AD

Award Number: W81XWH-09-1-0359

TITLE: Role of Stat3 and ErbB2 in Breast Cancer

PRINCIPAL INVESTIGATOR: Mulu Geletu, Ph.D.

CONTRACTING ORGANIZATION: Queen's University
Kingston, Ontario, Canada K7L 3N6

REPORT DATE: October 2011

TYPE OF REPORT: Annual Summary

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.



REPORT DOCUMENTATION PAGE oMo N Do o168

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED

October 2011 Annual Summary 15 September 2010 T 14 September 2011
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Role of Stat3 and ErbB2 in Breast Cancer 5b. GRANT NUMBER

W81XWH-09-1-0359

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Mulu Geletu, Ph.D. 5e. TASK NUMBER

5f. WORK UNIT NUMBER
E-Mail: geletu@queensu.ca

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Queen's University
Kingston, Ontario, Canada K7L 3N6

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Activation of Stat3 has been demonstrated in breast and other cancers. However, the exact mechanisms of its activation as well as the role of Stat3
in these tumors, remain to be determined. This study focuses on the identification of the upstream activators of Stat3 in confluent cells as well as the
role of Stat3 in this setting. To explore the nature of cell to cell adhesion molecules responsible for Stat3 activation in breast cancer, we examined the
role of cadherin- 11 engagement using mouse Balb/c3T3 fibroblasts, which have high amounts of Cadherin -11. Cadherin-11 knockdown
experiments demonstrated that this increase is required for Stat3 activation. Plating the cells on surfaces functionalised with cadherin-11 derived
fragments caused a dramatic increase in Stat3-ptyr705 levels, indicating that cadherin-11 can directly activate Stat3, in the absence of cell to cell
contact. Our results also demonstrated a reciprocal regulation between cavl and Stat3. cav-1 downregulation through expression of shRNA
activates Stat3, and conversely, cavl overexpression downregulates Stat3 and induces growth retardation or apoptosis in mouse fibroblasts, as well
as in breast cancer lines. In all cases, apoptosis was inhibited by co-expression of the constitutively active form of Stat3, Stat3C. Taken together,
these findings point to cavl as an inhibitor of Stat3 activity. In addition, it was previously demonstrated that cavl upregulates p53, although the exact
mechanism is unclear. Since Stat3 is known to inhibit p53 transcription through direct promotor binding, these data also point to the possibility that
cavl upregulation may, in fact, activate p53 through Stat3 inhibition. We also further demonstrate for the first time that, in a feedback loop, Stat3
inhibition results in a dramatic increase in cavl levels, indicating that Stat3 also downregulates cavl expression. Taken together, our findings reveal
the presence of a potent, negative regulatory loop between cavl, p53 and Stat3 that plays a crucial role in cellular survival.

15. SUBJECT TERMS
Stat3, ErBb2, Breast cancer, Cadherin-11, Caveolin-1

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18.NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES USAMRMC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area

U U U uu 118 code)




Table of Contents

Page
INtrOdUCHION. ...t 4
270 T4 4
Key Research Accomplishments. ..., 10
Reportable OULCOMES. ... .entitt ettt e 10
L70) 1 Ted L3 10 PP 12
REfOTONCES. ...ttt 19



Introduction

Cells in normal tissues or tumors have extensive opportunities for adhesion to their neighbors in a three-
dimensional organization, and it recently became apparent that in the study of fundamental cellular processes it is
important to take into account the effect of surrounding cells.

The signal transducer and activator of transcription-3 (Stat3) is activated by receptor tyrosine kinases,
cytokine receptors and non-receptor tyrosine kinases. Following ligand stimulation, Stat3 is activated through
phosphorylation at tyr-705 and migrates to the nucleus where it activates the transcription of genes involved in
cell growth and survival'?. Persistent activation of Stat3 has been demonstrated in breast and other cancers,
while a constitutively active form of Stat3, Stat3C, is able to transform cultured cells’ , further pointing to an
etiologic role for Stat3 in these tumors. My project deals with the mechanism of Stat3 activation and its role in
these tumors, hence the consequences of its inhibition.

We recently discovered a novel pathway of activation of Stat3, a protein involved in cell division, triggered
by engagement of E-cadherin, an extensively studied, cell to cell adhesion molecule. Stat3 activation was due to a
striking upregulation of the Rac/Cdc42 GTPases” and was followed by a potent downregulation of the p53 tumor
suppressor and apoptosis inhibition. Most importantly, this Stat3 activation was resistant to inhibition of a number
of tyrosine kinases, including the Src family, IGF1-R, Abl, Fer and EGFR, often activated in breast and other
cancers” . We propose the existence of a novel pathway of Stat3 activation that is triggered by cadherin
engagement, which can be especially important in tumor cells.

Another molecule with a profound significance in breast cancer and Stat3 signalling is caveolin-1.
Caveolae are cholesterol-rich, 50-100nm flask-shaped invaginations of the plasma membrane, with caveolins
(cav1-3), the marker proteins of caveolae, embedded in their lipid bilayer®®. The human cav1 gene is found in a
tumor suppressor locus on chromosome 7q31.1, which is commonly deleted in a variety of cancers. This led to
the hypothesis that this region may encode a tumor suppressor gene’ ' '. Cavl recruits many receptor and non-
receptor tyrosine kinases and through binding to its scaffolding-domain, cavl sequesters the kinases in an
inactive form, thereby preventing their involvement in signaling pathways®. The examination of the effect of
this inhibition upon Stat3 activity is very important in Stat3 signalling as well as breast cancer Biology.

These novel aspects of Stat3 biology, namely Stat3 activation triggered by specific cadherin
engagement, or Stat3 inhibtion by cavl, could be promising prognostic markers, as well as predictive targets for
the treatment of tumors which may be resistant to inhibition of many tyrosine kinase oncogenes known to be
hyperactive in breast cancer, such as the ErbB2 drug Herceptin.

Body
Specific Aim 1. Examination of the upstream activators of Stat3 in confluent cells

Engagement of cadherin-11 increases Stat3 activity

Most of the studies on cadherin signaling have focussed on the E-cadherin, cell adhesion molecule and
member of the classical type I cadherin family. Although both E-cadherin and cadherin-11, a prototype, type 11
classical cadherin, bind to p120 and B-catenin, they have fundamental differences in their function:

Early results showed that continued expression of E-cadherin is required for cells to remain tightly
associated within the epithelium, so that loss of E-cadherin function leads to metastasis of breast cancer'>"*. In
sharp contrast, cadherin-11 was shown to be elevated in a number of cancers. In addition, cadherin-11 has been
linked to breast cancer metastasis'*'* and more recent findings show that it promotes the metastasis of prostate
cancer cells specifically to the bone'®. Therefore, examination of the mechanism of cadherin-11 action is of
paramount importance in the study of cell to cell adhesion as well as metastasis.

As stated in the introduction, our lab recently demonstrated that engagement of E-cadherin causes a
dramatic increase in Stat3 activity™'"'®*. However, further examination of cell lines which are known to lack E-
cadherin, such as the Chinese hamster ovary and the cervical carcinoma A431D, revealed a great increase in
Stat3 activity with density (Arulanandam, Geletu, Raptis et al, unpublished observations). This prompted us to
examine the involvement of other calcium-dependent adhesion molecules, such as cadherin-11, using the mouse
ﬁbrablast line Balb/c3T3. These cells express high amounts of Cadherin-11, but not E-cadherin (Fig. 1A lanes
2-3)™*.



As shown before for a number of normal cell lines™*, Stat3-ptyr705 levels were almost undetectable in
sparsely growing, Balb/c3T3 cells (Fig. 1B, lanes 1-2). However, density caused a dramatic increase, which
peaked at 2-3 days after confluence (Fig. 1B, lanes 3-5) to levels approximately half the levels present in cells
transformed by the potent Stat3 activator, v-Src (Fig. 1A, lane 6). Probing for total Stat3 revealed a modest
increase with cell density (Fig. 1B), possibly due to the fact that Stat3 activates its own promoter'”, although the
differences were not as big as the Stat3-tyr705 phosphorylation observed. This activation was specific to Stat3,
since the levels of Erk1/2 remained unaffected by cell density, as shown before for E-cadherin®*. The above
results indicate that cell density causes a specific increase in Stat3-ptyr705 levels in mouse Balb/c3T3
fibroblasts.

We next investigated whether the Stat3 activation is a direct consequence of the engagement of
cadherin-11, or whether cadherin interactions are simply required to bring adjacent cell surfaces into proximity,
to initiate signals which are not immediate effects of cadherin ligation. To definitively answer this question, we
made use of a recombinant cadherin-11 fragment, encompassing the two distal, extracellular domains of
cadherin-11 (11/EC12) to functionalize petri dishes by covalent immobilization (Fig.2A). This fragment has
been shown to retain biological activity when attached onto surfaces and is recognized specifically by cadherin-
11 expressing cells?'. Plastic, 3cm petri dishes were coated with increasing amounts of purified 11/EC12
fragment, from 1 to 1,000pug/ml, and 30,000 Balb/c3T3 cells were plated on these surfaces®*. Detergent cell
extracts were prepared 48 hours later, when cells were 30% confluent and probed for Stat3-ptyr705 as above.
As shown in Fig. 2B, there was a dramatic and graded increase in Stat3-ptyr705 levels, in proportion to the
amounts of 11/EC12 used to decorate these surfaces when Balb/c3T3 cells were plated (lanes 2-5), while there
was no increase in Stat3-ptyr705 when Balb/c 3T3 cells were plated on petri dishes coated with the
corresponding fragment derived from E-cadherin (E/EC12), as a control (Fig. 2B, lane 1). As a further control,
normal mouse breast epithelial HC11 cells were plated on surfaces coated with 11/EC12 or on the
corresponding, E-cadherin fragment E/EC12, and Balb/c3T3 cells were plated on surfaces coated with the
E/EC12 fragment. As expected, there was no increase in Stat3-ptyr705 when HC11 cells, which are naturally
devoid of cadherin-11, were grown on surfaces coated with 11/EC12 (Fig. 2B, lanes 7 and 8), while there was
an increase upon growth of HC11 cells on E/EC12-coated surfaces (lane 9). Similar results were obtained with
the 10T1/2, mouse fibroblasts, which also express cadherin 11 (not shown). The increase was specific to Stat3,
since no increase in Erk1/2 upon plating of Balb/c 3T3 cells on 11/EC12-coated surfaces was noted (Fig. 2B).
The above findings demonstrate a dramatic increase in Stat3-ptyr705 upon direct cadherin-11 engagement in
mouse fibroblasts, which was specific to Stat3 and proportional to the density of 11/EC12 present on the culture
surface, indicating that, in the appropriate cellular context, cadherin-11 engagement is sufficient to activate
Stat3, in the absence of direct cell to cell contact.

To examine the contribution of cadherin-11 in the density-dependent, Stat3 activation in Balb/c3T3
cells, cadherin-11 was knocked-down using a ShRNA expressed with a retroviral vector (Fig. 3). The results
showed that this treatment essentially eliminated cadherin-11 (Fig. 3A lane 1-2), thus demonstrating the
effectiveness of this particular shRNA. Most importantly, examination of Stat3-ptyr705 levels showed an
almost total elimination of Stat3 activity as well upon cadherin-11 knockdown, even at higher densities (Fig.
3B). These findings demonstrate that cadherin-11 is the main cadherin activating Stat3 in Balb/c3T3 cells,
which makes it into a suitable system for the study of the role of cadherins upon transformation by oncogenes
such as vSrc (Geletu, Raptis et al, in preparation).

Cadherin-11 plays a positive role in cell survival, proliferation and migration

Previous results have shown that Stat3 signaling can induce anti-apoptotic genes, such as Bcl-xL and
mel-12?4) while it downregulates the p53 promotor %, thus protecting tumor cells from apoptosis. To examine
the functional consequences of the cadherin-11 mediated, Stat3 activation, we examined the effect of cadherin-
11 knockdown in Balbc/3T3 cells. Following infection with a retroviral vector expressing a cadherin-11
shRNA, apoptosis was examined by terminal deoxynucleotidyl transferase biotin —dUTP nick end labeling
(TUNEL) staining at different densities, as before 6% The results showed that cadherin-11 deficient, Balb/c3T3
cells become apoptotic when confluent (Fig. 3C, panel a-b) while no apoptosis was noted in the parental
Balb/c3T3, even at high densities (Fig. 3C, panel c-d). These findings are in keeping with previous data
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indicating that direct Stat3 inhibition in mouse fibroblasts using cell permeable peptides® or peptidomimetics
blocking the Stat3-SH2 domain®™, pharmacological inhibitors®’*, or genetic ablation®®*, in densely growing
cultures induces apoptosis.

To further determine the role of cadherin-11 upon the cellular phenotype, we evaluated the effect of
cadherin-11 downregulation upon the rate of cell proliferation and migration. As shown in Fig. 3D, cadherin-11
knockdown cells had a doubling time of 30 hrs, while the doubling time of the parental Balb/c3T3 was 24 hrs.
In addition, the rate of migration of cadherin-11 knockdown cells was lower compared to the parental
Balb/c3T3 (Fig. 3E c-d, vs a-b), indicating that cadherin-11 plays a positive role in both cell proliferation and
migration.

The fact that cadherin-11 may actually activate Stat3, although, contrary to E-cadherin, cadherin-11
promotes metastasis, may point to Stat3 as a central survival, rather than metastasis, factor, which would have
important therapeutic implications. Most importantly cadherin-11 inhibition would be expected to induce
apoptosis in metastatic cells specifically, while normal cells expressing E-cadherin would be spared.

The above data are also echoed by additional evidence on another cadherin involved in metastasis, the
N-cadherin. In fact, Ncad overexpression and engagement has been reported to be associated with a highly invasive
phenotype, and motility in mammary cell lines***!, since normal squamous epithelial cell lines acquired migratory
properties upon transfection with Ncad*>. Moreover, in certain tumour lines, such as MCF7 breast cancer cells which
express Ecad and are not motile, transfected Ncad conferred a migratory phenotype, despite the presence of the
endogenous Ecad®’?'. My results demonstrated that N-cadherin also can activate Stat3: In Embryonal-stem
(ES) cells where E-cadherin was ablated (null cells**) and N-cadherin re-expressed (Ncad-addback)(not
shown), density did cause a dramatic increase in Stat3-ptyr705 and transcriptional activity through upregulation
of members of the IL6 family of cytokines. These results taken together demonstrate the generality of the
phenomenon of Stat3 upregulation by cadherin engagement, which appears to be critical in cellular survival of a
number of tissue types. These results will be shortly submitted for publication to Oncogene (see reportable
outcomes below). A preliminary report has been presented at the 101™ annual meeting of the American
association for Cancer research, Washington, DC. April 2010 (unpublished data).

Unexpected difficulties: The cadherin-11 antibodies we used initially (Invitrogen) had poor specificity.
We tested a large number of antibodies from different companies, but the results were disappointing. Attempts
to examine the effect of infection of the shRNA-cadherinl1 retroviral vector by examining cadherin-11 mRNA
levels by RT-PCR met with poor success, likely because the mRNA is not completely degraded. Finally, we
produced our own antibodies in collaboration with Dr. Ferracci and these were employed for most Western
blotting and immunohistochemistry experiments.

Specific Aim 2: Examination of the role of Stat3 in confluent cultures: Effect of Stat3 upon p53

Cell density causes a dramatic increase in cavl levels

In our attempt to decipher the interrelationship between Stat3 and p53, we discovered another potential
player: Caveolin 1 (cavl), a 22 KDa membrane protein is the major protein responsible for the organization
and maintenance of caveolae microdomains®®. Cav1 recruits many receptor and non-receptor tyrosine kinases
and through binding to its scaffolding-domain, cavl sequesters the kinases in an inactive form, thereby
preventing their involvement in signaling pathways®. Early results demonstrated that cell density can increase
cavl levels®, but the levels of cavl at confluences beyond 100% had not been examined. To examine the effect
of extensive cell to cell adhesion upon cavl levels, NIH3T3 cells were grown to 70% confluence and over
several days thereafter cell extracts were probed for cavl by western blotting. Our results show that cavl levels
were almost undetectable in sparsely growing cells (Fig. 4A, lanes 1-2) while density caused a dramatic
increase (Fig. 4A, lanes 3-5). These results demonstrate that cell density must be taken into account in
experiments measuring cavl levels in a given cell line.



cavl downregulation increases Stat3-ptyr705 phosphorylation and activity

Previous results indicated that reduction of cavl levels increases the activity of Erk, perhaps through an
effect upon the caveolin scaffolding domain (CSD)****. Since the Erk and Stat3 pathways are often coordinately
regulated by growth factors and oncogens, we investigated the effect of cavl upon Stat3-ptyr705
phosphorylation. Cavl was downregulated using a commercially available cavl shRNA retroviral construct,
expressed in NIH3T3 cell line. As shown in Fig. 4B, cavl knockdown caused an increase in Stat3 ptyr705, at all
densities examined. This finding argues for cavl as a negative regulator of Stat3 activity.

cavl up-regulation decreases Stat3 activity and induces apoptosis through the scaffolding domain

Previous data demonstrate that p53 up-regulates caveolin-1 gene expression’, while, in a positive
feedback loop, caveolin-1 expression increases the activity of p53°°. Since Stat3 downregulates p53 by direct
promotor binding®, we explored the potential involvement of Stat3 in p53 upregulation by cav1 (Fig. 4C).
wtCavl, fused to red fluorescence protein (wt-cavl-mRFP), or the same construct with a mutation in the
scaffolding domain (F92A/V94A CSD-mRFP) known to be necessary for sequestration and downregulation of
growth factor receptors’’ as well as for p53 upregulation by cav1’®, were expressed in NIH3T3 or MCF7 cells.
The results demonstrated a potent reduction in Stat3-ptyr705 levels upon cavl overexpression in both cell lines,
indicating that cavl down-regulates Stat3 activity (Fig. 5SA, lanes 3-4 and B, lane 3). Interestingly, the cavl
levels in NIH3T3 cells transfected with CSD-mRFP were similar to the parental line (Fig. 5A, lanes 5-6),
indicating that the CSD-domain is important for Stat3 downregulation by cav1. Since Stat3 is known to inhibit
p53 transcription through promotor binding®, these data also point to the possibility that cav] may, in fact,
activate p53 through Stat3 inhibition.

To examine whether cavl overexpression can also cause apoptosis, MCF7 cells transfected with the wt-
cavl-mRFP or CSD-mRFP (F92A/V94A) were stained for TUNEL. Our results revealed extensive apoptotic
death in MCF7 cells upon wt-cav1 expression (Fig. 5C, a-b). Similar results were obtained when we observed
by morphology of the cells MCF7 (Fig. 5D, panel a-b) and NIH3T3 (Fig. 5E, panel a-b) wt-cavlmRFP or with
a construct containing Enhanced Green Fluorescence protein fused to wt-cavl (EGFP-cav1) expression.

In sharp contrast, NIH3T3 or MCF7 cells transfected with the cavl scaffolding domain mutant did not
display any of the morphological characteristics indicative of apoptosis at any point, up to 2 weeks after
transfection (Fig. 5C, c-d and 5D, c-d). As expected, the control plasmids expressing EGFP (Fig. SE, panel c-d)
or mRFP alone (not shown) did not induce apoptosis. These data indicate that cav] inhibits Stat3 and induces
apoptosis by a mechanism which involves the scaffolding domain. Therefore, our findings point to cavl as a
potent inhibitor of Stat3 activity, and hint at the possibility that Stat3 downregulation by cavl may be behind
the apoptosis observed upon cavl transfection. In addition, since the Stat3 downregulation by cav1 could
upregulate p53, this would also explain the p53 upregulation by cavl overexpression. Taken together, the above
data reveal the presence of a potent, negative regulatory loop between cavl, p53 and Stat3 that leads to
apoptosis.

Stat3 overexpression can protect from cavl-mediated apoptosis

Several studies have shown that Stat3 is responsible for transcribing anti-apoptotic genes such as Bcl-XI1
and Mcl-1 that promote cell survival®~**°. Since Stat3 promotes cell survival, we examined whether Stat3
could rescue cells from cav1-mediated apoptosis. Therefore, we co-transfected NIH3T3 mouse fibroblasts with
EGFP-cav] and a plasmid expressing the constitutively active form of Stat3, Stat3C (a gift of Dr. Bromberg),
and the morphology of the cells was observed over 2 weeks. The results showed that Stat3C co-expression
could overcome apoptosis triggered by cavl (Fig. 5F).

