 μg) was digested with HinfI and RsaI followed by Southern blot analysis using
the 32P-labeled TTTAGGG oligonucleotide probe.

DNA damage checkpoint analysis
Cells were treated with 0.5 μg/mL Adriamycin or DMSO for 24 h. For thymidine incorporation,
cells were pulsed with [3H]thymidine for 6 h, fixed, and subjected to autoradiography as
described previously (21). Labeled nuclei were counted and expressed as % labeled nuclei.
Total cell lysates were examined for p53 and p21 protein levels using Western blot analysis.

Anchorage-independent growth in soft agar
A base layer of 0.6% agarose was prepared by diluting a 1.2% sterile stock 1:1 with 2× DMEM
or D medium and plating 2 mL per well in six-well plates. The top agarose layer (0.3%; 2 mL)
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containing 2 × 104 cells was then layered on top of the base layer. The number of colonies was
counted after 2 wk; colonies 100 cells or larger were considered positive.

Tumorigenicity assays
Six-week-old female athymic nude (nu/nu) mice (Charles River Laboratories) were injected
s.c. close to the fourth mammary gland with 106 cells in 0.2 mL of 1:1 Matrigel (source) and
PBS and observed for any tumor growth. Animals were euthanized and necropsies were
performed when tumors reached 1 to 1.5 cm in diameter (in case of positive control cell line)
or after 6 mo if no tumors were observed. Each cell line was tested in at least five animals. All
animal-related procedures were carried out in accordance with the Institutional Animal Care
and Use Committee guidelines.

Microarray analyses
RNA was isolated from parental and Rho immortal 76N cells in three independent experiments.
RNA quality check, labeling of cRNA, cRNA fragmentation, hybridization of labeled cRNA
to GeneChip, and scanning were performed by Microarray Core Facility, Northwestern
University. Affymetrix Human Genome U133 Plus 2.0 chips (containing >47,000 transcripts/
chip) were used. After hybridization, the chips were scanned by BeneChip Scanner 3000.
Statistical analysis of the microarray data was performed by Bioinformatics Core,
Northwestern University. Microarray data were collected and achieved in accordance with the
MIAME guideline. The annotation of the HG-U133 Plus 2 microarray was updated using the
Entrez gene database at the National Center for Biotechnology Information (NCBI). Raw
Affymetrix measurements were normalized with a quantile model and quantified with the RMA
algorithm using the Bioconductor package. 5’ to 3’ intensity bias and residuals from the RMA
model were used for quality assessment of the microarray results. Unsupervised cluster analysis
of the samples, genes with fold changes larger than two, was used to confirm the grouping of
different phenotypes and experiment replicates. A linear model with Bayesian adjustment
(LIMMA) was used to find differentially expressed genes with a statistical confidence of false
discovery rate smaller than 0.01. To visualize results, gene expression was clustered using the
TreeView program.

Reverse transcription-PCR and quantitative PCR
Total RNA was isolated using Trizol reagent according to the manufacturer’s instructions
(Invitrogen). Reverse transcription-PCR (RT-PCR) was performed using SuperScript One-
Step RT-PCR kit (Invitrogen). RNA (0.5 μg) was used for each RT-PCR reaction. For
quantitative PCR, single-stranded cDNA was produced by reverse transcription using 1 μg
RNA in 20 μL reaction (Promega). Quantitative PCR was performed using the SYBR Green
reagents on the 7500 Real-Time PCR System (Applied Biosystems).

Results
Overexpression of WT RhoA or activated RhoA-G14V but not RhoA-T19N induces the
immortalization of hMECs