Downregulation of Stat3 upregulates cavl levels

Although examination of the cavl promotor did not reveal any bona fide Stat3 consensus binding site, a
Stat3 binding site is present in cavl intron 2. Such a functional, Stat3 binding site is present in the fourth intron of
the Wnt5a gene™. In addition, 2 sp1 transcription factor binding sites exist in the human cav1 gene, where Stat3 may
bind in conjunction with spl, in a manner previously described for the NHE3*' and VEGF** promotors. In fact, our
results demonstrated for the first time that, in a feedback loop, Stat3 inhibition following infection with an
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Adenovirus vector expressing a Stat3-specific, ShRNA, resulted in a dramatic increase in cavl levels (Fig. 5G),
indicating that Stat3 also downregulates cavl expression. Since p53 upregulates cav1®®, and Stat3 blocks the
p53 promotor?, it is possible that Stat3 may block cav1 simply by downregulating p53, rather than
downregulating the cavl promotor directly. Whether the increase in cavl through Stat3 inhibition is a
transcriptional effect will be examined by measuring cavl mRNA level following Stat3 downregulation.
Whether these are, in fact Stat3 binding sites in vivo will be examined by chromatin immunoprecipitation
assays. These results are in preparation for publication. Preliminary reports were presented at the AACR annual
meeting in April, 2011, and at the research day of Queen’s University (unpublished data).

The above work led to two interesting spinoffs:

1. Stat3 is a positive regulator of gap junctional intercellular communication in cultured, human lung
carcinoma cells:

Our observation that Stat3 activity is increased by cell confluence led us to examine the effect of Stat3
upon gap junctional, intercellular communication (GJIC), which is dependent upon cadherin engagement. The
results turned out to be very interesting:

Neoplastic transformation by oncogenes such as activated Src is known to suppress gap junctional,
intercellular communication (GJIC). One of the Src effector pathways leading to GJIC suppression and
transformation is the Ras/Raf/Mek/Erk, so that inhibition of this pathway in vSrc-transformed cells was shown
to restore GJIC*. Stat3 is part of a distinct Src downstream effector pathway required for neoplasia, therefore
we decided to examine its role in Src-mediated GJIC suppression. Unfortunately, testing of a number of breast
cancer lines even lines with low Src activity levels such as MDA-MB-231* revealed the absence of gap
junctions. In addition, the normal human breast epithelial line, MCF-10A and the HC11 mouse breast epithelial
line have low GJIC, possibly due to their requirement for growth factors, known GJIC suppressors. For this
reason, to examine the effect of Src upon gap junctional, intercellular communication in cancer, we made use of
non-small-cell lung cancer cell lines, two of which have high GJIC. Our results unequivocally demonstrated
that Stat3 inhibition in cells expressing high Src levels, or in cells where GJIC was suppressed through
exogenous Src transduction, did not restore GJIC. On the contrary, Stat3 downregulation in normal lung
epithelial or in the NSCLC lines displaying extensive GJIC suppressed junctional permeability. Taken together,
these findings demonstrate that although Stat3 is generally growth promoting and in an activated form it can act
as an oncogene, it is required for gap junctional communication both in normal epithelial cells and in certain
tumor lines that retain extensive communication. These results were submitted for publication in the Journal
Lung Cancer (manuscript attached, unpublished data).

2. Activated phosphatidylinositol-3 kinase; an oncogene that increases gap junctional communication

The Stat3 requirement for gap junctional communication hinted at the possibility that it might be related
to its anti-apoptotic action. Therefore, we decided to examine the effect of PI3 kinase, a survival factor
activated by a variety of oncogenes such as Src, upon GJIC.

GJIC is known to be blocked in cells transformed by oncogenes such as the middle Tumor antigen of
polyoma virus (mT), an oncoprotein which associates with, activates and is tyrosine-phosphorylated by cSrc
family members. Specific mT phosphotyrosines provide docking sites for the phosphotyrosine binding (PTB)
domain of Shc (mT-tyr250) and the SH2 domain of the phosphatidylinositol 3-kinase (PI-3k, mT-tyr315),
resulting in the activation of their downstream signaling cascades, Ras/Raf/Erk and PI-3 kinase/Akt,
respectively.

To examine the effect of these mT-initiated pathways upon gap junctional communication and
neoplasia, GJIC was assessed in mT-mutant-expressing, rat liver epithelial T51B cells which normally have
extensive GJIC, using a novel technique of in situ electroporation we developed. The results show that although
even low levels of wt-mT are sufficient to interrupt gap junctional communication, GJIC suppression still
requires an intact tyr250 site that is activation of the Ras pathway. In sharp contrast, activation of the PI-3
kinase pathway is definitely not required for GJIC suppression. It is remarkable that T51B cells expressing a
mutant deficient in binding of Shc, hence activation of the Ras pathway, are still morphologically transformed
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and do grow into tumors in syngeneic rats, albeit with an altered morphology. These results indicate that GJIC
suppression requires Ras but not PI-3 kinase/Akt signalling, and is independent of full neoplastic conversion in
rat liver epithelial cells.

Since PI3k activation by mT increases GJIC, we examined whether P13k might have a positive role
upon GJIC. The results showed that PI3k pharmacological inhibition eliminates GJIC, concomitant with
apoptosis induction. We next expressed a form of PI3k rendered constitutively active through the addition of a
myristylation signal (myr-PI3k). The results demonstrated that myr-PI3k causes an increase in GJIC. Therefore
P13k, although in an activated form it can act as an oncogene, it plays a positive role upon gap junctional,
intercellular communication. This manuscript is in preparation (see reportable outcomes below). Preliminary
reports were presented at the annual AACR meeting (April, 2011, Orlando, Florida) and the International
congress on gap junctions (August 2011, Ghent, Belgium) (unpublished data).

Specific Aim 3. Examination of the incidence of Stat3 activation, in conjunction with Racl and p53 levels in
primary tumors, and correlation with the type of tumor, resistance to Herceptin, disease stage and outcome.

This part of the project is ongoing as a planned collaboration with Dr. Bruce Elliott’s lab. We initially
prepared and stained a number of tumors manually by Immunohistochemistry. However, soon thereafter the
Department of Pathology acquired an apparatus for automated staining which provides more robust staining
conditions. The set up of the new imaging system (ARIOL) for scoring of the arrays and quantitating the results
of staining intensity using algorithms specific for nuclear, cytoplasmic or membranous staining has been
completed. This was one of only three systems available in Canada. We also introduced additional specificity
controls for staining required for this integrated imaging approach. We are now doing an analysis of arrays of
~300 specimens, as a concerted effort involving a large number of basic researchers and clinicians.

Using a tissue microarray (TMA) of formalin-fixed paraffin embedded tissues, we so far examined 63
primary invasive breast cancers, for which clinico-pathological data were available, for pErk, Ki67, cyclin D1,
p53 and Her2. Histologic (H) scores (% positive tumor area x staining intensity 0-3) were manually determined
by two pathologists independently. Excellent replicability was observed between H scores for each marker
compared on replicate slides. Each TMA slide was then scanned into the Ariol Imaging System, algorithms
were trained for each marker, and H scores were calculated. Excellent concordance between manual and
automated Ariol scores was observed for all markers, based on both Pearson correlation coefficients for
continuous data and Kappa statistics for dichotomized data (+ve versus —ve stain). Interestingly, a statistically
significant association of pERK positivity with absence of Lymphovascular involvement and lymph node
negativity was observed. pERK positivity was also associated with poorly-differentiated high-grade tumors,
consistent with a role for pERK in early, pre-metastatic lesions. p53 over-expression, characteristic of
dysfunctional p53 in breast cancer, was also associated with high tumor grade. Thus automated quantitation of
immunostaining yields objectively reliable results that are comparable to standardized pathological scoring
metrics, and moreover suggest biologically meaningful associations with clinico-pathological data. We
anticipate that a large number of data from this part of the project will be generated in the next year of the
program. The results on representative sections are attached (Fig.6) (Unpublished data).

The Rb pathway in breast cancer

Rb somatic mutations have been noted in a number of cancers including breast cancer. The prognosis
and treatment of breast cancer is significantly informed by a number of biomarkers, and the Rb pathway plays a
prominent role [reviewed in**]. In particular, the status of the Estrogen receptor-a (ER) is an important
determinant in treatment: ER-positive breast cancer has a more favorable prognosis and can be treated with
selective inhibitors (e.g. Tamoxifen or aromatase inhibitors). Still, a significant number of ER-positive cancers
fail hormonal therapy and a great deal of effort has been expended in identifying pathways leading to
Tamoxifen or aromatase inhibitor resistance. Recent reports demonstrated that the selective CDK4/6 inhibitor
(hence RbD activator), PD-0332991, could be especially valuable in ER+ breast cancers that are resistant to
endocrine therapy, and is now being tested in phase II clinical trials™. I was invited to write a review on this
topic, which was recently accepted (preprint attached).



Key Research Accomplishments

Engagement of cadherin-11 increases Stat3 activity in mouse Balb/c3T3 fibroblasts.

Cadherin-11 plays a positive role in cell survival.

Cell density causes a dramatic increase in cavl levels.

cavl downregulation increases Stat3-ptyr705.

cavl up-regulation decreases Stat3 activity and induces apoptosis through the scaffolding domain
Stat3 prevents cav1-mediated apoptosis.

Downregulation of Stat3 upregulates cavl levels.

Stat3 is required for gap junctional communication both in normal epithelial cells and in certain tumor
lines.

Constitutively active PI3k, although oncogenic, plays a positive role upon gap junctional, intercellular
communication.

Reportable Outcomes

Award

American Association for Cancer Research, Minority Scholar in Cancer Research Award. AACR 102
Annual Meeting 2011, taking place in April 2-6, 2011 in Orlando, FL. (I presented a poster, #6 & 7
below).

Papers published or in press

Raptis L, Arulanandam R, Geletu M, Turkson J. (2011). The R(h)oads to Stat3: Stat3 activation by
the Rho GTPases. Exp Cell Res. 317(13):1787-95

Geletu, M. and Raptis, L. (2011). Viral oncogenes and the retinoblastoma family. In: Retinoblastoma,
Govindasamy Kumaramanickavel Editor. InTech, Croatia. In press (Open access, Book chapter).
Retrieved from http://www.intechweb.org/subject/....

Manuscripts submitted or in preparation

1. Geletu M, Chaize C, Arulanandam R, Anagnostopoulou A and Raptis, L. Src activity and gap
junctional communication in cultured, human lung carcinoma cells. Manuscript submitted to Lung
Cancer.

2. Arulanandam, R*., Geletu, M*., Chevalier, S., Feracci, H. and Raptis, L. Cadherin-11
engagement activates Stat3 throughRac/Cdc42 and IL6 and promotes survival of mouse fibroblasts.
Manuscript in the last stages of preparation for submission to Oncogene.

*Equal contribution

3. Geletu, M., Greer, S., and Raptis, L. Differential effects of polyoma virus middle tumor antigen
mutants upon gap junctional, intercellular communication. In preparation for submission to the
Journal of Virology.
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Abstract with oral presentation

Geletu, M, Greer, S., and Raptis, L. 2011. Differential effects of polyoma virus middle tumor antigen

mutants upon gap junctional, intercellular communication. Annual resident and postdoctoral fellow
research day March 10, Department of Pathology, Queen’s University, Kingston, Ontario, Canada.

1.

10.

Abstracts with poster presentation

Rozanne Arulanandam, Mulu Geletu, Adina Vultur, and Leda Raptis. 2009. The Simian Virus
40 Large Tumor antigen requires Src for full neoplastic transformation. 100™ annual meeting of the
American association for Cancer research, Denver, Colorado.

D’Abreo C, Arulanandam R, Geletu M and Raptis L. 2010. Activated Src increases total Rac
levels and requires Rac and IL6 for full neoplastic transformation. 101™ annual meeting of the
American association for Cancer research, Washington, DC.

Arulanandam, R., Geletu, M., Vultur, A., Cao, J., Larue, L., Feracci, H. and Raptis, L. 2010.
Cadherin-cadherin engagement promotes cell survival via Rac/Cdc42 and Stat3. 101™ annual
meeting of the American association for Cancer research, Washington, DC.

Mulu Geletu, Reva Mohan, Rozanne Arulanandam, Adina Vultur, and Leda Raptis. 2010.
Reciprocal regulation of Stat3 and the caveolae protein, cav-1. 101™ annual meeting of the American
association for Cancer research, Washington, DC.

J. Cass, R. Arulanandam, M. Geletu, B. Starova, E. Carefoot, S. SenGupta, B.E. Elliott, and,
L. Raptis. A novel cadherin-dependent Rac/Stat3 pathway in invasive breast cancer. (2010). 101™
annual meeting of the American association for Cancer research, Washington, DC.

Mulu Geletu, Reva Mohan, Rozanne Arulanandam, Bharat Joshi, Ivan Nabi, Leda Raptis.
2011.Reciprocal regulation of Stat3 and caveolin-1 in normal fibroblasts and breast carcinoma lines.
102" annual meeting of the American association for Cancer research, April 2-6, 2011, Orlando,
Florida, USA

Greer, S., Geletu, M. and Raptis, L,. 2011. Differential effects of polyoma virus middle tumor
antigen mutants upon gap junctional, intercellular communication. 102" annual meeting of the
American association for Cancer research, April 2-6, 2011, Orlando, Florida, USA.

Mulu Geletu, Reva Mohan, Rozanne Arulanandam, Bharat Joshi, Ivan Nabi, Leda Raptis.
2011.Reciprocal regulation of Stat3 and caveolin-1 in normal fibroblasts and breast carcinoma lines.
The Fourteenth Annual Scientific Meeting for Health Science Research Trainees May 31, 2011
Faculty of Health Sciences, Queen’s University.

Mulu Geletu, Reva Mohan, Rozanne Arulanandam, Bharat Joshi, lvan Nabi, Leda Raptis.
2011.Reciprocal regulation of Stat3 and caveolin-1 in normal fibroblasts and breast carcinoma lines.
Department of Defense (DOD) Breast Cancer Research Program (BCRP) sixth Era of Hope
Conference, August 2-5, 2011, Orlando, Florida, USA

Geletu, M. Greer, S. and Raptis, L. 2011 Activated phosphatidylinositol-3 kinase; an oncogene
that increases gap junctional communication. International Gap Junction Conference, August 6-11,
Ghent, Belgium
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Conclusions

The relevance of interactions observed in densely growing, cultured cells to human cancer is clearly evident
from findings demonstrating a close correspondence of genes expressed in prostate cancer LNCaP cells cultured to
high, but not low, densities, with genes associated with prostate cancer in vivo*.

Our results bring to light a robust Stat3 activation by cadherin-11 engagement. The fact that cadherin-11
may actually activate Stat3, although, contrary to E-cadherin, cadherin-11 promotes metastasis, may point to
Stat3 as a central survival, rather than metastasis, factor. Most importantly cadherin-11 inhibition could induce
apoptosis in metastatic cells specifically, while normal cell expressing E-cadherin would be spared.

We also demonstrated that cav-1 downregulation activates Stat3, while cavl overexpression
downregulates Stat3 and induces growth retardation or apoptosis, which was inhibited by co-expression of the
constitutively active form of Stat3, Stat3C. Therefore, cavl may be a potent inhibitor of Stat3 activity. Our
results further demonstrate for the first time that, in a feedback loop, Stat3 inhibition results in a dramatic
increase in cavl levels, indicating that Stat3 also downregulates cavl expression. The above findings reveal the
presence of a potent, negative regulatory loop between cavl, p53 and Stat3 that plays a crucial role in cellular
survival. Therefore, these novel pathways of Stat3 activation that are triggered by specific cadherin
engagement, or Stat3 inhibtion by cavl, could be promising prognostic markers, as well as predictive targets for
the treatment of tumors which may be resistant to inhibition of many tyrosine kinase oncogenes known to be
hyperactive in breast cancer, such as the ErbB2 inhibitor Herceptin.

Mentorship:
My mentor, Dr. Leda Raptis was diagnosed with breast cancer in April, 2010. She went through 3 major

operations and six cycles of very aggressive chemotherapy. For this reason, the submission of some of my
papers has been delayed. She is now back to work and I will complete the last part of the project as planned.

Numbers followed by a star refer to publications from our group
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Figure 1
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Figure 1.
A: Balb/c 3T3 cells express high amounts of cadherin-11

Protein Extracts from Balb/c3T3, mouse fibroblasts or the HC11, mouse breast epithelial cells were examined by Western
blotting using a cadherin-11 antibody (1A, lanes 1-3). Note the high amounts of cadherin-11, compared to HC11 mouse breast
epithelial cells.
B: Cell density upregulates Stat3-ptyr705 levels in Balb/c3T3 cells.

Balb/c3T3 fibroblasts before (lanes 1-5) or after (lane 6) vSrc expression were grown to increasing densities and lysates
probed for Stat3-ptyr705, total Stat3, Cadherin-11or GAPDH as a loading control, as indicated.
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Figure 2
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Figure 2. Cadherin-11 engagement is sufficient to activate Stat3 in Balb/c3T3 fibroblasts

A: Schematic drawing of fibroblasts plated at low density in plastic petris coated with a cadherin-11 fragment encompassing the two
outermost EC domains (11/EC12) ¥/.

B: Balb/c3T3 cells were grown in plastic 3cm dishes, coated with increasing amounts of the cadherin-11 fragment, 11/EC12, as
indicated (lanes 2-5). 48 hours later, cell lysates were probed for Stat3-ptyr705, phospho-Erk1/2 or Hsp90 as a loading control, as
indicated. As controls, Balb/c 3T3 cells, which are devoid of E-cadherin (Fig. 1A), were grown on a surface coated with the
corresponding E-cadherin fragment (E/EC12, lane 1) and HC11 cells which are devoid of cadherin-11 were grown on surfaces coated
by 11/EC12 (lanes 7 and 8), or by E/EC12, as a control (lane 9). Numbers under the lanes refer to band intensities obtained by

densitometric scanning.
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Figure 3
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Figure 3. Cadherin-11 plays a positive role in Stat3-ptyr705, cell survival, proliferation and migration

A: Stable expression of the cadherin-11 shRNA construct dramatically reduces cadherin-11 levels. Balb/c 3T3 mouse
fibroblasts were infected with the supernatant of the psi-2 cadherin-11 shRNA packaging line which produces the retrovirus carrying
the cadherin-11 shRNA gene and stably selected using puromycin as a selection marker. Infected cells and the parental cell lines were
grown to 100% confluence, lysates resolved by gel electrophoresis and immunoblots probed for cadherin 11 and GAPDH as a loading
control.

B: Cadherin-11 knockdown causes a dramatic reduction in Stat3-ptyr705 levels in Balb/c3T3 cells: Balb/c3T3 cells before
(lanes 1-6) or after cadherin-11 knockdown (lanes 7-12) were grown to differenr densities and lysates probed for Stat3-ptyr705.

C: Cadherin-11 knockdown with sh-RNA induces apoptosis. Balb/c3T3 cells after (panel a-b) or before cadherin-11 knockdown
(panel c-d) were grown to a density of 2 days post-confluence and apoptosis examined by TUNEL staining.

D: Cadherin-11 knockdown with sh-RNA reduces the rate of cell proliferation: Balb/c and Balb/c sh-cadherin-11 cells were
grown in Petri dishes in 10% serum and cell numbers obtained over several days, as indicated.

E: Cadherin-11 knockdown with sh-RNA reduces the rate of cell migration: Balb/c and Balb/c sh-cadherin-11 cells were cultured

to confluence before a scratch was made through the monolayer using a plastic pipette tip. Cells were photographed at 2hr (panels a,
c,) or 24 h (panel b, d,) after 12 h of culturing in 0.5% fetal calf serum.

15



Figure 4
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Figure 4. Stat3 activity and cavl levels increase with cell density.
A: Lysates from NIH3T3 mouse fibroblasts grown to different densities were probed for Stat3-ptyr705, cavl or tubulin as a loading
control. Note that both Stat3-ptyr705 and cavl levels increase with cell density, peaking at post-confluence.

B: Cavl downregulation increases Stat3-ptyr705 activity. NIH3T3 mouse fibroblasts were infected with the supernatant of the
psi-2 cavl shRNA packaging line, which produces the retrovirus carrying the cavl shRNA gene and stably selected using puromycin
as a selection marker. Infected cells (lanes 3-5) and the parental line (lane 1-2) were grown to different densities and lysates probed for
total cavl, ptyr-705 Stat3 or tubulin as a loading control.

C: Model of the cavl, Stat3 and p53 interactioon: cavl can downregulate Stat3, through the scaffolding domain. Stat3 on the other

hand can downregulate p53, although the possibility that cavl upregulates p53 in a Stat3-independent manner cannot be excluded. At
the same time, Stat3 downregulates cavl (Fig. 5G).
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Figure 5
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Figure 5. Cavl upregulation decreases Stat3 activity and induces apoptosis through the scaffolding domain
A:NIH3T3 and B: MCF7 cells were transfected with the cavl-mRFP or GFP-cav1, or CSD-cavImRFP (expressing the scaffolding
domain mutant) plasmids. Lysates were prepared at different densities and Western blots probed for Stat3-ptyr705 or cavl. Note the
cavl-mRFP or GFP-cavl bands (at 55kDa), indicating cav1-mRFP or GFP-cav1 expression, which corresponds to a decrease in Stat3-
ptyr705 levels. Bottom band represents endogenously expressed cavl.

cavl overexpression induces apoptosis

C: MCF-7 cells were transfected with the cavImRFP or CSD-cavImRFP plasmids. Cells were selected with G418. Apoptosis were

examined by TUNEL staining.
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Over expression of cavl scaffolding domain mutant (CSD) does not induce apoptosis

D: MCEF-7 cells were transfected with the cavImRFP or SCD-cavlmRFP plasmids. Cells were selected with G418 and stable clones
were photographed under phase contrast (panels a, ¢) or fluorescence illumination (panels b,d). Note the changes in morphology in a-
b, indicating apoptosis. Magnification:240x.