The Rho family small GTPases are widely accepted as key regulators of cell adhesion,
migration, endocytic trafficking, cytokinesis, gene transcription, and cell proliferation (1,2,
11,12). As essentially all of these roles have been assigned based on experiments using
immortalized or transformed cell lines that have undergone many genetic alterations, we
examined the consequences of RhoA overexpression in primary hMECs. A hMEC strain 76N
was infected with retrovirus supernatants generated using the vector, RhoA-WT, RhoA-G14V
(constitutively active Rho), or RhoA-T19N (dominant-negative Rho) constructs. Cells were
subjected to G418 selection and maintained in G418-containing DFCI-1 medium thereafter.
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Western blot analysis of lysates after 48 hours of infection showed that all Rho proteins were
expressed in transduced cells (Fig. 1A). As expected, 76N cells transduced with vector
proliferated initially and then senesced ~20 population doublings (PD; Fig. 1B). Similarly, 76N
cells transduced with dominant-negative RhoA-T19N senesced ~20 PDs (Fig. 1B). Both the
WT and G14V-expressing cells, however, continued to grow for about a month, followed by
about a 2-week “crisis” period where cells stopped growing and eventual emergence of cells
that continued to grow with no signs of senescence. These cells have continued to grow beyond
300 PDs without any evidence of senescence, at which time they were frozen. Notably, the
G14V-immortalized cells reproducibly expressed much lower levels of RhoA protein
compared with the WT-immortalized cells (Fig. 1A). The reason for the lower protein levels
is unclear at present; it may reflect the selection of immortal cells expressing relatively low
levels of active G14V protein as high levels of active Rho protein are reported to induce
apoptosis (22). These experiments were repeated thrice and similar results were obtained.
These results show that overexpression of both the WT and constitutively active RhoA proteins
leads to immortalization of primary hMECs. Notably, neither the parental cells nor the vector
or T19N transduced cells led to immortal derivatives, indicating that the immortalization
process is dependent on the expression of active RhoA.

RhoA-mediated immortalization does not involve Rho effectors, Rho kinase, PKN, and mDia1
The ability of WT and constitutively active RhoA, but not the GDP-binding mutant, to
immortalize hMECs suggested that Rho effectors can overcome the senescence checkpoint
that limits the life span of normal hMECs. As a large body of literature implicates Rho kinase,
PKN, and mDia proteins as major Rho effectors in cell transformation–related phenotypes
imparted by active Rho proteins, we wished to examine if RhoA induced hMEC
immortalization through these effectors. We used the RhoA-T37A mutant for this purpose as
it has been shown in the literature to be incapable of interacting with Rho kinase, PKN, and
mDia effectors (23). We first confirmed the reported inability of T37A mutant to interact with
specific effector using the well-established pull-down assay using GTP-loaded recombinant
GST fusions of Rho proteins (see Materials and Methods). We confirmed that WT and G14V
could clearly pull down the Rho kinases ROCK1 and ROCK2 (Fig. 2A and B) as well as PKN
(Fig. 2C) and mDia (Fig. 2D); in contrast, T37A failed to pull down these effectors under
identical conditions. As expected, the T19N protein, used as a negative control, did not interact
with any of the effectors tested (Fig. 2). Next, we used retroviral infection to introduce the
T37A protein into hMECs and examined its ability to induce their immortalization.
Surprisingly, similar to cells expressing the WT or G14V, cells expressing the T37A mutant
continued to grow without any signs of senescence (Fig. 1B). These cells have been cultured
for >300 PDs without showing any signs of senescence before cryopreservation. Notably,
similar to cells immortalized with G14V, cells immortalized with the T37A mutant also express
a substantially lower level of this mutant compared with that in the WT-immortalized cells
(Fig. 1A).

Taken together, these experiments show that the ability of the ectopically overexpressed RhoA-
WT, G14V, and T37A to immortalize hMECs indicates that pathways distinct from the well-
known effectors of RhoA can mediate RhoA-dependent immortalization of normal hMECs.

Telomerase activity increases with RhoA-induced immortalization of hMECs
An essentially invariant feature of human cells undergoing immortalization is the induction of
telomerase activity (21,24-27). We therefore assessed the level of telomerase activity in hMECs
transduced with WT, G14V, or T37A at different passages using the TRAP assay. As expected,
the parental hMECs as well as the vector-transduced cells showed barely detectable levels of
telomerase activity (Fig. 3A lanes 2 and 3), whereas the TERT-immortalized 76N cells
(positive control) exhibit high telomerase activity (Fig. 3A, lane 1). Notably, telomerase
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activity increased with increasing PDs in cell lines where immortalization was eventually
achieved (Fig. 3A).

Induction of telomerase activity is thought to play a key role in negating the telomere attrition
associated with replicative senescence by maintaining and/or elongating the telomeres (27).
To examine if the induction of telomerase activity during RhoA-induced immortalization
contributes toward stabilization and/or elongation of telomeres, we measured telomere length
in these cells using the TRF assay. Initially, hMECs transduced with the WT, G14V, or T37A
RhoA proteins showed an average telomere length of 6 to 9 kb, similar to that of parental 76N
cells; however, with increasing PDs, hMECs immortalized as a result of the overexpression of
Rho proteins showed telomeres of ~2.5 kb (Fig. 3B). These cells have maintained the same
telomere lengths in subsequent passages (data not shown). These data suggest that telomerase
activity in Rho-expressing cells does not result in a net increase in telomere length but seems
to maintain telomeres. Collectively, these results are consistent with the idea that ectopic
overexpression of RhoA proteins induces the immortalization of hMECs via a telomerase-
dependent pathway.