E: NIH3T3 cells were transfected with the EGFP-cavl1 plasmid, or EGFP as a control. 48 hours later cells were photographed under
phase contrast (panels a,c) or fluorescence illumination (panels b,d). Note the changes in morphology, indicating apoptosis.
Magnification: A:140x B: 240x (panels e, f).

Stat3C co-expression rescues cells from cavl-induced apoptosis.
F: NIH3T3 fibroblasts were co-transfected with the EGFP-cav1 and Stat3C plasmids. 96 hours later cells were photographed under
phase contrast or fluorescence illumination. Note the normal morphology, indicating absence of apoptosis. Magnification: 240x .

Downregulation of Stat3 upregulates cavl levels.

G: HeLa cells were infected with adenoviral constructs coding for a Stat3 siRNA (Adenovirus Stat31) or a control vector coding for a
scrambled version of the Stat3 siRNA gene (Adenovirus Stat3sc). Cell lysates were prepared approximately 36 hours after infection
and the Western blots were probed for phospho-Stat3, total cavl and tubulun as loading control. The Stat3i adenovirus vector
effectively downregulated Stat3-ptyr705. This decrease in pStat3 corresponds to a significant increase in cavl expression.

Figure 6
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Figure 6. Immunohistochemical staining of a human breast carcinoma TMA: Representative positive and negative cores. Sections are
6 microns thick and tissue was formalin fixed and paraffin embedded. Antibodies used include Her-2/neu, MDM-2, p21, p53, pan
Stat3 and pY705 Stat3. Arrows indicate select positive cells for MDM-2 and p21.
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Title: Reciprocal regulation of Stat3 and caveolin-1 in normal fibroblasts and breast
carcinoma lines

Abstract:

Membrane tyrosine kinases known to activate the signal transducer and activator of
transcription-3 (Stat3) concentrate in caveolae, where they are sequestered in an inactive state
through binding to the main caveolae protein, caveolin-1 (cavl). We previously demonstrated
that cell-to-cell adhesion can cause a dramatic increase in Stat3 activity in cultured cells.
Therefore, to examine the effect of cavl upon Stat3, experiments were conducted at several
confluences. Our results indicate that cav-1 downregulation through expression of anti-sense or
shRNA constructs or treatment of cells with the pharmacological inhibitor, methyl-cyclo-dextran
which destroys caveolae, activates Stat3 as well as Erk1/2, at all densities. Conversely, cavl
overexpression downregulates Stat3 and induces growth retardation or apoptosis in NIH3T3
fibroblasts and in breast cancer lines. In all cases, apoptosis was inhibited by co-expression of
the constitutively active form of Stat3, Stat3C. Taken together, these findings point to cavl as an
inhibitor of Stat3 activity. In addition, it was previously demonstrated that cavl upregulates p53,
although the exact mechanism is unclear. Since Stat3 is known to inhibit p53 transcription
through promotor binding, these data also point to the possibility that cavl upregulation may, in
fact, activate p53 through Stat3 inhibition. Our results further demonstrate for the first time that,
in a feedback loop, Stat3 inhibition results in a dramatic increase in cavl levels, indicating that
Stat3 also downregulates cavl expression. The above findings reveal the presence of a potent,
negative regulatory loop between cavl, p53 and Stat3 that plays a crucial role in cellular
survival.
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Title: Activated phosphatidylinositol-3 kinase: An oncogene that increases gap
junctional communication

Gap junctional, intercellular communication (GJIC) is blocked in cells transformed by
oncogenes such as the middle Tumor antigen of polyoma virus (mT), an oncoprotein which
associates with, activates and is tyrosine-phosphorylated by cSrc family members. Specific mT
phosphotyrosines provide docking sites for the phosphotyrosine binding (PTB) domain of Shc
(mT-tyr250) and the SH2 domain of the phosphatidylinositol 3-kinase (PI-3k, mT-tyr315),
resulting in the activation of their downstream signaling cascades, Ras/Raf/Erk and PI-3
kinase/Akt, respectively.

To examine the effect of these mT-initiated pathways upon gap junctional
communication and neoplasia, GJIC was assessed in mT-mutant-expressing, rat liver epithelial
T51B cells which normally have extensive GJIC, using a novel technique of in situ
electroporation we developed. The results show that although even low levels of wt-mT are
sufficient to interrupt gap junctional communication, GJIC suppression still requires an intact
tyr250 site, that is activation of the Ras pathway. In sharp contrast, activation of the PI-3 kinase
pathway is definitely not required for GJIC suppression. It is remarkable that T51B cells
expressing a mutant deficient in binding of Shc, hence activation of the Ras pathway, are still
morphologically transformed and do grow into tumors in syngeneic rats, albeit with an altered
morphology. These results indicate that GJIC suppression requires Ras but not PI-3 kinase/Akt
signalling, and is independent of full neoplastic conversion in rat liver epithelial cells.

Since PI3k activation by mT increases GJIC, we examined whether PI3k might have a
positive ole upon GJIC. The results showed that PI3k pharmacological inhibition eliminates
GJIC, concomitant with apoptosis induction. We next expressed a form of PI3k rendered
constitutively active through the addition of a myristylation signal (myr-PI3k). The results
demonstrated that myr-P13k causes an increase in GJIC. Therefore P13k, although in an
activated form it can act as an oncogene, it plays a positive role upon gap junctional, intercellular
communication.
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Title: Differential effects of polyoma virus middle tumor antigen mutants upon gap
junctional, intercellular communication.

Gap junctions are channels that connect the cytoplasm of adjacent cells. Gap junctional,
intercellular communication (GJIC) is blocked in cells transformed by oncogenes such as the
middle Tumor antigen of polyoma virus (mT), an oncoprotein which associates with and is
tyrosine-phosphorylated by cSrc family members. Specific phosphotyrosines provide docking
sites for the phosphotyrosine binding domain of Shc (mT-tyr250) and the SH2 domain of the
phosphatidylinositol 3-kinase (mT-tyr315), resulting in the activation of their downstream
signaling cascades, Ras/Raf/Erk and PI1-3 kinase/Akt, respectively.

To examine the effect of these mT-initiated pathways upon gap junctional
communication and neoplasia, GJIC was assessed in mT-mutant-expressing, rat liver epithelial
T51B cells which normally have extensive GJIC, using a novel technique of in situ
electroporation we developed. The results show that although low levels of wt-mT are sufficient
to interrupt gap junctional communication, GJIC suppression still requires an intact tyr250 site,
that is activation of the Ras pathway. In sharp contrast, activation of the PI-3 kinase pathway is
not required for GJIC suppression. It is remarkable that T51B cells expressing a mutant deficient
in binding of Shc, hence activation of the Ras pathway, are still morphologically transformed and
do grow into tumors in syngeneic rats, albeit with an altered morphology. These results indicate
that GJIC suppression requires Ras but not PI-3 kinase/Akt signalling, and is independent of
neoplastic conversion in rat liver epithelial cells.
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Title: Reciprocal regulation of Stat3 and caveolin-1 in normal fibroblasts and breast
carcinoma lines

Abstract

Membrane tyrosine kinases known to activate the signal transducer and activator of
transcription-3 (Stat3) concentrate in caveolae, where they are sequestered in an inactive state
through binding to the main caveolae protein, caveolin-1 (cavl). Activation of Stat3 has been
demonstrated in breast and other cancers, while a constitutively active form of Stat3, Stat3C, is
able to transform cultured cells, further pointing to an etiologic role for Stat3 in these tumors.
However, the exact mechanism of its activation as well as the role of Stat3 in these tumors,
remain to be determined. Our objective is to examine the effect of cavl upon Stat3.

We previously demonstrated that cell-to-cell adhesion can cause a dramatic increase in
Stat3 activity in cultured cells. Therefore, to examine the effect of cavl upon Stat3, experiments
were conducted at several cell confluences. Our results indicate that cav-1 downregulation
through expression of full-length, anti-sense or ShRNA constructs or treatment of cells with the
pharmacological inhibitor, methyl-cyclo-dextran (MCD) which destroys caveolae, activates Stat3
as well as Erk1/2, at all densities. Conversely, cavl overexpression downregulates Stat3 and
induces growth retardation or apoptosis in NIH3T3 fibroblasts and in breast cancer lines. In all
cases, apoptosis was inhibited by co-expression of the constitutively active form of Stat3, Stat3C.
In addition, it was previously demonstrated that cavl upregulates the tumor suppressor p53,
although the exact mechanism is unclear. Since Stat3 is known to inhibit p53 transcription
through promotor binding, these data also point to the possibility that cavl upregulation may, in
fact, activate p53 through Stat3 inhibition.

Taken together, our findings so far point to cavl as an inhibitor of Stat3 activity. Our
results further demonstrate for the first time that, in a feedback loop, Stat3 inhibition results in a
dramatic increase in cavl levels, indicating that Stat3 also downregulates cavl expression. The
above findings reveal the presence of a potent, negative regulatory loop between cavl, p53 and
Stat3 that plays a crucial role in cellular survival (Figure 1).

Stat3 plays a pivotal role in promoting cancer cell survival, proliferation, invasion and
angiogenesis. We have brought to light a novel pathway leading from E-cadherin engagement to
Stat3 activation and cavl and p53 downregulation, which is a key for the decision between cell
division and apoptosis. Most importantly, this pathway could be a promising target for the
treatment of cancers where inhibitors of tyrosine kinases, such as Herceptin, are ineffective.
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Title: Reciprocal regulation of Stat3 and the caveolae protein, cav-1

Caveolae are cholesterol-rich, flask-shaped invaginations of the plasma membrane with
many roles in the cell, including the regulation of signal transduction. Caveolin 1 (Cav1l) is the
major protein responsible for the organization and maintenance of caveolae microdomains.
Cav1 recruits many receptor and non-receptor tyrosine kinases and through binding to its
scaffolding-domain, Cavl sequesters the kinases in an inactive form, thereby preventing their
involvement in signaling pathways. One important downstream target of many tyrosine kinases
(Src, EGF, PDGF, IL6 and others) is the signal transducer and activator of transcription-3
(Stat3). Stat3 is a cytoplasmic signal transducer which is activated by tyrosine-705
phosphorylation by a number of kinases, then migrates to the nucleus to initiate transcription of
genes involved in cell division and survival. Despite extensive evidence on the role of cavl in
signal transduction, its effect upon Stat3 is still obscure.

We previously demonstrated that cell-to-cell adhesion, as occurs in confluent cultures,
can cause a dramatic increase in Stat3 phosphorylation and activity in cultured cells (Oncogene
23:2600, MBC 16:3832). Therefore, to examine effects upon Stat3, cell density has to be taken
into account. Our results now indicate that cav-1 downregulation through expression of an anti-
sense construct, or treatment with the pharmacological inhibitor, methyl-cyclo-dextran which
removes cholesterol from the membrane and destroys caveolae, caused a strong activation of
Stat3 as well as Erk1/2, at all densities examined. Conversely, cavl overexpression
downregulated Stat3 and induced apoptosis in NIH3T3 fibroblasts both before and after
transformation by the Simian Virus 40 Large Tumor antigen, as well as in HeLa cells. In all
cases, apoptosis was prevented by co-expression of the constitutively active form of Stat3,
Stat3C. Taken together, these findings point to cavl as an inhibitor of Stat3 activity.

It was previously demonstrated that cavl upregulates p53 gene activity. Since Stat3 is
known to inhibit p53 transcription by direct binding to the p53 promotor, these data also point to
the possibility that cavl may, in fact, activate p53 through Stat3 inhibition.

Our results also demonstrate for the first time that, in a feedback loop, Stat3 inhibition
following infection with an Adenovirus vector expressing a Stat3-specific, ShRNA, results in a
dramatic increase in cavl levels, indicating that Stat3 also downregulates cavl expression. Since
p53 also upregulates cavl, and Stat3 blocks the p53 promotor, it is possible that Stat3 may block
cavl simply by downregulating p53, rather than downregulating the cavl promotor directly. The
above findings taken together reveal the presence of a potent, negative regulatory loop between
cavl and Stat3 activity that plays a crucial role in cellular survival. (supported by CIHR, CBCF-
Ontario chapter, US Army breast cancer program NSERC and BCAK).
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Activated Src increases total Rac levels and requires Rac and IL6 for full neoplastic
transformation

Activated Src (vSrc) was previously shown to activate Rac through the exchange factors
Vav2 and Tiam, and to require Rac for neoplastic transformation, but the exact mechanism
remains unclear. Since Src requires the function of the Signal transducer and activator of
transcription-3 (Stat3), a Rac target for transformation, we explored the potential role of the
Rac/Stat3 axis in transformation by vSrc. In fact, we recently demonstrated a dramatic increase
in the activity of Stat3 in breast carcinoma as well as normal epithelial cells and fibroblasts, as a
consequence of cell to cell adhesion (Oncogene 23:2600).
In light of these findings, we revisited the question of the role of Rac and Stat3 in vSrc
transformation. The results showed that, as previously demonstrated, vSrc expressing mouse
fibroblasts had higher Rac activity, at all densities examined. Unexpectedly, our results also
demonstrate for the first time a dramatic surge in total Rac upon Src expression, which was at
least in part responsible for the Stat3 activity increase. Moreover, Rac activation caused an
increase in levels of cytokines of the IL6 family, which was required for Stat3 activation, as
shown by the fact that knockdown of gp130, the common receptor subunit of this family,
reduced Stat3 activation and neoplastic transformation. Besides transformation, the
Rac/IL6/Stat3 axis was required for apoptosis inhibition upon vSrc expression. (supported by
CIHR, CBCF-Ontario chapter, US Army breast cancer program, NSERC and Breast Cancer
Action Kingston).
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Title: Cadherin-cadherin engagement promotes cell survival via Rac/Cdc42 and Stat3

Stat3 (signal transducer and activator of transcription-3) is activated by a number of
receptor and non-receptor tyrosine kinases, while a constitutively active form of Stat3 alone is
sufficient to induce neoplastic transformation. We recently demonstrated a dramatic increase in
the activity of Stat3 in breast carcinoma as well as normal epithelial cells and fibroblasts, as a
consequence of cell to cell adhesion (Oncogene 23:2600). Given the generally accepted,
positive role of Stat3 in proliferation, the Stat3 activity increase observed in confluent cells, that
is when cells do not divide, was an unexpected observation. Interestingly, by plating cells onto
surfaces coated with fragments encompassing the two outermost domains of E-cadherin and
cadherin-11, two members of the classical type | and Il cadherin family of surface receptors,
responsible for the formation of cell to cell junctions, we demonstrated that cadherin engagement
per se can directly activate Stat3, in the absence of cell to cell contact. Examination of the
mechanism of the cadherin-mediated, Stat3 activation unexpectedly revealed for the first time a
dramatic surge in total Racl and Cdc42 protein levels by cadherin engagement, and a
proportional increase in Racl and Cdc42 activity. Therefore, to examine the potential role of
Rac/Cdc42 in the density-dependent, Stat3 activation, the ability of mutationally activated Rac
to activate Stat3 at high cell densities was examined. The results revealed a dramatic increase in
protein levels and activity of both the endogenous Rac and Rac¥*? with cell density, which was
due to inhibition of proteasomal degradation in both cases. In addition, Rac"*?-expressing cells
had higher Stat3, tyrosine-705 phosphorylation and activity levels at all densities, indicating that
Rac¥'? is, in fact, able to activate Stat3. Further examination of the mechanism of Stat3
activation showed that both cadherin engagement and Rac"*? expression caused a surge in
mMRNA of Interleukin-6 (IL6) family cytokines, known potent Stat3 activators. Knockdown of
gp130, the common subunit of this family reduced Stat3 activity in densely growing normal, as
well as in Rac*2-transformed cells, indicating that the IL6 family may be responsible for the
Stat3 activation both by cadherin engagement and Rac mutational activation. Indeed, Rac
knockdown reduced the density-mediated, Stat3 activation, indicating that Rac is responsible for
the Stat3 stimulation observed upon cadherin ligation. Inhibition of cadherin interactions using a
peptide, a soluble cadherin fragment or genetic ablation induced apoptosis, pointing to a
significant role of this pathway in cell survival signalling, a finding which could also have
important therapeutic implications. (supported by CIHR, CBCF-Ontario chapter, US Army
breast cancer program, NSERC and Breast Cancer Action Kingston).
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Title: A novel cadherin-dependent Rac/Stat3 pathway in invasive breast cancer

Stat (signal transducer and activator of transcription) 3 is a transcription factor involved in a
number of signaling pathways activated by receptor and non-receptor tyrosine kinases.
Constitutively active Stat3 alone is sufficient to induce tumorigenesis. We have previously
shown that Stat3 can also be activated by engagement of the epithelial adhesion molecule E-
cadherin (Arulanandam, R. et al., MCR, 2009). An additional novel finding in this study was
that levels of total and activated Racl proteins increase dramatically, thereby causing the Stat3
stimulation. Interestingly, Stat3 expression was independently found to downregulate p53
expression in several epithelial and fibroblast cell lines. These findings suggest a novel
Cadherin/Racl/Stat3-dependent pathway that causes sustained downregulation of p53, resulting
in uncontrolled growth and survival. As a first step to test this hypothesis in human cancer, we
are assessing the expression profiles and localization of these molecules in murine breast
epithelial and carcinoma cell lines, and in human breast cancer tissues. The results revealed that
at low cell density in 2-D culture conditions, E-cadherins and b-catenin showed strong
cytoplasmic and perinuclear localization, respectively. In contrast, at high cell density both
markers showed strong localization to the plasma membrane. On the other hand, a breast
carcinoma cell line showed cytoplasmic staining of pan-cadherin and nuclear staining of b-
catenin under both low and high cell density conditions. Western blotting revealed that levels of
pan and activated (pY705) Stat3, and Racl were increased at high compared to low cell
densities, consistent with a cadherin-dependent activation of this pathway. We are currently
extrapolating these findings to a 3-D culture model in which mammary epithelial cells (EPH4)
form acini-like spheroids with hollow lumen surrounded by a well-polarized outer layer of cells
that is in direct contact with matrix. Under these conditions, total Stat3 levels are sustained for 4-
6 days followed by a transient increase in cyclin D1 expression. We are also performing
immunohistochemical analyses of these molecular biomarkers on a cohort of human breast
cancer tissues (n=59) to test associations of protein expression profiles in human cancer.
Preliminary results have shown increased expression of active Stat3 in breast tumours compared
to normal mammoplasty tissues. In addition, increased expression of p53 was observed in a
subset (17%) of these breast cancers. Detailed ARIOL imaging analysis are currently in progress
to evaluate relative expression levels and associations of Stat3 and p53 in breast cancer tissues.
Our findings suggests a novel pathway by which Stat3 activation causes a dramatic decrease in
p53 levels, resulting in increased proliferation and survival of cancer cells. (Supported by US
Army breast cancer program, CIHR and CBCRA).
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Abstract

Neoplastic transformation by a number of oncogenes such as Src suppresses gap junctional,
intercellular communication (GJIC). However, the role of Src upon GJIC in small cell lung
cancer (NSCLC) has not been defined. Immunohistochemical analysis revealed high Src activity
in NSCLC biopsy samples compared to normal tissues. Here we explored the potential effect of
Src upon GJIC in a number of NSCLC lines, by assessing the levels of tyr418 phosphorylated
Src. Gap junctional communication was examined by electroporating a fluorescent dye into cells
grown on a transparent electrode, followed by observation of the migration of the dye to the
adjacent, nonelectroporated cells under fluorescence illumination. The results demonstrate a
dramatic increase in the levels of connexin-43, a ubiquitous gap junction protein with cell
density in normal cells. However, the majority of cell lines examined (11/13) had low GJIC even
at high densities. An inverse relationship between Src activity levels and GJIC was observed in
the majority of cell lines; in four lines with high Src activity gap junctional communication was
absent (A549, CALU-1, CALU-6 and SW-900), while two lines with extensive GJIC (QU-DB
and SK-LuCi-6) had high GJIC levels. Nevertheless, additional factors must be responsible for
gap junction closure, since Src inhibition did not restore GJIC in the four lines with high Src
activity, while two other lines had no GJIC despite the fact that Src-ptyr418 levels were very low
(BH-E, LC-T). Src effector pathways leading to GJIC suppression include the Ras/Erk and Cas,
that is their inhibition reinstates GJIC in Src-expressing cells. We examined the role of a distinct
Src effector, Stat3. The results demonstrate that Stat3 inhibition in cells expressing high Src
levels, or in cells where GJIC was suppressed through exogenous Src transduction, did not
restore GJIC. On the contrary, Stat3 downregulation in normal lung epithelial or in the NSCLC
lines displaying extensive GJIC suppressed junctional permeability. Taken together, these
findings demonstrate that although Stat3 is generally growth promoting and in an activated form
it can act as an oncogene, it is required for gap junctional communication both in normal
epithelial cells and in certain tumor lines that retain extensive communication.



Introduction

Gap junctions are plasma membrane channels that provide a path of direct
communication between the interiors of neighboring cells. They are formed by the connexin (Cx)
family of proteins. An increase in cell proliferation correlates with a reduction in gap junctional,
intercellular communication (GJIC, reviewed in [33]. In fact, a number of oncogenes such as v-
Src [20], the polyoma virus middle Tumor antigen (mT [9,27], the activated chaperone Hsp90N
[17], vRas [8,10] and others have been shown to interrupt junctional communication.

A body of evidence has indicated that expression of the Src tyrosine kinase leads to gap
junction closure, through phosphorylation of the ubiquitous connexin, Cx43. Src exerts its effect
either through direct tyrosine phosphorylation of Cx43, or indirectly, through activation of the
Erk1/2 or Protein kinase C family kinases that phosphorylate Cx43 at Ser/thr (reviewed in [25].
Examination of levels of tyr-418 phosphorylated, ie activated Src in a number of Non Small Cell
Lung Cancer (NSCLC) biopsies previously showed the presence of higher Src activity than the
surrounding, non tumor lung tissue [22,40]. However, the effect of Src upon GJIC and its
contribution to GJIC suppression in NSCLC lines and tissues that may express other oncogenes
in addition to Src, remains to be determined.

The Signal Transducer and Activator of transcription-3 (Stat3), is a cytoplasmic
transcription factor and an important Src downstream effector. Following phosphorylation on
tyr-705 by Src, as well as by Growth factor or cytokine receptors, Stat3 normally dimerises
through a reciprocal SH2 domain-phosphotyrosine interaction and translocates to the nucleus,
where it induces the transcription of specific genes [39]. Examination of Stat3 levels in a
number of cultured NSCLC lines demonstrated that Src is a major Stat3 activator in these cells,
transducing signals from EGFR and IL6 that lead to apoptosis inhibition [29]. However, we and
others previously demonstrated that cell to cell adhesion caused by confluence of cultured cells
causes a dramatic increase in Stat3 activity levels [26], therefore cell density has to be taken into
account in the examination of the effect of different factors upon Stat3 activity. In the present
report this was achieved by assessing Stat3 activity levels at a range of densities.

We previously assessed GJIC in a number of lung cancer lines [31]. In this work GJIC
was examined using an apparatus where cells were grown on a glass slide, half of which was
coated with electrically conductive, optically transparent, indium-tin oxide. An electrode was
placed on top of the cells and an electric pulse which opens transient pores on the plasma
membrane was applied in the presence of the fluorescent dye, Lucifer yellow. The dye
penetrates into the cells growing on the conductive part of the slide, and its migration through
gap junctions to the non-electroporated cells growing on the non-conductive area is then
microscopically observed under fluorescence illumination. Although this technique is adequate
for a number of lines, the turbulence generated as the electrode is removed can cause cell
detachment, which makes GJIC examination problematic. In the present communication we
revisited the question of GJIC levels in lung cancer lines using an improved technique, where the
upper electrode is eliminated. This approach is valuable for the electroporation of tumor-derived
lines especially at high densities, when cell adhesion to the substratum may be weak.
Interestingly, the results revealed that cell density per se triggers a dramatic increase in both
Cx43 levels and GJIC. Two NSCLC lines, QU-DB and SK-LuCi-6 were found to have extensive
GJIC, similar to control, normal lung epithelial cells, while GJIC in 9 other lines, such as A549
was very low or undetectable. Investigation of the mechanism of gap junction closure revealed
an inverse relation between Src activity levels and GJIC in the majority of cell lines. However,



two lines with low Src activity (BH-E, LC-T) had no GJIC, indicating that other oncogene(s)
may be responsible for gap junction closure in these lines. Further examination of the
mechanism of GJIC suppression led to the discovery that, unlike Ras inhibition in Src-
transformed fibroblasts [19], Stat3 inhibition in A549 cells that have high Src activity, or in Src-
transduced, SK-LuCi-6 cells, does not restore GJIC. On the contrary, Stat3 inhibition in
NSCLC cells displaying extensive GJIC (QU-DB, SK-LuCi-6) suppressed junctional
permeability, indicating that Stat3 function is actually required for the maintenance of gap
junction function in these lung cancer lines.

Materials and methods
Examination of gap junctional communication

To examine gap junctional communication by in situ electroporation, it is important to be
able to reliably distinguish cells that were loaded with Lucifer yellow directly by electroporation,
from cells that received the dye from neighbouring cells by diffusion through gap junctions. This
was achieved using a slide where a 3 mm-wide strip of ITO had been removed by etching with
acids, leaving two co-planar electrodes, supported by the same glass slide substrate [2]. In a
further improvement (Fig. 1), the coating was removed from the glass surface in lines of ~20 um
wide, to define electrode and non-conducting regions. Etching was done using a laser beam, so
that the nonconductive glass underneath is exposed. It was important to ensure that only the
800A coating was removed, without affecting the glass, so that cell growth would be unaffected
across the line. This was achieved with a UV laser operating at a 355 nanometer wavelength
using approximately 1 watt of output power with 60% of the energy delivered to the surface of
the glass. The beam was manipulated by mirrors on a pair of galvanometers to produce the
desired pattern.

To form the two electrodes, the coating was removed in a straight line in the middle [2].
A dam of nonconductive plastic [3] was bonded onto this line, to divert the current upwards, thus
creating a sharp transition in electric field intensity between electroporated and non-
electroporated sections. To provide areas where the cells are not electroporated, the ITO was
also removed in two parallel lines ([4], [4a]). A plastic chamber was bonded onto the slide, to
form a container for the cells and electroporation solutions [5]. Current flows inwards from each
contact point [6 and 6a], via a conductive highway under the well [5] electroporating cells in
area [d] then over the barrier ([8], arrowheads) to the other side, in area [a]. In this configuration,
cells which acquired LY by electroporation (growing in [a] and [d]) and cells into which LY
traveled through gap junctions ([b] and [c]) both grow on ITO, separated only by a laser-etched
line of ~20 pm. Extensive experimentation showed that in this setup the electroporation intensity
is uniform across the electroporated area (Fig. 2B and Fig. 3).

Cells were plated in the chamber and when they reached the appropriate density (90%
confluence, to 5 days post-confluence), the growth medium was replaced with Calcium-free
DMEM supplemented with 5 mg/ml Lucifer yellow [7]. The slide/chamber was placed into a
holder where electrical contacts were established and a set of electrical pulses delivered to the
cells. Extensive experimentation indicated that 10 pulse pairs, each pulse of 18 volts peak value,
100 ps length and spaced 0.5 seconds apart, with one of each pair having a polarity opposite to
that of its partner gave optimal results. Following a 5 min incubation at 37°C, the unincorporated
dye was washed with Calcium-free DMEM supplemented with 10% dialysed fetal calf serum
and cells observed and photographed under fluorescence and phase contrast illumination.



Cell lines, culture techniques and Stat3 inactivation

All cells were grown in DMEM with 10% fetal calf serum. Confluence was estimated
visually and quantitated by imaging analysis of live cells under phase contrast using the MCID-
elite software (Imaging Research, St. Catharine’s Ont.). Stat3 was inactivated using two
approaches: (1). Treatment with 50 uM CPA7 [PtCI3(NO,)(NH3)2] [21] for 24 hrs (2).
Expression of shRNA, delivered with a lentivirus vector [15]. Stat3 transcriptional activity was
measured as described, by transient transfection of the pLUCTKS3 construct [32]. As a control,
cells were co-transfected with the reporter pRLSRE, which contains two copies of the serum
response element (SRE) of the c-fos promoter, subcloned into the Renilla luciferase reporter,
pRL-null (Promega) [34]. The firefly and Renilla luciferases utilize different substrates and thus
can be assayed independently in the same lysates using this kit. Following transfection, cells
were plated to different densities and luciferase activity determined. Western blotting was
conducted as before [18] on proteins extracted from cell pellets, using antibodies to Cx43 (a
generous gift of Dr. Elisavet Kardami, University of Manitoba), Hsp90 (Stressgen #SPA-830)
GAPDH (---), or tubulin as loading controls, followed by secondary antibodies and ECL
reagents, according to the manufacturer’s protocol (Biosource).

Cells were cultured from surgically explanted tumors as previously described [31].

Src was inactivated using 3 approaches: Dasatinib (???), PD180970 (0.2 uM with
redosing every 12 hours for a total of 24 hours), or SU6656 (5uM for 24 hrs).



Results

Cell density modulates GJIC and connexin-43 protein levels

A number of reports showed that gap junction function is dependent upon cell to cell
contact and the assembly of adherens junctions [14,37]. Since the opportunity for cell to cell
adhesion is expected to increase with cell density, we examined the effect of cell density upon
GIJIC. To this effect, we at first took advantage of the normal mouse lung type II line, E10 that
has extensive GJIC, an even and flat morphology and good adhesion to the substratum even at
high densities [36] (Fig. 2A). Cells were plated in electroporation chambers and when 90%
confluent or at 3 days post-confluence Lucifer yellow was electroporated and the movement of
the dye through gap junctions observed under fluorescence and phase contrast illumination (see
Materials and Methods). The results revealed that, although cells at 90% confluence did display
some gap junction transfer (Fig. 2B, a-b, GJIC ~1.5), GJIC increased to ~6 at 3 days post-
confluence (Fig. 2B, c-d), while at intermediate densities GJIC displayed intermediate values.
These results indicate that confluence beyond 100% causes a dramatic increase in GJIC.

We next examined the levels of Cx43, a widely expressed gap junction protein, at
different cell densities. Cells were plated in plastic petri dishes at a confluence of 40% and at
different times thereafter, up to 5 days post confluence (Fig. 2A), total protein extracts were
probed for Cx43 by Western blotting. To ensure that the growth medium was not depleted of
nutrients, it was changed every day. As shown in Fig. 2C (top panel), cell density caused a
dramatic increase in Cx43 levels, which plateaued at ~3 days post-confluence (lane 5). To further
examine the importance of time of cell to cell contact required to form the gap junctions, we
repeated the experiment by plating different numbers of cells (0.4x10°, 0.6 x10°, 1.1 x10° or 1.5
x10° per 3 cm petri, respectively), so that they would reach densities equivalent to 80% and 3, 4
and 5 days postconfluence, respectively after 36 hrs, and at that time Cx43 levels were examined.
As shown in Fig. 2D, very similar results were obtained, indicating that it is the extent of cell to
cell contact, regardless of time in culture beyond 36 hrs, that is responsible for the increase in
Cx43 levels with cell density.

GJIC and connexin-43 in NSCLC lines or freshly explanted tumor cells

In light of the above findings, we examined GJIC levels at different densities up to 4 days
post-confluence in a panel of human lung cancer lines [31]. As shown in Table I, two NSCLC
lines, QU-DB and SK-LuCi-6 had extensive GJIC (6.3 and 6.5, respectively, Fig. 3A and Table
I) which increased with density, while 11 other NSCLC lines had very low GJIC even at high
densities (e.g. A549, Fig. 3B and Table I). In addition, primary cells explanted and cultured
from a poorly differentiated adenocarcinoma had no GJIC. Interestingly, fibroblasts cultured
from the same tumor had extensive communication, as expected for normal cells, although they
constitute parts of the same tissue (Fig. 4). Primary cells and fibroblasts, freshly explanted from
two other tumor specimens (a moderately differentiated adenosquamous carcinoma and
adenocarcinoma, respectively) gave similar results (not shown).

Examination of Cx43 levels in the lung cancer lines by Western blotting showed that
QU-DB cells had levels similar to E10, which increased dramatically with cell density, while
Cx43 levels in A549 cells were undetectable (Fig. SA). SK-LuCi-6 cells had levels similar to
QU-DB, while all other NSCLC lines examined had very low Cx43. The above data taken
together indicate that, besides normal epithelial cells, cell density causes a dramatic increase in



GJIC and Cx43 protein levels in two lung carcinoma lines which have extensive GJIC.
Nevertheless, the majority of lung cancer lines examined (11/13) had very low or no detectable
communication, even at high cell densities (Table I).

Src activity and GJIC suppression in lung cancer lines

Src was previously found to be overexpressed in a number of lung cancer biopsy samples
compared to normal tissues [22,40]. As a first step in the elucidation of the potential effect of
Src upon GJIC in NSCLC, we assessed Src levels in the NSCLC lines. In fact, it has been
previously reported that cell to cell adhesion may dramatically increase the activity of a
prominent Src effector, Stat3 ([32], reviewed in [26]). For this reason, we examined Src activity
at different densities from 50% of confluence up to 7 days post confluence, the densities where
Stat3, tyr705 phosphorylation and activity was previously shown to be upregulated in a large
number of lines [35]. Extracts from cells grown to different densities were probed for the tyr-
418 phosphorylated form of Src which correlates with its activity using a phospho-specific
antibody. As shown in Fig. 5 (B-D), Src-ptyr418 levels in A549 cells were high, similar to the
levels in vSrc-transformed E10 (panel D, lanes 1 vs 3), while levels in QU-DB cells were low,
similar to E10 (panel C, 3 vs 8). Interestingly, cell density had no effect upon Src-ptyr418 or
total Src protein levels in A549 or QU-DB cells (panel B, 1-4 and 5-8) or any other line
examined, indicating that density does not affect cSrc activity in these cells.

We next examined Src-ptyr418 levels in the NSCLC lines. As shown in Fig. 5C, lines
CALU-1, SW-900 and CALU-6 had Src levels similar to A549, and LC-T, BH-E and SK-LuCi-6
had low levels, similar to QU-DB. Examination of gap junctional communication revealed that
five lines with high Src-ptyr418 had no detectable GJIC (CALU-1, SW-900, CALU-6, A549),
consistent with the known Src effect of GJIC suppression. In addition, two lines with high GJIC
(QU-DB and SK-LuCi-6) had undetectable Src-418 levels. Taken together, these data point to
an inverse relationship between Src activity levels and GJIC. However, two lines with very low
Src-418 levels (LC-T and BH-E) had undetectable GJIC levels indicating that possibly other,
Src-independent factors may be responsible for gap junction closure in these lines. Primary cells
from the three tumors were found to have high Src activity, as shown before for biopsy tissues,
while tumor-derived fibroblasts had low levels, similar to E10 (not shown).

To further explore the contribution of activated Src upon GJIC suppression, Src was
downregulated with the Src-selective, pharmacological inhibitors Dasatinib, PD180970 or
SU6656 [34] in A549 cells (see Materials and Methods). As shown in Fig. 5D, Dasatinib
treatment caused a dramatic reduction in Src-ptyr418 levels. However, Src inhibition did not
produce any detectable increase in GJIC. Similar results were obtained following treatment with
PD180970 and SU6656, and with CALU-1 and CALU-6 cells (not shown). These findings
indicate that possibly other oncogenes besides Src, or other factors may be important
contributors to GJIC suppression in these lines.

Stat3 is a positive regulator of GJIC in lung cancer lines

The mechanism of GJIC suppression in A549 cells was examined further. Previous
results indicated that downregulation of the cRas protooncogene product in vSrc [19]- or mT
[11]-transformed fibroblasts restores GJIC, underlining the importance of the Ras pathway in
GJIC reduction by activated Src. Stat3 is at the core of another pathway emanating from the Src
kinase. To explore the potential contribution of Stat3 to the Src-induced suppression of gap
junctional communication, we at first examined the correlation between Src-ptyr418 and Stat3-



ptyr705 levels in 9 NSCLC lines. As shown before for a number of cell types [26], density was
found to cause an increase in Stat3-ptyr705 levels in A549 cells (Fig. 5B), therefore Stat3-
ptyr705 levels were assessed at a range of densities in all cell lines. The results showed elevated
Stat3-ptyr705 levels in lines with high Src-ptyr418 (A549, also CALU-1, SW-900 and CALU-6),
indicating that Src may be an important Stat3 activator in these lines. At the same time, QU-DB,
SK-LuCi-6 and BH-E had low levels of both Src-ptyr418 and Stat3-ptyr705. However, line LCT
had undetectable Src-ptyr418 levels, although Stat3-ptyr705 was high, indicating that other, Src
independent factor(s) may be responsible for the Stat3-ptyr705 increase in this line.

To examine the contribution of Stat3 to GJIC suppression by Src, we assessed the effect
of Stat3 inhibition upon GJIC in cells that express high Src activity levels (A549, CALU-1, SW-
900 and CALU-6). As shown in Fig. 5E, treatment with the Stat3 inhibitor, CPA7 for 24 hrs
[21], or expression of a Stat3 specific, shRNA, essentially eliminated Stat3, tyr705
phosphorylation in this line. Unexpectedly however, CPA7 treatment (Fig. 3A, d-f), or
expression of the sh-Stat3 lentivirus vector (Fig. 3A, g-i) did not increase junctional permeability
in A549 cells (Table II). Similar results were obtained with CALU-1, SW-900 and CALU-6
cells. The above data taken together indicate that the high Stat3 activity, which could be, at least
in part, due to high Src activity levels, cannot be solely responsible for the lack of junctional
communication in A549, lung carcinoma cells.

As Src inhibition experiments showed (Fig. 5D), A549 cells may express other
oncogenes besides Src, which may contribute to gap junction closure. To examine the role of
Stat3 in the Src-mediated, GJIC suppression, we expressed Src in SK-LuCi-6 cells which have
low Src-ptyr418 levels and extensive GJIC, using a retroviral vector [24]. As expected, Src
expression disrupted gap junctional permeability. Subsequent Stat3 inhibition with CPA7 or
shRNA did not restore GJIC, in keeping with the data from A549 cells (Table II). The above
findings taken together indicate that Stat3 cannot be part of a pathway leading to Src-induced,
gap junction closure in SK-LuCi-6-Src cells.

We then explored the potential importance of Stat3 function in the maintenance of gap
junctional permeability, by assessing the effect of Stat3 inhibition upon GJIC levels in QU-DB
cells which have low Src activity and extensive GJIC. Unexpectedly, as shown in Fig. 3A, Stat3
downregulation through CPA7 treatment essentially abolished GJIC in QU-DB cells. Reduction
of Stat3 levels through infection with the sh-Stat3 lentivirus vector gave similar results (panels g-
1). Stat3 downregulation in SK-LuCi-6 cells also caused a dramatic decrease in GJIC (Table II).
The above data taken together reveal that, rather than increasing GJIC, Stat3 inhibition
eliminates junctional permeability, that is Stat3 activity is actually required for gap junction
function, in two cultured lung carcinoma lines which display extensive GJIC.

Discussion

Extensive data demonstrated that oncogenes such as mT, Src or Ras can suppress gap
junctional, intercellular communication [9,10]. Moreover, it was shown that lower levels of these
gene products were sufficient to interrupt gap junctions than the levels necessary for full
transformation [12,27], indicating that a decrease in junctional communication may be an early
event in neoplastic conversion. In this communication we explored the correlation between the
activity of Src, the prototypical oncogene known to be hyperactive in NSCLC, and GJIC in
normal epithelial, in established lung cancer lines as well as in cultured primary lung tumor cells,
using an improved procedure for GJIC examination. Our results indicated that cell density per se
increases both GJIC and connexin 43 levels. Still, the majority of the lines tested (11/13) had
very low or no GJIC even at high densities.



Src may suppress GJIC in certain cell lines and primary tumor cells

Given the significance of density in GJIC assessment, to measure the impact of Src upon
GJIC we at first examined the effect of density upon Src activity. We and others previously
demonstrated that cell confluence induces a dramatic increase in the activity of the prominent Src
effector, Stat3 [26,34,35]. Interestingly, our results revealed the absence of an increase in Src
protein levels or activity with cell density in NSCLC lines, which implies that, although Src is a
known potent Stat3 activator, other kinase(s) must be responsible for the density-induced
increase in Stat3-ptyr705 levels. In fact, our previous data demonstrated that in HC11 mouse
breast epithelial cells, engagement of the E-cadherin, cell to cell adhesion molecule, causes a
dramatic increase in the levels of the cellular Rac GTPase. This leads to an increase in the levels
of interleukin-6 (IL6) family cytokines, potent Stat3 activators [6,7]. Whether the Rac/IL6 axis
is responsible for the density-induced, Stat3 upregulation in the lung carcinoma lines as well is
currently under investigation.