Rho-immortalized cells maintain an intact cell cycle checkpoint
We have previously shown that immortalization of hMECs with viral oncogenes, such as
human papillomavirus (HPV) E6 or E7, or overexpression of mutant cellular genes, such as
mutant p53, causes the abrogation of the DNA damage checkpoint (28-31). In contrast, we
have shown that overexpression of another cellular gene, Bmi-1, led to immortalization without
abrogating the DNA damage checkpoint (21). To assess the effect of Rho-induced
immortalization on DNA damage cell cycle checkpoint, Rho-immortalized cells and normal
parental cells as well as the HPV E6–immortalized hMECs (used as positive control) were
treated with Adriamycin for 24 hours and assessed for their ability to incorporate [3H]thymidine
(an indication of DNA synthesis). As expected, the parental 76N cells failed to incorporate
[3H]thymidine after Adriamycin treatment, indicating an intact DNA damage–induced cell
cycle arrest. In contrast, the HPV E6–immortalized MECs continued to incorporate [3H]
thymidine after Adriamycin treatment, indicating an abrogation of the DNA damage cell cycle
checkpoint (Fig. 4A). Importantly, hMECs immortalized by the ectopic expression of each of
the RhoA proteins behaved similar to normal parental cells, showing that expression of RhoA
does not affect the DNA damage cell cycle checkpoint (Fig. 4A). Consistent with [3H]
thymidine incorporation, p53 levels increased dramatically after Adriamycin treatment of 76N
as well as RhoA-immortalized cells but not in E6-immortalized cells (Fig. 4B), indicating that
p53 expression and function are intact in RhoA-immortalized cells.

RhoA-induced immortalization is a generalized phenomenon in hMECs
Considering that RhoA expression in one hMEC strain, 76N, reproducibly induced their
immortalization, we wished to assess if this is a generalized phenomenon in hMECs. For this
purpose, we retrovirally infected an independent hMEC strain 70N with RhoA constructs, as
above. Similar to the results obtained with 76N cells, 70N cells expressing RhoA-WT, G14V,
or T37A, but not the vector- or T19N-transduced cells, exhibited immortalization (Fig. 5A).
We repeated these experiments twice and obtained immortal cells in both cases. 70N cells
immortalized with Rho are in continuous passage for >200 PDs with no signs of senescence.
Similar to 76N cells, these cells show an intact DNA damage–induced p53 induction response
(Fig. 5B).

RhoA-immortalized cells are anchorage dependent and are unable to form tumors in nude
mice

To assess if the immortalization of hMECs initiated by RhoA protein overexpression represents
a preneoplastic transformation or a more advanced stage of oncogenic transformation as would
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be suggested by prior studies of Rho protein overexpression in model cell system (13), we
examined their ability to grow in soft agar. Although human tumor cell lines do exhibit
anchorage independence for growth, most immortal cells do not exhibit anchorage
independence (20). Similar to parental cells, Rho-immortalized cells failed to form colonies in
soft agar, whereas Hs578T, a metastatic breast cancer cell line used as a positive control, formed
large soft agar colonies (Supplementary Fig. S1). Thus, Rho expression does not confer
anchorage independence in hMECs.

To determine whether anchorage-dependent growth of Rho-immortalized cells reflected their
incomplete neoplastic transformation, we examined their ability to grow as xenogeneic
transplants in nude mice, a trait that correlates well with advanced malignant behavior of human
breast cells. For this purpose, we injected 2 × 106 cells mixed with Matrigel into the mammary
gland area of nude mouse, as Matrigel has been reported to enhance the tumorigenic potential
of human cells (32). As expected, five of five mice injected with MDA-MB-231 cells, a breast
tumor cell line known to form tumors in nude mice and used as positive control, formed large
tumors. In contrast, none of the RhoA-immortalized cells exhibited any tumor growth
(Supplementary Table S1) even when maintained for up to 6 months before euthanasia. Taken
together, these experiments clearly show that ectopic overexpression of RhoA induces
preneoplastic transformation/immortalization but not full transformation.