Examination of Src activity in the NSCLC lines revealed an inverse correlation between
Src, tyr418 phosphorylation levels and GJIC. Although the number of samples is too low to
allow statistical correlations, since Src is known to suppress gap junctional communication in
cultured cells such as rodent fibroblasts, it is tempting to speculate that Src may be responsible,
at least in part, for gap junction closure in these lines. Still, Src inhibition did not restore GJIC in
three lines with high Src activity, A549, CALU-1 and CALU-6, indicating that, in addition to
Src, these cells may express other factors responsible for GJIC closure. Furthermore, two lines
with low Src-ptyr418 levels (BH-E, LC-T) had no detectable communication, indicating that
other, Src-independent factors may be responsible for the lack of GJIC in these lines.

We also examined GJIC in freshly explanted, primary cells from 3 NSCLC specimens.
Since the senescence process can reduce or abolish GJIC [38], cells were plated in
electroporation chambers immediately after surgery at densities of ~80%, so that they would
reach confluence within 1-2 days and GJIC examined every day for up to 10 days. No gap
junctions were ever detected in any of the preparations. Src-418 levels were high in cells from
all three tumor specimens, indicating that Src may have played a role in GJIC suppression.
However, the possibility that the initiation of the senescence process even a day after surgery
may have affected GJIC cannot be excluded.

Stat3 does not transmit Src signals to gap junction closure

Several signal transducers besides Stat3 are known to be downstream effectors of the Src
kinase such as Ras/Raf/Erk, PI3k/Akt the Crk-associated substrate (Cas) and others [1].
Constitutively active Ras is neoplastically transforming and can suppress GJIC [10,12].
Similarly, constitutively active Stat3 can transform established lines [23], but the effect of Stat3
upon GJIC in NSCLC is unknown. Examination of the mechanism of Src-mediated, GJIC
suppression previously indicated that inhibition of Ras in Src-transformed, rat fibroblasts
reinstated gap junctional permeability, despite the fact that Cx43 was phosphorylated [19].
Conversely, mT expression in Ras-deficient cells did not suppress GJIC [11]. These data taken
together indicate that Ras signalling is part of a Src-induced pathway leading to GJIC
suppression. Similarly, it was shown that Cas is required for the Src-induced, reduction in gap
junctional communication [28]. In sharp contrast, our present data demonstrate that Stat3
inhibition in A549 cells did not restore GJIC. It is certainly possible that other oncogenes
present are responsible for the GJIC suppression, since inhibition of Src itself did not restore



GJIC. However, the fact that Src expression in SK-LuCi-6 cells eliminated GJIC, and that
communication was not reinstated by Stat3 inhibition, shows that a role of Stat3 in the Src-
induced, GJIC suppression in these cells is unlikely.

Stat3 plays a positive role in gap junctional communication

The fact that cell density upregulates Stat3 concomitant with an increase in both Cx43
and GJIC prompted us to explore a potential positive role of Stat3 upon GJIC. Interestingly,
Stat3 inhibition in two NSCLC lines which exhibit extensive GJIC (QU-DB, SK-LuCi-6)
abolished junctional permeability, indicating that Stat3 plays a role in the maintenance of GJIC
function. This conclusion is in agreement with a previous report indicating that Stat3 inhibition
eliminated GJIC in normal rat liver epithelial cells as well [15]. Taken together, these findings
demonstrate that although Stat3 is generally growth promoting and in an activated form it can act
as an oncogene, it is required for gap junctional communication both in normal epithelial cells

and in certain tumor lines that retain GJIC. The possible role of Stat3 in the GJIC and Cx43 increase is
currently under investigation.

Our data also show high Stat3 activity in four NSCLC lines (A549, CALU-1, CALU-6,
SW-900) presumably, at least in part, due to the high Src activity. However, despite the fact that
Stat3 promotes GJIC, the Src-mediated, Stat3 activation does not lead to an increase in gap
junctional permeability. This could be due to Cx43 phosphorylation by Src, either directly or
indirectly [25] , so that the net effect of Src expression is gap junction closure.

Results from a number of labs demonstrated that Stat3 activates a number of anti-
apoptotic genes [39]. Induction of apoptosis was shown to lead to a loss of cell coupling,
probably due to caspase-3 mediated degradation of Cx43, in primary bovine lens epithelial and
mouse NIH3T3 fibroblasts [30]. Interestingly, we previously demonstrated that Stat3 inhibition
in cells transformed by Src or the Large Tumor antigen of Simian Virus 40 leads to apoptosis
[4,34], possibly due to activation by Src of the transcription factor E2F family, a potent apoptosis
inducer. Therefore, apoptosis induction brought about through Stat3 downregulation in cells
with high Src may have accentuated gap junction closure.

In a previous report it was shown that Src inhibition increases Stat3 activity in certain
NSCLC lines [13]. However, this was not evident in our system; treatment with Dasatinib,
PD180970 or SU6656 at different concentrations and up to 72 hrs reduced Stat3, ptyr705 levels
in all lines we examined (e.g. Fig. 5D)

The SK-LuCi-6 line originated from a biopsy of a large cell anaplastic lung carcinoma,
which was rapidly metastatic [5]. Assuming that the establishment process did not eliminate
tumor genes, it appears that the oncogenes that were responsible for tumor induction and may
still be expressed in these cells are not able to suppress GJIC. This work may establish a
correlation between Src activity, Stat3 and GJIC that could be important in the development of
chemotherapeutic drugs.
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Table I
GJIC in normal epithelial and lung cancer cell lines

Cell line | Confluence” GJIC?
Normal E10 90% 1.5+0.5
epithelial
100+3d 6+1
Lung cancer QU-DB 90% 1+0.2
lines
100+3d 6.3+1
SK-LuCi-6 90% 1.84+0.2
100+3d 6.5+1
A549 90% 0.1+0.1
100+3d 0
SK-MES 100+3d 0.840.2
SK-Lu-1 100+3d 1.1+0.2
CALU-1 100+3d 0
LC-T 100+3d 0
SW-900 100+3d 0
BHE 100+3d 0
CALU-6 100+3d 0
FR-E 100+3d 0
WT-E 100+3d 0
SW-1573 100+3d 0
SK-LuCi- 100+3d 0
6-Src
Primary’ 100+3d 0
tumor
fibroblasts” 100+3d 5.8+1.2

“Confluence was quantitated by imaging analysis (see Materials and Methods).

PGJIC was assessed by in situ electroporation at the indicated confluence (see Materials and Methods,
Fig. 1). Quantitation was achieved by dividing the number of cells into which the dye had transferred
through gap junctions (denoted by dots), by the number of cells at the edge of the electroporated area
(denoted by stars, Fig. 2B and 3A). Numbers are averages of at least three experiments, where transfer
from more than 200 cells was examined.

"Immediately after surgery, cells were placed in culture and GJIC examined. After 8-10 weeks in culture,

most of the tumor cells had died while the fibroblasts present in the initial suspension predominated.
These cells did not express cytokeratins, contrary to tumor cells.
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Table 11

A. Cells expressing activated Src

Effect of Stat3 downregulation upon GJIC

Cell line Treatment® Stat3P GJIC"
(Y0)
A549 DMSO 93+12 0.5 £0.1
“ CPA7 3+1 0.1 £0.1
“ sh-Stat3 2243 0.1 £0.1
E10-Src DMSO 100+15 0.8 £0.2
CPA7 5+1 0.1 £0.1
sh-Stat3 18+3 0.2 £0.1
SK-LuCi-6- DMSO 100+12 0.6 0.1
Src
«“ CPA7 3+1 0.1 £0.1
sh-Stat3 2243 0.3 0.1
B. Cells with extensive junctional communication
Cell line Treatment Stat3 GJIC
(%)
E10 DMSO 55+11 6.£0.4
“ CPA7 42+1.2 0.2+0.1
“ sh-Stat3 112 1.0+£0.2
QU-DB DMSO 47+11 6.310.4
« CPA7 2+0.5 0.2+0.1
«“ sh-Stat3 843 0.8+£0.2
SK-LuCi-6 DMSO 52410 6.5+1
« CPA7 2.8+1.2 0.3£0.1
« sh-Stat3 162 1+0.2

*Cells were treated with 50 uM CPA7 for 24 hrs, or infected with a lentivirus vector expressing
a Stat3-specific, ShRNA (see Materials and Methods).

P Stat3-tyr705 levels were measured by Western blotting. Numbers represent relative values
obtained by quantitation analysis, with the average of the values for v-Src expressing, E10 cells
taken as 100%. Averages of at least three experiments +SEM are shown. Data from sparsely
growing cells are presented, but the relative increases were the same regardless of cell density
[34]. The transcriptional activity values obtained paralleled the Stat3-705 phosphorylation levels
indicated (Fig. SE, see Materials and Methods).
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YGJIC was assessed as in Table I, at 3 days after confluence.

Figures
Figure 1

The electroporation apparatus
A: Top view

Cells are grown on a glass slide (1), coated with conductive and transparent indium-tin
oxide [ITO, (1a)]. The ITO coating is laser-etched in a straight line in the middle (2), essentially
forming two electrodes. A dam of Teflon (3) is used to divert the current upwards, thus creating
a sharp transition in electric field intensity. A plastic chamber is bonded onto the slide, to form a
container for the cells and LY (5). To provide areas where the cells are not electroporated, the
ITO was also removed in two parallel lines [(4), (4a)]. Current from a pulse generator flows
inwards from each contact point (6 and 6a) to area (d) then over the barrier [(3), arrowheads] to
the other side, electroporating cells in area (a). For clarity, the front part of the chamber is
removed.

B: Side view

The slide (1) with the cells growing on the ITO coated [(1a), light green] and etched, bare
glass regions is shown. When electroporation medium (7) is added to the chamber to a level
above the height of the dam (3) then an electrical path (arrowheads) between the electrodes (6)
and (6a) and the cells (9) growing in this area is formed. Note that the size of the cells and the
ITO layer (1a) are shown exaggerated for clarity although the actual thickness of the ITO (800
A) is much less than the thickness of the cells.

Figure 2
Cell density increases Cx43 levels and GJIC

A. EI10 cells were plated in 3 cm petris, grown to different densities and photographed under
phase-contrast illumination. Magnification: 240x.

B. E10 cells were plated in electroporation chambers and subjected to a pulse in the presence of
Lucifer yellow when 90% confluent (a,b) or 3 days after confluence (c,d). Arrows point to the
position of the edge of the electroporated area. In b and d, stars mark cells loaded with the dye at
the edge of the electroporated area and dots mark cells where the dye transferred through gap
junctions. In d, only cells in the lower part of the photograph were marked, to better visualize
the gradient of fluorescence. Magnification: 220x.
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C. EIO0 cells were plated in 3 cm plates and when they reached the indicated densities,
detergent cell extracts were probed for Cx43 (top) or Hsp90 (bottom) as a control. Arrows point
to the position of Cx43 or Hsp90, respectively.

D. Different numbers of E10 cells as indicated were plated in 3 cm plates and cell extracts
were prepared 24 hrs later and probed for Cx43 (top) or Hsp90 (bottom) as a control. Arrows
point to the position of Cx43 or Hsp90, respectively.

Figure 3

A. Stat3 downregulation eliminates gap junctional permeability in human lung carcinoma
QU-DB cells

QU-DB cells were plated on conductive ITO-coated glass and Lucifer yellow
electroporated following treatment with the DMSO carrier alone (a-c) or CPA7 (d-f), or infection
with the sh-Stat3 lentiviral vector (g-i) (see Materials and Methods). After washing the
unincorporated dye, cells from the same field were photographed under fluorescence (a, d, g) or
phase contrast (b, e, h) illumination. Cells at the edge of the conductive area which were loaded
with LY through electroporation were marked with a star, and cells at the non-electroporated
area which received LY through gap junctions were marked with a dot [27]. Arrows point to the
edge of the electroporated area. c, f, i: Overlay of phase-contrast and fluorescence.
Magnification: 240x.

Note the extensive junctional communication in (D).

B. Stat3 downregulation does not increase gap junctional permeability in human lung
carcinoma A549 cells

Same as above, A549 cells. Note the absence of communication, even after Stat3
downregulation (e, h).

Figure 4

A and B: Cells cultured from a freshly explanted tumor specimen were grown in electroporation
chambers [3] and Lucifer yellow introduced with a pulse. Arrows point to the edge of the
electropoirated area. Note the absence of communication. Magnification: 240x.

C and D: Following growth of the cells for 10 weeks, fibroblasts present in the original cell

suspension predominated. They were plated in electroporation chambers and Lucifer yellow
introduced. Note the extensive communication through gap junctions.
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Figure 5

A: Cell density causes a dramatic increase in Cx43 levels in QU-DB cells.

QU-DB (lanes 5-8) or A549 (lanes 1-4) cells were grown to different densities as
indicated and extracts probed for Cx43 or Hsp90 as a loading control. Note the absence of Cx43
in A549 cells.

B: Cell density does not affect Src levels.

QU-DB (lanes 5-8) or A549 (lanes 1-4) cells were grown to different densities as
indicated and extracts probed for Src-ptyr418, Stat3-ptyr705 or total Src. Note the low levels of
Src-ptyr418 in QU-DB cells.

C: Src-ptyr418 and Stat3-ptyr705 in NSCLC lines.
Cells were grown to 3 days postconfluence and extracts probed for Stat3-ptyr705, Src-
ptyr418 total Src or GAPDH as a loading control, as indicated. Src: Src-transformed, E10 cells.

D: Dasatinib reduces Src-ptyr418 levels in A459 cells:
A549 cells were treated with the Src-selective inhibitor, Dasatinib or the DMSO carrier
alone and cell extracts probed for Src-ptyr418, Stat3-ptyr705 or GAPDH as a loading control.

E: CPAT7 or infection with a vector expressing Stat3 shRNA reduce Stat3-ptyr705 levels:

A549 cells were grown to different densities and treated with the Stat3 inhibitor, CPA7
(lanes 6-8) or the DMSO carrier (lanes 1-5) for 24 hrs and cell extracts probed for Stat3-ptyr705
or tubulin as a loading control. Parallel cultures were infected with a vector expressing a Stat3-
specific, shRNA [16], and stable lines treated as above.

Lower panel: A549 cells were transfected with a plasmid expressing a firefly luciferase
gene under control of a Stat3-responsive promotor (M) and a Stat3-independent promotor driving
a Renilla luciferase gene () (see Materials and Methods). After transfection, cells were plated
to different densities and treated with CPA7 or the DMSO carrier alone for 24 hrs, at which time
firefly and Renilla luciferase activities were determined.
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Introduction — History of viruses and cancer

The discovery of viruses is tightly linked to the most significant advances in Molecular
Cell Biology, including cancer research. Cell division is a fundamental biological phenomenon,
therefore it is not surprising that human cancer is an evolutionarily ancient disease, that attracted
attention in early civilizations. The remains of a 4 million-old fossilized hominid show evidence
of bone tumors (Diamandopoulos, 1996), while some of the oldest written accounts of cancer are
recorded in the code of Hamourabi (1750 BCE), Egyptian papyri (1600 BCE) and others.
Unfortunately, in ancient Egypt knowledge was the realm of priests, so the writings of the time
attributed the etiology of disease to the “will of Gods”. In ancient Greece, medicine was freed
from the bonds of religion; Hippocrates (460-370 BCE) tried to use logical thinking to propose
the humoral theory of cancer and his ideas influenced philosophers and scientists for the next
~1,800 years. During this time, knowledge of Mathematics and Physics was remarkably
advanced; the acoustics of amphitheaters, built in the 5™ century BC are as good as the best of
today’s structures. Still, these amazing minds believed in spontaneous generation of life, a theory
that lasted till Louis Pasteur (1822-1895) who demonstrated that living things cannot be
generated automatically (Javier and Butel, 2008).

In 1892 Ivanofsky and Beijerinck became the fathers of the new field of Virology by
showing that an infectious pathogen of tobacco plants, the Tobacco Mosaic agent, retained
infectivity after passage through filters of unglazed porcelaine, known to retain bacteria (Levine,
2001). These landmark discoveries were quickly followed by the discovery of the first cancer
viruses, the chicken leukemia virus by Ellerman and Bang in 1908, and the Rous Sarcoma virus

in 1911. Since that time, virus research and cancer research have been closely integrated, since



complicated biological problems that constitute the basic mechanisms of life are highly
conserved, since they cannot change radically once solved by evolution. As viruses need to use
the molecular machinery of the host to replicate, they have provided us with valuable tools to
study the host, including mechanisms of cellular replication, ie cancer. Historically, two classes
of viruses, the retroviruses and DNA tumor viruses have been involved in landmark discoveries
in cancer, and have played a fundamental role as models in Molecular Biology, as well as
experimental cancer research.

Early work by Sarah Stewart and Bernice Eddy demonstrated that the mouse polyoma
virus produced in cell culture could cause tumors upon injection in newborn hamsters (Eddy et
al., 1958). Soon thereafter, Vogt and Dulbecco developed tissue culture methods and it was
shown that it could transform normal, cultured cells to acquire properties of cells derived from
polyoma virus-induced tumors, such as growth to many layers, growth in the absence of
anchorage to a solid support and tumorigenicity in syngeneic animals (Vogt and Dulbecco,
1960). At the same time, Simian Virus 40 (SV40) gained notoriety because it was found by
Eddy to be a contaminant of poliomyelitis and Adenovirus vaccines, which had been
administered to millions of healthy individuals worldwide. The public health implications of this
revelation provided the initial impetus for an in depth study of SV40 biology. Later work showed
that SV40 DNA sequences as well as infectious virus are in fact found in human tumors and may
have contributed to oncogenesis. The fact that SV40 uses mostly cellular machinery to carry out
important steps in viral infection, made it into a powerful probe to examine many fundamental
questions in eukaryotic molecular biology.

In addition to their importance in Cell Biology, due to their potent transforming ability,

DNA tumor viruses have been studied extensively. In fact, work on the mechanism of neoplasia



caused by these viruses has yielded a plethora of information on cell growth controls and led to
the discovery of two families of antioncogenes, p53 and the retinoblastoma susceptibility (Rb)

gene products.

Replication of DNA tumor viruses

The DNA tumor viruses belong in the papova (the name is derived from papilloma,
polyoma, Simian Vvacuolating viruses) or Adenovirus families. They all have non-enveloped
particles and both groups are highly tumorigenic in experimental animals.

Polyoma viruses cause disease in a variety of species, with a very limited host range. The
prototype of this group is the mouse polyoma virus, but three polyomaviruses have also been
described in humans: JCV, the etiologic agent of progressive, multifocal leucoencephalopathy, a
fatal demyelinating disease, BKV, causing nephropathy in immunocompromised individuals,
(Hirsch, 2005) and SV40, the contaminant of polio vaccines, whose prevalence in humans is not
clear (Garcea and Imperiale, 2003).

The response of cultured cells to DNA tumor virus infection depends upon the species
being infected. In the case of SV40, monkey cells support the production of infectious virus,
which leads to their death (lytic cycle), whereas rodent cells produce only the early proteins, ie
the proteins expressed before viral DNA replication has commenced in a lytic infection, and
acquire a neoplastically transformed phenotype. Similarly, polyoma virus grows lytically in
mouse cells but transforms rat or hamster cells in culture.

Viruses of the polyoma family have circular dSDNA genomes of approximately 5,000bp,
contained in icosahedral capsids. Their genome contains two coding regions, the early genes,

expressed before viral DNA replication in a lytic infection, and the late genes which are



expressed after viral DNA replication is underway. Both transcription units are regulated by a
common non-coding control region that contains the transcription start sites, binding sites for the
transcription factors and the origin of DNA replication. The early region encodes the
alternatively spliced transforming proteins large T (or Tumor)-antigen and small t-antigen, while
the mouse polyoma virus also expresses a 56kDa middle tumor antigen, which is its main
transforming protein. The late genes encode mostly structural coat proteins (VP1, VP2, VP3,
Figure 1).

In the host species, polyomaviruses spread by lytic infection of permissive cells. Lytic
infection requires the Large T-antigen, a ~100 kDa nuclear phosphoprotein which binds the
origin and is essential for viral DNA replication [reviewed in (Cole, 1995a)]. Polyomaviruses
rely on cellular enzymes for the replication of their DNA, since their genome does not code for
replication proteins. These proteins are confined to the S phase of the cell cycle, and the large T-
antigens modulate cellular signaling pathways by interacting with a plethora of cellular proteins
that promote cell cycle progression into S phase. Due to this property, the Large T-antigens are
also important players in the transformation of virus-infected cells. The most well-known
interaction is the ability of the T-antigens to associate with, and interfere with the functions of
the two tumor suppressor proteins, pRb and p53.

In non-permissive, cultured cells infection is abortive and neoplastic transformation of
the cell may occur. Transformation requires expression of the early region, in particular the large
T-antigen in the case of the human polyoma viruses (Fig. 1). The mouse polyoma middle-tumor
antigen associates with and activates the cellular Src protein, but its Large T antigen is also

important in viral DNA replication, as well as transformation in certain systems. The tumor



antigens are also key players in the highly efficient oncogenesis in vivo by these viruses, ie when
virus is inocculated into animals or when the early region is introduced into transgenic mice.