Microarray analyses
In view of our results that not only the WT and constitutively active RhoA but also a mutant
(T37A) that failed to interact with major oncogenic transformation–relevant effectors could
induce the immortalization of primary hMECs, we carried out gene expression profiling
analyses to identify the potential pathways that could contribute to RhoA-induced
immortalization. Therefore, we compared the gene expression profiles of normal hMECs with
those of cells immortalized using RhoA-WT, G14V, or T37A using the Affymetrix Human
Genome U133 Plus 2.0 chips with >47,000 transcripts for microarray analysis. The microarray
data showed that the expression of ~30 genes was increased, whereas that of a set of ~100
genes was reduced in cells immortalized with RhoA proteins (NCBI Gene Expression Omnibus
accession number, GSE 12917; Supplementary Table S2). Based on published links of the
candidate genes to cell transformation, we selected a subset of genes, ZNF217, ELF3, S100P,
CLCA2, and DAB2, and confirmed altered expression in immortalized cells using RT-PCR,
Western blotting, and real-time PCR. Our results show that ZNF217, ELF3, and S100P are
overexpressed (Fig. 6A; Supplementary Fig. S2), whereas CLCA2 and DAB2 are down-
regulated in RhoA-immortalized hMECs (Fig. 6A and B; Supplementary Fig. S2). Importantly,
the altered expression levels of these genes were also observed in several breast cancer cell
lines (Fig. 6C and D), implying that these genes may in fact be relevant to Rho-induced
immortalization of hMECs and that these genes may be linked to oncogenic transformation in
breast cancer.

Discussion
A large number of studies have implicated the crucial role of Rho family GTPases in several
cell biological processes linked to oncogenesis: they regulate cell migration through actin
cytoskeleton reorganization, participate in transcriptional regulation, and are linked to cell
cycle control. Consistent with these functions, Rho proteins have been linked to human cancer
(15-18). Rho proteins have been implicated in breast tumor progression: for example, elevated
RhoA expression is seen in breast tumors compared with adjacent normal breast tissue, and
migration and invasion properties of breast cancer cells were blocked by inhibiting Rho activity
(17,18). In addition, RhoC has been linked to inflammatory breast cancer and overexpression
of RhoC in immortalized hMECs induces their transformation (33). Importantly, given the
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linkage of Rho proteins to integrin receptor signaling and cell migration, essentially all of the
previous studies have examined the role of Rho proteins in the context of late events in tumor
progression, often with metastatic and invasive behaviors (15-18,34,35). In contrast, there have
been no studies to date to assess the potential role of Rho proteins in very early events in
oncogenic transformation of hMECs.

Here, we have carried out studies to examine the ability of RhoA protein to overcome
senescence in normal hMECs. We show using two independent hMEC strains that RhoA
overexpression led to their escape from senescence and continuous proliferation. Notably, not
only the constitutively active RhoA but also the WT protein overexpression induced the
immortalization of normal hMECs. An active Rho GTPase that was needed for immortalization
was shown by the inability of a GDP-locked Rho protein to immortalize hMECs. The ability
of WT RhoA to immortalize hMECs is significant because activating RhoA mutations are not
reported in human cancers but overexpression of WT Rho is a frequent phenomenon in human
cancers, including breast cancers. Thus, our results are consistent with the clinical data showing
increased RhoA expression with breast tumor progression (17,18).

Consistent with other models of mammary epithelial cell immortalization, RhoA-immortalized
cells exhibit increased telomerase activity and stabilization of telomeres as they overcome the
senescence checkpoint. However, we observed increase in telomerase activity in RhoA-
immortalized cells after several passages of overexpression of RhoA, suggesting that it may
not be a direct effect of RhoA overexpression. Thus, it is difficult to ascertain that increase in
telomerase activity is a cause or effect of immortalization.

Unlike other models of deliberate hMEC immortalization, such as the expression of HPV E6
or SV40 large T (19,20,28,31,36), RhoA-immortalized cells maintained a functional p53
protein and an intact DNA damage cell cycle checkpoint. Thus, in contrast to observations
made by us and others that abrogation of p53 function is a crucial event in hMEC
immortalization by viral oncogenes, γ-radiation, RhoA-induced immortalization seems to
proceed without a requirement to abrogate p53 function. Thus, active RhoA-dependent signals
either by themselves or in conjunction with other events that occur in hMECs in culture seem
to be sufficient to induce the immortalization of hMECs, without abrogating p53 function. In
this regard, it will be of significant interest in the future to explore the role of p16
hypermethylation and loss of expression, and the ensuing loss of Rb function, which
characterizes hMEC cultures during their initial selection process in vitro (37) cooperation with
Rho to induce immortalization.