Adenoviruses have linear dsSDNA’s of approximately 35,000bp enclosed in icosahedral
particles with spikes on the vertices.The human Adenoviruses infect and can grow lytically in
human cells but can cause tumors in rodents and transform a variety of rodent cells in culture.
Their genome is linear, double-stranded DNA of ~35,000 bp with a number of transcription
units. Early after infection at least four promotors are activated (E1, E2, E3, E4), while at late
times there is activation of the major late promotor, coding mostly for a number of coat proteins
(Fig. 2). The Adenovirus early region E1A and E1B genes are important in transformation of
cultured cells and tumorigenicity, but E1A is also required in a lytic infection, for the
transactivation of all other Adenoviral genes. E1A proteins bind the Rb family, while E1B
associates with and inactivates p53. The Adenoviruses display extensive RNA splicing,
therefore it is not surprising that splicing was discovered for the first time in Adenoviruses
[(Broker, 1984), reviewed in (Shenk, 1995)].

The papillomaviruses comprise a group of nonenveloped DNA viruses that induce mostly
benign lesions of the skin (warts) and mucous membranes (condylomas) in humans and animals.
However, some members such as human papilloma viruses 16 and 18 have been implicated in
the development of epithelial malignancies, especially cancer of the uterine cervix and other
tumors of the urogenital tract. The Papillomaviruses are small, nonenveloped, icosahedral DNA
viruses that replicate in the nucleus of squamous epithelial cells. The virion has a single molecule
of double-stranded, circular DNA of approximately 8,000 base pairs. The E6 and E7 are the main
oncogenes of the high-risk HPVs. E7 binds with and inactivates Rb, while E6 binds p53 and

leads to its degradation (Howley and Lowy, 2007)



Interaction of the DNA tumor virus oncogenes with the retinoblastoma family

The demonstration that DNA tumor viruses can cause tumors in animals led to an
intensive investigation into the mechanism of tumor induction. The type of tumor that developed
in an animal following viral inocculation often depended upon the site of injection; early findings
demonstrated that injection of Adenovirus-12 directly into the vitreous body of newborn rats,
mice or baboons induced retinoblastoma-like tumors that expressed Adenovirus gene products
(Kobayashi and Mukai, 1973; Mukai et al., 1977; Mukai et al., 1980; Kobayashi et al., 1982).
However, no Adenovirus or JC polyoma virus was ever found in human retinoblastomas. Still,
Adenovirus research and the development of monoclonal antibodies against the tumor antigens
of these viruses greatly facilitated the identification of cellular proteins specifically binding the
viral oncogenes. One of them was the Rb gene product, whose inactivation was independently
demonstrated to lead to retinoblastoma formation in humans.

Seminal studies on Retinoblastoma by Knudson et al (Knudson, Jr., 1971) laid the
foundation for the tumor suppressor hypothesis. Statistical analysis of age and family history
made him conclude that two independent mutation events are required for retinoblastoma
development. It was later proposed that the two mutations occurred in the two alleles of the same
gene, Rb1 that is, retinoblastoma is a recessive cancer where one abnormal chromosome was
inherited, while the corresponding, wild-type chromosomal segment was lost in the tumor cells
(Godbout et al., 1983; Benedict et al., 1983). Genetic linkage studies demonstrated anomalies on
chromosome 13q14, close to the esterase D locus (Sparkes et al., 1983). Cloning of the
retinoblastoma cDNA followed and it was shown that it encodes a 110 kDa nuclear

phosphoprotein (Lee et al., 1987). Additional studies showed that the Rb1 gene from



retinoblastoma tumors had deletions and mutations, consistent with a model where gene
inactivation ie loss of function leads to tumor formation [reviewed in (Burkhart and Sage,
2008)].

Several groups tried to identify cellular proteins that bind to the E1A gene products.
Branton et al developed a series of anti-peptide antisera and identified several co-
immunoprecipitated proteins, including a doublet of approximately 105 kDa (Yee and Branton,
1985). Most importantly, these proteins could be affinity-purified from uninfected cells using
E1A expressed in bacteria. This observation indicated that the 105 kDa protein(s) was of
cellular, rather than viral, origin. Moreover, their expression did not depend upon Adenovirus
infection, or expression of any viral proteins (Egan et al., 1988). It was further shown that
residues 111-127 and 30-60 of E1A were required for binding to the 105 kDa protein (Egan et
al., 1988). A breakthrough finding followed: A monoclonal antibody was raised using as an
immunogen E1A that had been immunoprecipitated from E1A-expressing, 293 cells, therefore
potentially containing cellular proteins bound to E1A. As it turned out, this antibody recognised
the 105kDa, Rb protein. These data demonstrated that the Rb was, in fact, the 105 kDa, cellular
protein associated with E1A. This observation offered the first demonstration of a physical
association between an oncogene and an antioncogene (Whyte et al., 1988; Lee et al., 1987).
Similar findings emerged on the SV40 system (DeCaprio et al., 1988). Most importantly, it was
soon demonstrated that that TAg mutants that were unable to transform, were unable to bind Rb
(e.g. E107K). These mutants disrupted the sequence LxCxE, the site of Rb binding which is
present in the Large TAg’s of both SV40 and polyoma, Adenovirus E1A, the human
papillomavirus E7 proteins, as well as the TAg’s of several other human polyoma viruses

(Munger et al., 1989; Dyson et al., 1989). Taken together, these findings demonstrated the



cardinal importance of Rb binding in transformation by these oncogenes [reviewed in (DeCaprio,
2009)].

Examination of Rb’s function demonstrated that Rb is unphosphorylated in quiescent
(Go) cells, but its phosphorylation increases as cells progress in the cell cycle (Buchkovich et al.,
1989). It was later found that it is the cyclin D/Cdk4, cyclin E/Cdk2, cyclin A/Cdk2 and cyclin
B/cdc2 kinases, shown to be required for entry into the cell cycle, that phosphorylate, hence
inactivate Rb (DeCaprio et al., 1992). It was also demonstrated that the SV40-TAg binds the
under- or unphosphorylated form of Rb exclusively (Ludlow et al., 1990), which suggested that
the Go form of Rb served a growth-suppressive function, which was overcome by TAg. In
addition, overexpression of Rb inhibits cell cycle progression from G1 to S (Goodrich et al.,
1991). Finally, transgenic expression of SV40-TAg under control of luteinizing hormone-f3
induces retinoblastomas and TAg co-precipitated Rb in lysates from tumor cells, supporting the
hypothesis that retinoblastoma can develop by the inactivation of Rb function by TAg (Windle et
al., 1990).

Thus, the loss of the Rb growth suppressive function can be achieved by: 1. mutation
(retinoblastomas), 2. phosphorylation (cell cycle), or 3. binding to viral oncogenes. It was later
shown that two Rb-related proteins that also exhibit features of cell-cycle regulators, p107 and
p130, can also bind the LxCxE sequence of E1A and TAg (Ewen et al., 1992; Dumont and
Branton, 1992).

Several laboratories have mapped the Rb sequences required for binding the LxCxE
sequence. In fact, the two thirds, C-terminal region of Rb can bind E1A and TAg, and it is
referred to as the large-pocket, while the central part of Rb (379-792) constitutes the small

pocket (Kaelin, Jr. et al., 1990; Hu et al., 1990) (Fig. 3). The central part of Rb was the site of



mutations in retinoblastomas, and these forms also failed to bind E1A and TAg. This
observation offers a strong correlation between loss of binding to the oncogene to loss of
function (Kaelin, Jr. et al., 1990; Pietenpol et al., 1990). That is, the viral oncogenes were found
to disrupt a normal function of Rb, that was necessary for tumor suppression.

Further studies on the mechanism of tumor suppression by Rb and transformation by
these oncogenes led to the search for cellular proteins that could compete with TAg and E1A for
Rb binding. One of these protein families is the E2F transcription factors. In fact, the
hypophosphorylated form of Rb binds E2F and using Rb affinity columns it became clear that
the viral oncogenes (E1A, TAg, E7) dissociate Rb from E2F (Chellappan et al., 1992;
Chellappan et al., 1991). Rb binding correlated with repression of E2F transcriptional activity
(Hiebert et al., 1992), and overexpression of E2F1 could promote entry into S phase in a manner
similar to Adenovirus E1A (Johnson et al., 1993). Therefore, the prevailing model is that EIA
could serve to dissociate Rb from E2F, while the conserved LxCxE motif plays an important role
in the high affinity binding of the viral oncoproteins to Rb. In fact, a minimal peptide of 9
residues corresponding to the LxCXE motif of HPV16-E7 could compete with Rb binding to E2F
and to DNA (Jones et al., 1992). There is also evidence that TAg and E1A recruit the CBP/p300
histone acetyltransferase to remodel chromatin and actively start transcription (reviewed in
(DeCaprio, 2009), Fig. 4).

The crystal structure of Rb demonstrated that the A and B domains of the small pocket
are bound to each other and are linked with a large area of highly conserved residues located in
the fold between them. The LxCxE motif of HPV-E7 is bound to an exposed cleft within the B
domain. The side chains of L,C and E make direct contact to Rb, which explains their high

degree of conservation (Fig. 3B) (Xiao et al., 2003). Still, E1A and Large TAg employ a
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different activity to displace E2F from Rb. The 100, N-terminal residues of LT form a J-domain,
found in the family of DnaJ-Hsp40 molecular chaperones (Stubdal et al., 1997). The J domain
recruits Hsc70 and activate its ATPase activity to promote chaperone activity. The J domain of
Large TAg cooperates with the LxCxE motif to dissociate Rb family members from E2F4 (Kim
etal., 2001).

It was also found that E2F acts in a complex with another protein, the differentiation-
regulated transcription factor-polypeptide 1 (DP1), which forms a heterotrimeric complex with
E2F1 and cooperates with E2F for promotor binding (Simonson and Herman, 1993). Since the
original cloning, a large number of E2F and DP molecules have been identified that play a

variety of roles [reviewed in (van den Heuvel and Dyson, 2008)].

Consequences of E2F activation

Besides DNA tumor virus oncogenes, a large number of tyrosine kinases such as vSrc
activate the E2F transcription factor indirectly, through activation of the CDK kinases. As a
result, E2F is found to be hyperactive in many cancers. Transcriptional activation of E2F targets
is achieved either through active transactivation or derepression of genes having E2F-binding
sites on their promoters. A detailed Microarray analysis for E2F-activated genes yielded many
targets, among which is a number of membrane receptor tyrosine kinases, such as PDGFRa,
IGF1R, VEGF, and others (Young et al., 2003). In fact, it has long been demonstrated that
transformed cells secrete autocrine factors, able to induce anchorage-independent growth to
normal cells (Raptis, 1991; Ciardiello et al., 1990). These growth factors activate the membrane
signalling apparatus, including the Ras and phosphatidyl-inositol-3 kinase (PI3k) cascades, as

well as the Signal-transducer and activator of transcription-3 (Stat3) pathway. Following ligand
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binding, Stat3 binds to receptors of Growth factors or cytokines and is phosphorylated on
tyrosine-705 by the receptor itself or by the associated Jak or Src kinases. Two Stat3 molecules
subsequently dimerize through reciprocal phosphotyrosine-SH2 domain interactions, the dimer
migrates to the nucleus and initiates transcription of a number of genes (Yu et al., 2009; Raptis et
al., 2009). Both the PI3 kinase and Stat3 constitute potent survival signals.

As aresult of E2F activation, the SV40-TAg and Adenovirus E1A have both been shown
to activate and require Ras (Raptis et al., 1997) and Stat3 (Vultur et al., 2005) for neoplastic
transformation, as well as the block of adipocytic differentiation (Cao et al., 2007b; Cao et al.,
2007a). However, it is particularly remarkable that at the same time E2F is a potent apoptosis
inducer, hence the high demand of transformed cells for survival signals, normally offered by
Stat3, activated by the Growth Factor receptors. Therefore, direct Stat3 inhibition induces
apoptosis of E1A or Tag-transformed cells preferentially, due to their higher E2F activity levels
which promotes programmed cell death through p53-dependent or independent mechanisms.
These findings underscore the importance of Stat3 the survival of tumor cells, and could have

significant therapeutic implications (Fig. 5).

The Rb pathway in breast cancer
Although inherited, germline mutations in the Rb gene were identified mostly in
retinoblastomas, Rb somatic mutations, mimicking Rb inactivation by the DNA tumor viruses
have also been noted in a number of cancers, including breast cancer, so that, despite the fact that
no DNA tumor viruses have ever been found in breast cancer, E2F is frequently activated.
Unlike the majority of cancers, the prognosis and treatment of breast cancer is

significantly informed by a number of biomarkers, and the Rb pathway plays a prominent role
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[reviewed in (Musgrove and Sutherland, 2009)]. In particular, the status of the Estrogen receptor-
a (ER) is an important determinant in treatment: ER-positive breast cancer has a more favorable
prognosis and can be treated with selective ER antagonists (e.g. Tamoxifen) or aromatase
inhibitors (e.g. Anastrozole), while ER-negative breast cancer is generally more aggressive, and
with fewer treatment options. Still, a significant number of ER-positive cancers fail hormonal
therapy and a great deal of effort has been expended in identifying pathways leading to
Tamoxifen or aromatase inhibitor resistance.

In ER-positive breast cancer treatment, ER antagonists are effective at stopping cell
division, indicating that such tumors are dependent upon estrogen for proliferation and survival
(Musgrove and Sutherland, 2009). It was further shown that estrogen inhibition results in cell
cycle arrest in the Go/ G1 phase of the cell cycle through attenuation of CDK/cyclin complexes
at multiple levels (Foster et al., 2001). In particular, cyclin D1 is a direct transcriptional target of
ER signalling (Eeckhoute et al., 2006). On the other hand, functional analyses have suggested
that a multitude of cascades can contribute to acquired resistance to endocrine therapy, such as
aberant ErbB2, Grb10 or Akt signalling (Miller et al., 2009), while p27kip1 and Rb inactivation
can compromise the efficacy of ER inhibition (Cariou et al., 2000; Bosco et al., 2007).
Specifically, a gene expression signature of Rb-dysfunction is associated with luminal B breast
cancer, which exhibits a relatively poor response to endocrine therapy. Most importantly, recent
reports demonstrated that a selective CDK4/6 inhibitor, PD-0332991 suppressed cell
proliferation of a number of tamoxifen-resistant, cultured breast cancer cell lines. While ER
antagonists in sensitive lines induce cell cycle arrest, CDK4/6 inhibition in tamoxifen-resistant
lines induced a state having certain molecular characteristics of senescence in hormone therapy

resistant cell populations. Therefore, PD-0332991 is an effective cell cycle inhibitor that could

13



be especially valuable in ER+ breast cancers that are resistant to endocrine therapy, and is now

being tested in phase II clinical trials (Thangavel et al., 2011).

Conclusions:

Results on the mechanism of transformation by DNA tumor viruses have given valuable
insights on the role of the Rb family in cell division. Evidence is now emerging that these
conclusions are applicable to human cancers such as cancer of the breast, hence the Rb pathway
may be an important target for chemotherapy. It is reasonable to assume that the study of the

viral oncogenes will offer additional insights into the role of Rb in cancer.
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Figure 1

Genomic organisation of the 5297 bp mouse polyoma virus. The early region is at the right and
the late region at the left. The transcriptional enhancer and origin of DNA replication are also
shown. Soon after infection, the differentially spliced, early genes (T antigens) are expressed
(right side), followed by replication of viral DNA. After DNA replication, the late genes are
expressed (left), coding mostly for the structural proteins, VP1, VP2, VP3. Squiggly lines

indicate the introns (Cole, 1995b).

Figure 2

Transcription and translation map of Adenovirus type 2. The early mRNAs are designated E, late
mRNAs are designated L. The main genes involved in transformation are the E1A and E1B at
the left of the genome, giving rise to several proteins with differential splicing (not shown).
[From (Broker, 1984)].

r-strand: rightwards transcribed, 1-strand, leftwards transcribed.
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Figure 3

A. The human pRb consists of 928 aminoacids. Deletion mutagenesis, as well as structural
studies have uncovered regions that mediate its binding to individual partners. Most of
them bind the pocket region. The Rb C-terminus binds specifically to E2F1 and this
inhibits apoptosis. E1A binding to pRb inhibits proliferation but not apoptosis. Rb can
also be phosphorylated by CDK kinases as well as CHk2 (checkpoint homologue 2) and
Raf 1 and this inhibits binding of most partners (Burkhart and Sage, 2008).

B. Three-dimensional structure of the Rb/E2F complex. The helices of the A domain are
shown in red and the B domain in blue. The main-chain trace of E2F is shown as a
yellow worm (upper panel), while the main-chain trace of the papillomavirus E7 is shown

as a green worm (lower panel) (Xiao et al., 2003).

Figure 4

Effect of TAg or Adenovirus E1A upon Rb.

A.- Active Rb binds the E2F/DP complex to repress transcription. B. Rb phosphorylation
reduces binding to E2F/DP, permitting E2F activation. C. TAg or E1A binding removes Rb and
permits E2F action. D-E: TAg or E1A can also bind the CBP/p300 histone acetyltransferase to
increase gene expression. F. E1A can also bring Rb to CBP/p300 bound to transcription factors

to repress promotors.
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Figure 5

Activation of E2F through Rb inactivation by viral oncogenes such as SV40-TAg or Adenovirus
E1A activates a number of kinases such as IGF1-R and Src, which would activate Stat3, a potent
apoptosis inhibitor. Apoptosis inhibition leads to cell division and neoplastic transformation.
Paradoxically however, E2F also induces apoptosis through both p53-dependent and independent
pathways. Most importantly, Stat3 inhibition in cells with high E2F levels results in apoptosis as

a result (Sears and Nevins, 2002),
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Introduction specificity and dynamics of cell adhesion, which is crucial for the

Normal or tumor tissues consist of cells which are in constant
contact with their neighbors in a three-dimensional structure, and
recent findings revealed that cell to cell adhesion may influence
fundamental cellular processes such as cell division, differentiation
and apoptosis [6,47]. In this context, recent studies have shown
that the engagement of cadherins, calcium-dependent cell to cell
adhesion molecules, causes a dramatic increase in the levels and
activity of the signal transducer and activator of transcription-3
(Stat3), a member of the STAT family of cytoplasmic transcription
factors, known to play a key role in a variety of cancers. Despite
extensive efforts, the molecular mechanisms of Stat3 activation
that lead to tumorigenesis are poorly understood. A family of
molecules that are dramatically affected by the engagement of
cadherins is the Rho, small GTPases (Rho). It has been demon-
strated that mutationally activated forms of the Rac1, Cdc42 or
RhoA members of this family, which are known to be important for
transformation by oncogenes such as Src and Ras [21,26,45],
directly or indirectly promote the phosphorylation and activation
of Stat3 [13,17,54]. Recent studies further showed that cadherin
engagement causes a dramatic increase in the levels and activity of
both mutant and wild-type Rac1 and Cdc42, which in turn leads to
Stat3 activation [2,4]. Thus, there is compelling evidence to
support the notion that members of the Rho family represent
critical sources of signals that promote events leading to Stat3
activation in the context of malignant progression. The Rho family
of small GTPases and their role in neoplasia have been recently
reviewed [16,21,26,27,45] and will not be discussed here. In this
review we summarize the prevailing evidence on the mechanism
of Stat3 upregulation and neoplastic transformation following
activation of wild-type or mutant members of the Rho family of
small GTPases.

Cadherins activate Rho GTPases

Cadherin family of cell to cell adhesion receptors

The formation of cell-cell adhesion junctions is primarily modu-
lated by the calcium-dependent family of cadherin receptors.
These plasma membrane glycoproteins control the organization,

development and maintenance of tissue architecture. Classical, type |
cadherins include the epithelial (E)-cadherin and neuronal cadherin,
which are found in most tissues [56]. Type I cadherins share low
amino acid homology with type II cadherins, e.g., cadherin-11.
Classical cadherins consist of three domains, an extracellular, a
single-pass transmembrane and an intracellular domain (Fig. 1A).
The ectodomain consists of five modules of ~100 amino acids each
with internal sequence homology [23]. In the presence of calcium,
the extracellular segments expressed on the surface of opposing cells
interact to form the cell to cell adherens junctions, which are
stabilized by cytoskeletal elements inside the cell, through a
homologous carboxy-terminal, cytoplasmic region for binding to
{3- or «y-catenin proteins, which are linked to actin filaments [6].

The Rho GTPases

The small GTPases of the Ras (Rat sarcoma) superfamily (Ras, Rho,
Arf, Rab and Ran) are ~21 kDa proteins that function as molecular
switches in signaling pathways which are initiated by a variety of
membrane triggers [21]. The Rho (Ras homologous) proteins are a
subfamily of the Ras superfamily which are highly conserved from
lower eucaryotes to plants and mammals [7]. They differ from other
members of the group by the presence of a Rho-specific insert in the
GTPase domain (Racl amino acids, 123-135), which has been
suggested to be involved in the recognition of downstream effector
proteins. Over 20 Rho GTPases are known, and 3 members, RhoA,
Rac1 and Cdc42, are ubiquitously expressed, can stimulate cell cycle
progression [41] and are crucial for Ras-induced transformation [46],
while Racl was shown to be required for transformation by
oncogenes such as Src [53,62] and Ras [33].

The Rho GTPases are best known as master regulators of the
actin cytoskeleton: Rac1 and Cdc42 remodel the actin cytoskeleton
at the leading edge of the cell, resulting in filopodial (Cdc42) or
lamellipodial (Rac1) protrusions. RhoA, B and C on the other hand
are largely responsible for orchestrating focal adhesion assembly
and actomyosin-mediated cell contraction at the rear of the cell,
thus permitting cell movement across these adhesive contacts and
subsequent detachment by the trailing end of the cell [67].
Increases in the levels of Rho family proteins have been observed
in a number of cancers [16,26].

Like Ras, most Rho family proteins act as molecular switches
cycling between a GTP-bound, active form and a GDP-bound,
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Fig. 1 - Activation of Rho GTPases (A) and Stat3 (B). (A) Rho GTPases are inactive when complexed to GDP and one of three known Rho-
GDIs. Upon stimulation by extracellular factors, Rho is released from Rho-GDI and associates with the membrane through its C-terminal
prenyl group. Rho-GEFs promote Rho-GTP exchange leading to the activation of various effector proteins. A Rho-GAP will then catalyze
GTP hydrolysis and Rho-GDI will extract the GTPase from the membrane locking it once again in an inactive state. A substitution
mutation of Thr for Asn at position 17 (Rac1 numbering) allows binding to GEF's but inhibits interactions with effectors, so that the
mutant titrates out GEFs and acts as dominant-negative. On the other hand, mutation to V12 or L61 cannot hydrolyse GTP and is
constitutively active. IQGAP, a Rac1 and Cdc42 effector, negatively regulates adhesion by binding to B-catenin which causes p-catenin to
dissociate from the B-catenin/o-catenin complex. Activated Rac1 or Cdc42 bind IQGAP and force it to release B-catenin thus
strengthening cell to cell adhesion. (B) Structure of the Stat3 transcription factor. The N-terminal, coiled-coil, DNA binding, SH2 and

transactivation domains are shown, along with the tyr705 and ser727 phosphorylation sites.

inactive state [24]. GTP binding induces conformational changes
which are localized within two surface loops (switch I and switch
II, Rac1 amino acids 25-49 and 59-76, respectively [27]), which
play an important role in GTP catalysis (Fig. 1A). The activity of Rho
family proteins is regulated by three classes of proteins: guanine
nucleotide exchange factors (GEFs), GTPase activating proteins
(GAPs) and guanine nucleotide dissociation inhibitors (GDIs).
GEFs catalyze the release of GDP from the Rho GTPases, which is
the rate-limiting step in Rho activation. The free GTPase then
associates with GTP, which alters the conformation of the switch
regions of the enzyme to increase its affinity for the effectors
(Fig. 1A). To date, over 70 Rho-GEFs have been described in humans.
A substitution mutation of Thr for Asn at position 17 (Racl
numbering) allows binding to GEFs but inhibits interactions with
downstream effectors, so that these mutants titrate out the GEFs and
act as dominant-negative [18]. In contrast to GEFs, the GAP proteins
enhance the inherently low, intrinsic ability of the GTPases to
hydrolyse the bound GTP to GDP. Therefore, GAPs promote
inactivation and reverse the binding of effectors. There are over 80
mammalian Rho GAP proteins identified so far. Constitutively active
mutants (e.g. Leu®! or Val'?) cannot hydrolyse GTP; therefore, they
signal continuously to their effectors.

The Rho family members invariably have a C-terminal sequence
ending with a -CAAX motif. Lipid modification at the C-terminus such
as farnesylation, geranylgeranylation or palmitoylation promotes
their membrane attachment, where they can be activated by GEFs.
The GDI proteins (3 members) are cytosolic proteins that form a
complex with GDP-bound Rho GTPases, so that they inhibit
attachment to the membrane, hence activation by GEFs. GDIs are
also able to associate with the active form and prevent binding to
downstream effectors [14]. Therefore, the activation state of a given
Rho family GTPase is tightly regulated and occurs in a cell-type and
pathway-dependent manner, depending upon the balance of these
regulators at any given moment, and this determines its downstream
signaling.

Rho family proteins do not usually exert their effects directly,
but instead operate through a multitude of effector proteins. The
main region of Rho binding to its effectors is switch I, although
regions outside switch I have been implicated in the binding of
certain effectors. Over 70 effectors have been described [11]. Most
Rac1 and Cdc42 effectors contain a conserved, GTPase-binding
consensus site (Cdc42/Rac interactive binding or CRIB domain),
while many RhoA, B, and C effectors possess an N-terminal Rho
effector homology domain (REM). Many effector molecules are
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serine/threonine kinases. The best characterised Rac1 and Cdc42
effectors are the p21-activated kinases (PAKs [22]), while the Rho-
associated coiled-coil domain kinases (ROCK-I and II) represent
the best characterised RhoA effectors [49].

It is interesting to note that the small GTPases can regulate each
other's activity via crosstalk. For example, oncogenic Ras needs to
activate both Raf and Rac1 to transform [46]; the Tiam1, Rac1 GEF
binds the Ras effector domain to activate Rac1 [33]. Similar to Tiam1,
Cool-2 is activated by binding the Cdc42 effector domain, to act as a
GEF for Rac1, while in a feedback loop, Rac-GTP inhibits the GEF
activity of Cool-2 [19]. An additional mechanism whereby Racl
downregulates Rho activity is through Rac1-mediated production of
reactive oxygen species (ROS). ROS inhibit the low-molecular-
weight phosphatase (LMwtPTPase) which normally dephosphory-
lates and inhibits the p190RhoGAP. Consequently, Rac1 activation
reduces the activity of RhoA [40].

Cadherin engagement increases Racl and Cdc42 protein levels and
activity

In addition to providing structure and integrity to the cell, cadherin
adhesive engagement initiates intracellular signals that are commu-
nicated through the conserved cadherin tail domain to different
cytoplasmic pathways. In fact, results from a number of labs indicated
that Cdc42 and Rac1 are required for E-cadherin-mediated, cell-cell
adhesion in MDCK cells [20], and are believed to contribute to the
stability of cell-cell adhesion via their effect on cytoskeletal
organization [9]: Expression of activated Rac1'3'? in canine epithelial
MDCK cells induces the accumulation of E-cadherin, 3-catenin and
actin filaments at sites of cell-cell contact, whereas overexpression of
the dominant-negative, Rac1™!” mutant reduces their accumulation
[59]. Rac1 and Cdc42 can regulate E-cadherin activity through their
effector, IQGAP. IQGAP is localized to sites of cell-cell contact and
negatively regulates adhesion by binding to 3-catenin, which causes
{3-catenin to dissociate from a-catenin [32]. Racl and Cdc42 bind
IQGAP and remove it from the 3-catenin/a-catenin complex. As a
result, activated Rac1 inhibits cell dissociation and scattering, and
strengthens cell-cell adhesion. Interestingly, in a positive feedback
mechanism, E-cadherin engagement also results in the rapid
activation of Rac1 and Cdc42, in part through a PI3-kinase-mediated
mechanism, while, as expected, it inhibits RhoA, through the
production of ROS by Rac1 [25].

In addition to E-cadherin-mediated activation of Rac1 and Cdc42,
previous reports revealed another mechanism of Racl regulation
involving protein stability, namely, degradation through the protea-
some pathway [36,44]. In fact, cadherin engagement, e.g., achieved by
high cell density, led to a dramatic increase in Rac1/Cdc42 protein
levels through inhibition of proteasomal degradation [2,4]. Conversely,
epithelial cell scattering brought about by hepatocyte growth factor
(HGF) can induce the proteasome-mediated degradation of Rac1 [36].
Moreover, a mutational analysis further indicated that constitutive
activation of Racl, as well as binding of effectors, which might be
acting as ubiquitin E3 ligases, are necessary for Rac1 degradation [44].
Still, results by Arulanandam et al. indicated that although perma-
nently activated by mutation, protein levels of Rac1V!? and Rac1'6! are
increased dramatically with cell density [2], indicating that cell density
can overcome the degradative effect of activation. The effect of
cadherin engagement upon Rac1/Cdc42 levels was found to be
independent from direct cell to cell contact; plating HC11 mouse
breast epithelial cells sparsely on surfaces coated with a fragment

encompassing the two outermost domains of E-cadherin caused a
dramatic increase in Rac1 protein levels and activity, compared to cells
growing on plastic [4], indicating that E-cadherin engagement per se is
responsible for the increase in Racl and Cdc42 levels. Such a
mechanism could hold true for Cdc42, which mirrored Rac1 levels
and stability increases with cell density. Similarly, cadherin-11 and
N-cadherin were also found to activate Racl in different cell lines
(Arulanandam et al,, in preparation). The above data taken together
indicate that cadherin engagement can abolish Rac1/Cdc42 proteaso-
mal degradation, which leads to a dramatic increase in their levels and
consequently their activity, even in the absence of direct cell to cell
contact.

Rho GTPases activate Stat3

The Stat3 pathway in neoplasia

Stat3 was originally discovered as the acute phase response factor
(APRF) that mediates the acute phase response in the liver via the
induction of the C-reactive protein [50,71]. Stat3 is activated not only
by cytokine receptors, such as the receptor for the interleukin-6 (IL6)
family cytokines, but also growth receptor tyrosine kinases, such as
the EGFR family including Her2/Neu, and non-receptor tyrosine
kinases such as Src and Abl [63], and is also activated in response to
stimulation of G-protein-coupled receptors [43]. Classically, the
receptor stimulation by ligand induces Stat3 binding to phosphotyr-
osine residues of activated receptors through its SH2 domain and its
phosphorylation on a critical tyr705 residue by the receptor itself, or
by associated Janus kinase (JAK, Jak1-3, Tyk2) or Src family tyrosine
kinases [68], and the phosphorylation is known to mediate
dimerization between two Stat3 monomers through reciprocal
SH2 domain-ptyr interactions [68]. However, studies have also
identified pre-existing complexes between non-phosphorylated
Stat3 monomers [51]. Stat3:Stat3 dimers translocate to the nucleus
where they bind to target sequences in specific promoters, although
Stat3 monomers have also been detected in the nucleus. Known
Stat3 upregulated genes include Bcl-xL, Mcl1, survivin, Akt, vascular
endothelial growth factor (VEGF), HGF, myc, cyclinD, and HIF1, while
the p53 tumor suppressor is downregulated by Stat3 activity [69].

In contrast to normal Stat3 signaling, which is transient,
hyperactive Stat3 is associated with malignant transformation and
tumorigenesis. Constitutively active Stat3 is present in a large
number of cancers, and studies show that aberrant Stat3 activity
promotes tumor cell growth and survival, tumor angiogenesis and
metastasis, and induces tumor immune evasion [68]. It was also
shown that a constitutively active form of Stat3, Stat3C, is able to
transform cultured cells, which further points to an etiologic role for
Stat3 in cancer [10]. Of therapeutic importance, disruption of
hyperactive Stat3 signaling in tumor xenografts induces tumor cell
apoptosis and tumor regression with little effect upon normal tissues
[65,68,70], which points to Stat3 as an important player in tumor
progression.

Racl and MgcRacGAP mediate Stat3 ptyr705 phosphorylation
and nuclear transport

Emerging evidence suggests a more complex mechanism for Stat3
activation than initially thought; recent studies indicate that Rac1
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plays an important role in Stat3 (as well as Stat5) tyrosine
phosphorylation and nuclear translocation:

The male germ cell RacGAP (MgcRacGAP) is an evolutionarily
conserved protein which binds directly to and serves as a GAP
against Racl, Rac2 and Cdc42 in vitro [61]. Studies in murine M1
leukemia cells, which differentiate into macrophages upon IL6
stimulation, show that MgcRacGAP can bind through its cysteine-
rich and GAP domains to the DNA binding domain of Stat3 (aa
338-362), and that the MgcRacGAP-Stat3 association is required for
Stat3, tyr705 phosphorylation following cytokine stimulation. That
is, besides having Rac1-GAP activity, the MgcRacGAP, GAP domain is
required for IL6-induced, Stat3 ptyr705 phosphorylation, acting as
an effector of Rac1. Although MgcRacGAP is constitutively associated
with Racl, the association with Stat3 is increased upon IL6
stimulation [60]. In addition, MgcRacGAP phosphorylation at ser-
387 was implicated in transformation by Src, although the exact
mechanism is unclear [15].

Following their synthesis in the cytoplasm, transcription
factors such as the STAT proteins have to cross the nuclear
envelope in order to enter the nucleus. The exact mechanism of
Stat3 translocation to the nucleus is just now beginning to
emerge. Recent evidence suggests that, besides tyr705 phosphor-
ylation, the Rac1/MgcRacGAP complex may be involved in Stat3
translocation. As a general mechanism for nuclear import,
proteins larger than ~50 kDa require specific sequences, the
nuclear localisation signals (NLS), or binding to NLS-containing
chaperones. The best characterised NLS is the mono- or bi-partite,
polybasic NLS, which is usually recognized by a family of proteins,
the importin-a carriers. These associate with importin- which
docks the complex to the nuclear pore, so that the complex can
migrate into the nucleus. The small GTPase, Ran-GTP, then binds
importin-f3, and the complex is disassembled inside the nucleus
[12]. In the case of Statl it was recognized that it must be
phosphorylated first on tyr701 and dimerized, in order to reveal a
conditional NLS which can associate with importin-a5 [48].
Despite the initial assumption, however, that all STATs need to be
phosphorylated to enter the nucleus, Stat3 was found to be
nuclear and to shuttle between nucleus and cytoplasm, indepen-
dent of tyrosine phosphorylation. Nevertheless, phosphorylation
is still required to bind to specific DNA target sites [35]. It was
further demonstrated that a sequence within the coiled-coil
domain of Stat3 (amino acids 150-162) is necessary for nuclear
translocation and is critical for the recognition of unphosphory-
lated as well as phosphorylated Stat3 by importins a3 and o6
[29,30,35]. However, although the 150-162 sequence was found
to be indispensable for nuclear translocation of full-length Stat3,
substitution of the basic amino acid cluster in this sequence did
not hamper nuclear accumulation, indicating that aa 150-162
may only be part of a conformational structure that is required for
nuclear import rather than a bona fide NLS [35].

In addition to this mechanism, recent evidence brought forth
the role of MgcRacGAP as a nuclear chaperone for translocation of
Stat3 (as well as Stat5) to the nucleus. In fact, the ternary complex
between ptyrStat3, Rac1-GTP and MgcRacGAP facilitates the
association with importin-o/3 and nuclear translocation; muta-
tion of the polybasic region of the MgcRacGAP NLS inhibited the
nuclear translocation and transcriptional activity of Stat3 and Stat5
[28]. Therefore, Rac1 is emerging as an important regulator of Stat3
phosphorylation, nuclear import and function, acting through the
MgcRacGAP/Rac/Stat3 complex (Fig. 2).

Mutationally activated Rho GTPases activate Stat3 through IL6
secretion

Data from a number of labs have demonstrated a functional role for the
Rho GTPases in the activation of Stat3. An earlier study first implicated
RhoA in the phosphorylation of Stat3 on ser727 in Src-transformed
cells. Moreover, in vitro kinase assays using purified Stat3 as the
substrate revealed that both p38 and JNK kinases, which can be
activated by the Rho GTPases, phosphorylate Stat3 on ser727, while
inhibition of p38 activity suppressed Stat3 activation and vSrc-
mediated transformation [62]. In a subsequent report, mutationally
activated RhoA was shown to activate Stat3 (but not Stat1) through
phosphorylation at both tyr705 and ser727 in human cells, while this
Stat3 activation, mediated by the ROCK effector, is required for RhoA-
mediated transformation [5]. Further results similarly demonstrated
Stat3 activation by mutationally activated forms of Rac1, Cdc42 and
RhoA [13,17,54].

Despite extensive efforts, the exact mechanism of Stat3 activation
by Rho's has been a matter of controversy. Simon et al. reported a
direct binding between Rac1 and Stat3 in transiently transfected, Cos1
cells, while Rac1N!'” inhibited EGF-mediated, Stat3 activation [54]. On
the other hand, using neutralising antibodies to inhibit IL6 binding,
Faruqi et al. showed that Racl activates Stat3 indirectly through
autocrine induction of IL-6 [17]. These results were contradicted in a
later study where, using Stat3 null cells, it was demonstrated that
Stat3 activation by the Rho GTPases could occur without the formation
of a stable complex, and in the absence of IL6 secretion [13]. Notably, a
recent report indicated that the engagement of E-cadherin, by
growing the mouse breast epithelial HC11 cells to high densities,
causes a dramatic increase in the levels and activity of Rac/Cdc42 (4],
see next section). Cell density was not taken into account previously,
but would significantly impact studies the observations regarding the
effect of Rho GTPases upon Stat3 activity. Stat3 ptyr705 levels in HC11
mouse breast epithelial cells over-expressing activated Rac¥'? (or
Rac'®61) or Cdc42"'? mutants were compared to the parental HC11
line, both grown to different densities (from 50% confluence to 5 days
post-confluence), and found to be higher at all cell densities, indicating
that the activated forms of the GTPases promoted the activation of
Stat3, in agreement with previous data [13,17,54]. In a similar
experiment, activated RhoAY'®> was also found to activate Stat3,
although to a lesser extent than Rac1V!? or Cdc42V!? (Arulanandam et
al., unpublished). Inhibition experiments indicated that Stat3 activa-
tion by RacV'?/Cdc42V'? required NF<B and Jak activity [2]. Further
examination of the mechanism showed that the addition of medium
conditioned by Rac¥!2-expressing cells to the parental line caused an
increase in Stat3 activity, suggesting the presence of autocrine factor
(s) that in turn promote Stat3 activation. Screening for mRNA of 86
cytokines by RT-PCR in RacV'2-expressing cells indicated a significant
increase in at least 3 cytokines of the IL6 family compared to
untransfected HC11 cells. Furthermore, downregulation of the gp130,
common receptor subunit of the family, blocked the induction of Stat3
activity in Rac¥'2-expressing cells, indicating an important role for this
family in Stat3 activation [2,4] (Fig. 2). The fact that more than one
cytokine of the IL6 family appears to be involved explains the previous
results where addition of neutralising antibodies to IL6 alone did not
block Stat3 activation by Rac¥'2[13]. The above results taken together
demonstrate that activated forms of members of the Rho family can
activate Stat3 through nuclear factor (NF)kB, gp130 and JAKs and
provides a basis to explain the apparent discrepancy in the potential
that Rho family GTPases promote Stat3 activation.
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Fig. 2 - Stat3 is activated by growth factor receptors such as Her2/ErbB2 (that can be inhibited by drugs such as Herceptin), non-
receptor tyrosine kinases such as Src and cytokine receptors such as the IL6 family. Activated Rac1-GTP, in a complex with
MgcRacGAP and Stat3, facilitates Stat3 phosphorylation by the IL6-R/Jak complex, which results in targeting of the complex to the
nuclear envelope, driven by the NLS of MgcRacGAP. The Stat3 dimer then binds specific DNA sequences to initiate transcription of
Stat3 responsive genes or downregulation of other genes such as the p53 anti-oncogene. MgcRacGAP may also play a role in Stat3
activation by Src. In addition to this mechanism, cadherin engagement was shown to cause a dramatic increase in the levels of Rac1
and Cdc42 proteins and activity, which results in a transcriptional activation of IL6 through NF«B, hence Stat3 activation.

Cadherin engagement activates Stat3 through Rac1/Cdc42 and
IL6

The dramatic activation of Rac1/Cdc42 following cadherin engage-
ment [4], coupled with the ability of Rac1/Cdc42 to activate Stat3
[2], leads to the conclusion that cadherin engagement may activate
Stat3 through an increase in activity of the Rho GTPases. In fact,
results from a number of labs revealed that cell density causes a
striking increase in the activity of Stat3 in breast carcinoma [67],
melanoma [31], head and neck squamous cell carcinoma [42,55],
as well as normal epithelial cells [4,57,58] and fibroblasts ([67],
reviewed in [47]). Although tumor cells or cells transformed by Src
or other oncogenes had higher Stat3 activity than their normal
counterparts when sparse, cell density caused a further Stat3
activation [66,67]. Moreover, growing HC11 mouse breast epithe-
lial cells on surfaces coated with E-cadherin caused a dramatic
increase in Stat3 activity, demonstrating that E-cadherin engage-
ment is sufficient to directly activate Stat3, in the absence of cell to

cell contact [4]. The density-dependent Stat3 activation was
strikingly greater than that brought about by serum or EGF
stimulation and was not affected by inhibition or ablation of the
cellular Src, Fyn, Yes, Abl, EGFR, Fer or IGF1-R kinases. As expected,
this Stat3 activation is triggered by a dramatic increase in the
levels of the Rac1 and Cdc42, Rho family GTPases, brought about by
inhibition of proteasomal degradation [2], and a corresponding
increase in their activity, following E-cadherin engagement [4].
The Rac1/Cdc42 upregulation, in turn, causes a dramatic increase
in the expression of a number of cytokines of the IL6 family, which
are responsible for the Stat3 activation observed.