In addition to preservation of the p53-dependent G1 cell cycle checkpoint, RhoA-immortalized
cells exhibit an inability to grow in an anchorage-independent manner and do not form tumors
when implanted in immune-incompetent mice, suggesting that overexpression of RhoA
induces a state of preneoplastic transformation of hMECs rather than full transformation. In
this regard, the RhoA overexpression model of hMEC immortalization resembles other models
that we and others have investigated using viral oncogenes, mutant cellular genes, radiation,
or carcinogen treatment; all of these manipulations induce immortalization but not full
transformation (19-21,28-31,36-38). Thus, the hMEC model described here provides a
relatively unique system driven by a breast cancer–relevant cellular gene overexpression with
a functional p53 and preneoplastic transformation for biological studies to understand the
further genetic alterations that can collaborate with Rho signaling pathways to induce the full
transformation of hMECs.

Several downstream effectors have been linked to Rho GTPase functions in normal cells as
well as their oncogenic activity measured in rodent fibroblasts. Our initial analyses suggest
that the mechanisms by which RhoA overexpression induces the early neoplastic
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transformation of hMECs are likely to be distinct from traditionally explored pathways. In our
studies, we made the unexpected observation that an effector domain mutant of RhoA, T37A,
retained the ability to immortalize hMECs. As previously suggested, we found that RhoA-
T37A is unable to bind to key effectors of RhoA, Rho kinase (ROCK1 and ROCK2), PKN,
and mDia1, which have been linked to RhoA-dependent oncogenic transformation (15-18,
34). These results suggest that hMEC immortalization is unlikely to be through the activation
of the well-characterized Rho effectors previously linked to oncogenic transformation.

Our microarray data provide an initial hint about the pathways that might be relevant to RhoA-
induced immortalization of hMECs. Our analyses showed ~30 genes whose expression was
up-regulated and~ 100 genes whose expression was down-regulated in Rho-immortalized (as
well as RhoA-T37A immortalized) cells compared with the normal parental cells
(Supplementary Table S2). In our initial work, we used RT-PCR, real-time PCR, and Western
blotting to confirm our microarray-based expression changes for a subset of five genes as these
are altered in breast cancers. These studies confirmed that RhoA-immortalized cells have a
reduced expression of CLCA2 and DAB2, whereas ELF3, S100P, and ZNF217 mRNA
expression was up-regulated (Fig. 6A and B; Supplementary Fig. S2). Importantly, several
breast cancer cell lines showed that the expression of these genes was altered in the same
direction as in RhoA-immortalized hMECs (Fig. 6C and D), consistent with their potential
involvement in breast cell transformation.

Prior studies have shown that ELF3/ESE1, an ETS family transcription factor, is up-regulated
in a subset of breast tumors as well as during tumorigenic progression of MCF-12A hMEC
line (39,40). Similarly, several studies have implicated S100P in cellular immortalization
(26,41) and overexpression of S100P contributes to tumorigenesis as it promotes tumor growth,
invasion, and cell survival (42). ZNF217 is frequently amplified in breast cancer (43), and its
overexpression has been shown to induce mammary epithelial cell immortalization (38).
CLCA2 (chloride channel, calcium activated, family member 2) is reportedly lost during tumor
progression in human breast cancer; CLCA2 was found to be expressed in normal breast
epithelium but not in breast cancer (44). Another study showed that expression of CLCA2 in
CLCA2-negative MDA-MB-231 and MDA-MB-435 cells reduced the Matrigel invasion in
vitro and metastatic tumor formation of MDA-MB-231 cells in nude mice (45). DAB2
(disabled 2) or DOC-2 (differentially expressed in ovarian carcinoma 2), originally isolated as
a potential tumor suppressor gene from human ovarian carcinoma, is involved in modulating
multiple signaling pathways and protein trafficking (46). Decreased expression of DOC-2/
DAB2 has been observed in several cancers, including prostate, mammary, colon, and
choriocarcinoma (46,47). DOC-2/hDab-2 expression in breast cancer cells resulted in
sensitivity to suspension-induced cell death (anoikis; ref. 48). Significantly, our analyses of
Oncomine database7 showed that S100P overexpression in breast cancers is correlated with
high tumor grade in two breast cancer data sets, and its expression is higher in invasive breast
cancers compared with breast ductal carcinoma in situ (Supplementary Fig. S3). Similarly,
DAB2 expression is down-regulated in breast cancers in one data set and its down-regulation
is correlated with lymphocytic infiltration and tumor grade in another two data sets
(Supplementary Fig. S4). Thus, future studies to perturb the expression of these candidate genes
in RhoA-immortalized hMEC system as well as analyses of how their expression is controlled
by Rho-dependent signaling pathways should add significantly to our understanding of early
oncogenic transformation of hMECs with direct relevance to human breast cancer.

In conclusion, the present study shows that RhoA, implicated in breast cancer oncogenesis by
clinical studies and well known as a critical gatekeeper of receptor signals into multiple cell
biological pathways, can induce the immortalization of hMECs. Notably, mammary epithelial
cell immortalization by an effector domain mutant of RhoA that is incapable of interacting
with well-characterized Rho effectors previously implicated in oncogenic transformation
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strongly suggests that RhoA-induced early transformation of hMECs proceeds to novel
pathways. The system described here should prove suitable for future analyses to uncover the
nature of these pathways and to link them to oncogenic pathways in breast cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RhoA overexpression induces hMEC immortalization. A, cell lysates from indicated cells were
analyzed for RhoA expression using anti-RhoA or β-actin (loading control) antibodies by
Western blotting. B, cumulative PDs of cells expressing vector or various Rho mutants.
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Figure 2.
Mutant RhoA-T37A is incapable of interacting with well-known Rho effectors. Various
plasmids, Prks-ROCK1, Prks-ROCK2, Prc-PKN-AL, and pFL-mDia1, were transfected into
293T cells, and cell lysates were incubated with GTP-γ-S–loaded GST, or various GST fusion
proteins, and loaded into SDS-PAGE gel. After separation of proteins, the gels were cut into
two parts: the upper part was transferred to PVDF membrane and probed with anti-myc and
anti-flag antibodies to detect myc-tagged ROCK1 or ROCK2 and flag-tagged PKN or mDia1
and the lower part that contains GST or GST fusion proteins was stained with Coomassie Blue
R-250.
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Figure 3.
Telomerase activity is induced in immortal cells and the telomere length is maintained. A,
telomerase activity at indicated passages (shown in parenthesis) was measured with extracts
of 76N.TERT (positive control), 76N, 76N transduced with pLXSN vector (negative control),
RhoA-WT, or various Rho mutants. B, the telomere length was determined by digesting
genomic DNA from cells. The digested DNA was hybridized with a telomeric probe as
described in Materials and Methods.
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Figure 4.
Rho-immortalized cells express normal p53 and maintain intact cell cycle checkpoint. A, 76N
(used as positive control), 76N-E6 (used as negative control), and RhoA-immortalized cells
were assessed for their ability to synthesize DNA [% labeled nuclei (%LN)] using [3H]
thymidine incorporation after Adriamycin treatment. B, immunoblotting of cell lysates with
antibodies against p53, p21, or β-actin (as control) after treatment with Adriamycin.
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Figure 5.
RhoA-induced immortalization is a generalized phenomenon. A, cumulative PDs of 70N cells
infected with vector, WT RhoA, constitutively active RhoA (G14V), mutation in effector
binding region (T37A), and dominant-negative RhoA (T19N). B, immunoblotting of cell lysates
with antibodies against p53, p21, or β-actin (as control) after treatment with Adriamycin.
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Figure 6.
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Microarray comparison of Rho-immortalized cells with parental cells identified several
differentially expressed genes. Confirmation by RT-PCR and Western blotting. A, RT-PCR
analyses showed that ZNF-217, ELF3, and S100P mRNAs were overexpressed in RhoA-
immortalized cells, whereas CLCA2 mRNA expression was lower in RhoA-immortalized cells
compared with parental 76N or 70N cells. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a PCR control. B, Western blotting of indicated cell lysates showed that
DAB2 protein is decreased in RhoA-immortalized cells compared with parental 76N or 70N
cells. β-Actin was used as a loading control. C, RT-PCR analysis of ZNF217, ELF3, S100P,
and CLCA2 mRNA expression in breast cancer cell lines. Similar to RhoA-immortalized cells,
several breast cancer cell lines showed increased mRNA expression for ZNF217, ELF3, and
S100P and decreased mRNA expression for CLCA2 compared with normal 76N cells. D,
Western blotting of cell lysates from breast cancer cell lines showed that, similar to Rho-
immortalized cells, several breast cancer cell lines express lower levels of DAB2 protein
compared with normal 76N and 70N cells.
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