Specificity of Stat3 activation

A key question is how and why cadherin engagement would
promote the activation of Stat3, but not other pathways, such as
Erk1/2. Notably, although IL-6/IL-6R typically activates extracel-
lular-signal activated kinase 1/2 (Erk) in subconfluent cells, post-
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confluent cultures do not respond with Erk activation upon IL6
stimulation [4]. In the same vein, E-cadherin engagement does not
lead to Erk activation. This demonstrates a rather specific Stat3
response of cells to E-cadherin engagement, despite the fact that
the two pathways, Erk and Stat3, are often coordinately regulated
by oncogenes and growth factor or cytokine receptors including
IL-6 [4]. It is conceivable that Erk-specific phosphatases such as
Cdc25A [34] may be activated at high densities or that other
adaptors required for Erk activation by IL6 might be down-
regulated following cadherin engagement. It is interesting to note
in this context that cell density also increases Stat5, tyr694
phosphorylation and activity in K562 human chronic myelogenous
leukemia cells, although the role of Rho GTPases or cadherins in
this is unknown [39].

Phenotypic effects of activated Rho GTPases require Stat3

Racl activation was shown to stimulate survival signals through
activation of the PI3k/Akt pathway [37]. However, although
Rac1/Cdc42 activity is dramatically increased following cadherin
engagement, no increase in Akt-473 phosphorylation was seen with
cell density in HC11 cells (Arulanandam et al., unpublished results). In
sharp contrast, Stat3 is dramatically upregulated at high densities and
known to provide a major survival mechanism to cultured epithelial
cells and fibroblasts [47,66,67]. Given the propensity of over-
confluent cells to undergo growth arrest and apoptosis, it is
conceivable that the Stat3 activation serves to provide a survival
signal as a last effort to rescue from an impending apoptosis.
Interestingly, Stat3 also enhances the resistance of tumor cells to
chemotherapeutic agents [8]. The observations that cells are more
resistant to inhibition of Src [1] and to chemotherapy when grown to
high densities [38] are consistent with the induction of Stat3 signaling
at post-confluence, which would provide a survival mechanism.

Stat3 could mediate the proliferative and migration signals
provided by activated Rac1, consistent with the known function of
Stat3. Thus, expression of activated Rac1V!? or Cdc42"!? mutants
in epithelial cells was shown to increase cell migration in a
“wound-healing,” cell culture assay, and this process was found to
require Stat3 [13] and gp130 [2]. In the same vein, Stat3 is required
for the neoplastic conversion of HEK-293T cells expressing
activated RhoA to anchorage independence [5].

Conclusions

In summary, while the mechanisms continue to be investigated,
there is strong evidence that certain Rho GTPases are important Stat3
activators. (1) Mutational activation of Rac1, RhoA and Cdc42 leads
to Stat3 activation. (2) Rac1 and Cdc42 mediate the cadherin signal
that leads to activation of Stat3 through NF<B and gp130. (3) Racl
binds MgcRacGAP and Stat3 and this complex promotes interaction
with the IL6 receptor for tyr705 phosphorylation and the activation
of the MgcRacGAP - NLS, thereby facilitating nuclear translocation
for Stat3-mediated transcription of specific genes (Fig. 2).

The importance of cadherin engagement upon levels and activity
of proteins such as Rho and Stat3 is just beginning to emerge.
Cadherin engagement was also shown to activate Jak1, which is
required for Stat3 activation [67]. In sharp contrast, Src was not
required for Stat3 activation following cadherin engagement and its
activity was unaffected by cell density [3].

Overall, the potential for the Rho GTPases to promote the pro-
survival Stat3 signaling in the context of malignant transformation
underscores the importance of cell-cell interactions in the tumor
microenvironment in facilitating tumor progression. Due to the
generally higher level of expression of E2F transcription factors
which are potent apoptosis inducers [52], many tumor cells may
have higher requirements for survival signals, such as provided by
the cadherin/Rac1/gp130 axis. The increased dependence on Stat3
for survival would explain the increased sensitivity of cells
transformed by oncogenes such as Src [64] or the large tumor
antigen of simian virus 40 [66] to Stat3 inhibition, a finding which
could have significant therapeutic implications.
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Stat3 Activity Is Required for Gap Junctional Permeability
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Neoplastic transformation by oncogenes such as activated Src is known to suppress gap junctional, intercellular
communication (GJIC). One of the Src effector pathways leading to GJIC suppression and transformation is the
Ras/Raf/Mek/Erk, so that inhibition of this pathway in vSrc-transformed cells restores GJIC. A distinct Src
downstream effector required for neoplasia is the signal transducer and activator of transcription-3 (Stat3). To
examine the role of Stat3 upon the Src-mediated, GJIC suppression, Stat3 was downregulated in rat liver
epithelial cells expressing activated Src through treatment with the CPA7, Stat3 inhibitor, or through infection
with a retroviral vector expressing a Stat3-specific sShRNA. GJIC was examined by electroporating the fluorescent
dye, Lucifer yellow, into cells grown on two coplanar electrodes of electrically conductive, optically transparent,
indium-tin oxide, followed by observation of the migration of the dye to the adjacent, nonelectroporated cells
under fluorescence illumination. The results demonstrate that, contrary to inhibition of the Ras pathway, Stat3
inhibition in cells expressing activated Src does not restore GJIC. On the contrary, Stat3 inhibition in normal cells
with high GJIC levels eliminated junctional permeability. Therefore, Stat3’s function is actually required for the
maintenance of junctional permeability, although Stat3 generally promotes growth and in an activated form can

act as an oncogene.

Introduction

THE SIGNAL TRANSDUCER AND  ACTIVATOR  of
transcription-3 (Stat3) is a cytoplasmic protein that is
activated by cytokines and receptor tyrosine kinases, as well
as the nonreceptor tyrosine kinase Src (reviewed in Yu and
Jove, 2004, and Frank, 2007). In an unstimulated cell, Stat3 is
latent in the cytoplasm. Subsequent to binding to an acti-
vated receptor through its Src homology 2 domain, Stat3
becomes activated through phosphorylation at a critical ty-
rosine (tyr705). This activates Stat3 by stabilizing the asso-
ciation of two monomers through reciprocal Src homology
2-phosphotyrosine interactions. The Stat3 dimer then mi-
grates to the nucleus, where it binds to target sequences,
leading to the transcriptional activation of specific genes that
play a role in cell proliferation and survival, such as myc,
cyclin D, Bel-xL, survivin, hepatocyte growth factor (Hung
and Elliott, 2001), and others (Yu and Jove, 2004). The in-
vestigation of the role of Stat3 in neoplasia gained momen-
tum when it was found to be activated in a number of tumor
cell lines and carcinomas (Germain and Frank, 2007). The fact
that a constitutively active form of Stat3 alone is sufficient to

induce transformation (Bromberg et al., 1999) points to an
etiological role for Stat3 in neoplasia.

Gap junctions are plasma membrane channels that enable
the passage of small molecules between the interiors of ad-
jacent cells. A reduction in gap junctional, intercellular
communication (GJIC) is believed to lead to an increase in
cell proliferation (reviewed in Vinken et al., 2006). In fact, a
number of oncogenes such as v-Src (Lin et al.,, 2006), the
polyoma virus middle tumor antigen (Azarnia and Loe-
wenstein, 1987; Raptis et al., 1994), the simian virus 40 large
tumor antigen (Khoo et al., 1998), Hsp90N (Grammatikakis
et al., 2002), and vRas (Brownell ef al., 1996a; Atkinson and
Sheridan, 1988) have been shown to interrupt junctional
communication. Interestingly, a loss of GJIC also accom-
panies the cessation of proliferation and differentiation of
murine preadipocytes (Azarnia and Russell, 1985; Brownell
et al., 1996a; Anagnostopoulou et al., 2007) and apoptosis in
bovine lens epithelial cells and mouse fibroblasts (Theiss
et al., 2007). Gap junctions are formed by the connexin (Cx)
family of proteins that consists of at least 20 members in
mammals (Vinken ef al., 2006). Oncogenes such as Src
phosphorylate Cx43, both directly and indirectly, leading to
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GJIC suppression (reviewed in Pahujaa et al., 2007). Despite
the extensive literature on the effect of viral or cellular on-
cogenes upon GJIC, the effect of Stat3 upon GJIC is at present
unknown.

We previously reported on a technique where GJIC of
adherent cells can be examined by in situ electroporation:
Cells are grown on two coplanar electrodes, consisting of
glass coated with conductive indium-tin oxide (ITO) (Ana-
gnostopoulou et al., 2007). The electrodes are separated by a
barrier that diverts the electric field, rendering it vertical to
the cell layer. An electric pulse is applied in the presence of
the tracking dye, Lucifer yellow (LY). The pulse causes the
introduction of LY into the cells growing on the electrodes by
opening transient pores on the membrane, and the subse-
quent migration of the dye to adjacent, nonelectroporated
cells growing on uncoated glass is microscopically observed
under fluorescence illumination. Dye transfer through gap
junctions can be precisely quantitated in this way, simulta-
neously and in a large number of cells, without any detect-
able disturbance to cellular metabolism (reviewed in Raptis
et al., 2008). Although this technique is adequate for many
adherent cell lines, cells at the edge of the electrodes, adjacent
to the nonconductive area, receive slightly higher amounts of
current, which could result in cellular damage. In addition,
slight differences in adhesion and growth of the cells on bare
glass, as opposed to ITO, might create artifacts. To overcome
these problems, we modified the geometry of the slide, so
that both electroporated and nonelectroporated cells grow on
conductive ITO, while the electric field intensity is essentially
uniform over the entire electroporated area. This technique
was used to examine the role of Stat3 upon GJIC levels in rat
liver epithelial cells. The results demonstrate that, unlike Ras
inhibition (Ito ef al., 2006), Stat3 inhibition in cells expressing
activated Src does not increase GJIC. On the contrary, inhi-
bition of Stat3 activity in cells with extensive GJIC causes a
dramatic reduction in junctional communication, concomi-
tant with apoptosis induction. Therefore, Stat3’s function
is actually required for the maintenance of junctional per-
meability, although Stat3 generally promotes growth and in
an activated form can act as an oncogene.

Materials and Methods
Cell lines and culture techniques

Cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (ICN;
Biomedicals, Costa Mesa, CA). T51B is a normal rat liver
epithelial line. Src was activated in this line by stable ex-
pression of a construct expressing the middle tumor antigen
of polyoma virus (line T51B-Src) (Royal et al., 1996). Con-
fluence was estimated visually and quantitated by imaging
analysis of live cells under phase contrast using a Leitz
Diaplan microscope and the MCID-elite software (Imaging
Research, St. Catharines, Canada).

For Stat3 downregulation, cells grown to different densi-
ties were treated with 50 uM CPA7, and diluted in growth
medium from a 20 mM stock in 50% DMSO for 24 h. Control
cells were treated with the same amount of the DMSO carrier
(0.00125%) alone; however, no effect of DMSO was noted
upon the activity of Stat3 or GJIC at this concentration.
Apoptosis was assessed by morphological observation and
poly-ADP-ribose polymerase (PARP)-cleavage analysis. For

GELETU ET AL.

a more precise quantitation, cells were fixed with ethanol
and stained with propidium iodide, and the percentage
of cells with a subGl DNA content was assessed by
fluorescence-activated cell sorting (FACS) analysis (Vultur
et al., 2004).

Examination of gap junctional communication

The setup is described in Figure 1. Cells are grown and
electroporated on a glass slide (1), coated with conductive
and transparent ITO (la) with a surface resistivity of
20Q/square (Colorado Concept Coatings, Loveland, CO)
(Tomai et al., 1998). The ITO was etched to define electrode
and nonconducting regions, which were electrically isolated
from each other by removing the ITO coating in lines of
~20um wide from the glass surface. It was important to
ensure that only the 800 A coating was removed, without
affecting the glass, so that cell growth would be unaffected
across the line. This was achieved with a UV laser operating
at a 355 nm wavelength using 1 W of output power with 60%
of the energy delivered to the surface of the glass. The spot
size was 20 pm across with a spot overlap of 90%. The beam
was manipulated by mirrors on a pair of galvanometers to
produce the desired pattern. Waverunner™ software were
used to define the pattern and control the system (Nutfield
Technology, Inc., Windham, NH).

To form the two electrodes, the ITO coating was removed
in a straight line in the middle (2). A dam of nonconductive
Teflon (3) was used to divert the current upward, thus cre-
ating a sharp transition in electric field intensity. To provide
areas where the cells are not electroporated, the ITO was also
etched in two rectangles (4 and 4a). Current flows inward
from each contact point (5 and 5a), via a conductive highway
between the rectangles (red arrows), spreading in a direction
parallel to the middle barrier, then over the barrier (arrow-
heads [6]) to the other side, electroporating cells in areas
(7 and 7a). A polypropylene chamber is bonded onto the
slide, to form a container for the cells and LY (9). Cells were
plated in the chamber, and 2 days after confluence the
growth medium was replaced with calcium-free DMEM
containing 5mg/mL LY. The slide/chamber was placed into
a holder where electrical contacts were established, and a set
of electrical pulses delivered to the cells. Extensive experi-
mentation indicated that eight pulse pairs, each pulse of 24 V
peak value, 300 ps length, and spaced 0.5 s apart, with one of
each pair having a polarity opposite to that of its partner
gave optimal results. After a 5-min incubation at 37°C, the
unincorporated dye was washed with calcium-free DMEM,
and cells were observed and photographed under fluores-
cence and phase contrast illumination. To better pin-point
the position of the edge of the electroporated area, cells were
also observed and photographed under combined fluores-
cence and phase-contrast illumination. In this configuration,
cells that acquired LY by electroporation (growing in 7 and
7a) and cells into which LY traveled through gap junctions
(8 and 8a) both grow on ITO, separated only by a laser-
etched line of ~20um (Fig. 1B, C). The equipment is avail-
able from Cell Projects Ltd. (Harrietsham, United Kingdom).

Lentivirus vector production

293T cells were plated at a density of 4x10° cells per 10-cm
culture dish. The cells were cotransfected by calcium phos-
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phate coprecipitation with 15ug of pLKO1-Stat3 shRNA
(Sigma, St. Louis, MO) and 10pg of pPACK packaging
plasmid mix (SBI, Mountain View, CA). The culture medium
was replaced with fresh medium after 6h. The supernatant
was collected 16 h after the transfection and stored at —80°C.
To determine the vector titers, 10° HT1080 cells were seeded
in a six-well plate and infected with various dilutions of the
vector in the presence of 4pg/mL polybrene. The culture
medium was replaced 48 h later with fresh medium contain-
ing puromycin at a concentration of 1.5 ug/mL. Puromycin-
resistant colonies were counted 10 days after transduction.
To examine the efficiency of Stat3 downregulation, cells were
infected at 5 pfu/cell and extracts probed for total Stat3 (Cell
Signalling). For GJIC examination, cells were plated in elec-
troporation chambers and infected with 5pfu/cell at densi-
ties of ~80%. Two days after confluence, cells were
electroporated with LY for GJIC examination as described
above.

Western blotting

Cells were grown to different densities, and proteins ex-
tracted as described before (Raptis et al., 2000). Fifty micro-
grams of clarified cell extract was resolved on a 10%
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polyacrylamide-SDS gel and transferred to a nitrocellulose
membrane (Bio-Rad, Hercules, CA). The membranes were
probed with antibodies against the tyrosine-705 phosphory-
lated form of Stat3 (Cell Signalling, Cat.# 9131L, used at a
dilution of 1:2000), against anti-Cx43 (BD-Transduction,
Cat.#610061 used at a dilution of 1:250), or PARP (Roche,
Basel, Switzerland; Cat.# 1 835 238, used at 1:1000), followed
by secondary antibodies: alkaline phosphatase-conjugated
goat anti-mouse antibody (Biosource, Cat.#AMI3405, for anti-
Cx43 and Hsp90) or goat anti-rabbit antibody (Biosource, Cat.
#ALI4405, for tyr705 phosphorylated form of Stat3 [Stat3-
ptyr705] and PARP), both used at a 1:10,000 dilution. The
bands were viewed using enhanced chemiluminescence, ac-
cording to the manufacturer’s instructions (PerkinElmer Life
Sciences, Cat.# NEL602). As a control for protein loading,
parallel blots were routinely probed with a mouse monoclonal
anti-Hsp90 antibody (Stressgen, Cat.# SPA-830, used at
1:5000), followed by a secondary antibody and enhanced
chemiluminescence detection as above.

Luciferase assays for Stat3 transcriptional activity

Cells were transfected with a Stat3-specific reporter plas-
mid (pLucTKS3) that harbors seven copies of a sequence
corresponding to the Stat3-specific binding site in the
C-reactive gene promoter (termed APRE, TTCCCGAA) up-
stream from a firefly luciferase coding sequence (Turkson
et al., 1998) and the pRLSRE plasmid that contains two copies
of the serum response element of the c-fos promoter, sub-
cloned into the Renilla luciferase reporter, pRL-null (Turkson

FIG. 1. The electroporation apparatus. (A) Top view. Cells
are grown on a glass slide (1), coated with conductive and
transparent indium-tin oxide (ITO, [1a]). The ITO coating is
laser-etched in a straight line in the middle (2), essentially
forming two electrodes. A dam of Teflon (3) is used to divert
the current upward, thus creating a sharp transition in
electric field intensity. To provide nonconductive areas, the
ITO is also etched in two rectangles (4 and 4a). Current from
a pulse generator flows inward from each contact point
(5 and 5a), via a conductive highway between the rectangles
(red arrows), spreading in a direction parallel to the middle
barrier, then over the barrier (arrowheads [6]) to the other
side, electroporating cells in areas 7 and 7a. A plastic
chamber is bonded onto the slide, to form a container for the
cells and Lucifer yellow (LY) (8). For clarity, the front part of
the chamber is removed. (B) Side view. The slide (1) with the
cells (10) growing on the ITO-coated (la, light green) and
etched bare glass regions (4 and 4a) is shown. When elec-
troporation medium containing LY (11) is added to the
chamber to a level above the height of the dam (3), an elec-
trical path between the electrodes 7 and 7a and the cells (10)
growing in this area is formed. Note that the ITO layer (1a) is
shown with exaggerated thickness for clarity although its
actual thickness (800 A) is much less than the thickness of the
cells. (C) The area of electroporated (7 and 7a) and none-
lectroporated (8 and 8a) cells is shown enlarged. Stars denote
cells (yellow) at the edge of the electroporated area that were
loaded with LY by electroporation. Dots denote cells where
the dye transferred through gap junctions. Large arrows
show the direction of dye transfer through gap junctions.
Note that the size and thickness of the cells are exaggerated
for clarity. Color images available online at www
liebertonline.com/dna.
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et al., 2001). Both luciferase activities were measured in total
cell extracts according to the manufacturer’s protocol (Pro-
mega, Cat. # E4030).

Results

Stat3 downregulation does not restore gap junctional
communication in cells expressing activated Src

A body of evidence has indicated that the Src oncogene
product downregulates gap junctional communication
through a variety of mechanisms, including activation of the
Ras/Raf/Mek/Erk pathway. As a result, inhibition of this
pathway restores GJIC in vSrc-transformed cells (Ito et al.,
2006; Pahujaa et al., 2007). Since Stat3 is also activated by and
is required for transformation by vSrc (Turkson et al., 1998),
we used the rat liver epithelial line T51B transformed by ac-
tivated Src (line T51B-Src) as a model to explore the possible
role of Stat3 in suppressing gap junctional communication.

To examine gap junctional communication by in situ
electroporation, it is important to be able to reliably distin-
guish cells that were loaded with LY by electroporation,
from cells that received the dye from neighboring cells
through gap junctions. That is, a sharp transition in electrical
field intensity between electroporated and nonelectroporated
areas must be established. This was achieved by etching the
ITO in the pattern shown in Figure 1, and adding a dam to
divert the electric field upward. To examine GJIC, cells were
plated in the electroporation chambers (Fig. 1) and at 2 days
postconfluence an electrical pulse was applied in the pres-
ence of the tracer, LY (see Materials and Methods). As shown
in Figure 2, T51B cells have extensive GJIC (Fig. 2A, panels a
and b), which is dramatically reduced after activated Src
expression (Fig. 2B, panels a and b; Table 1).

To examine the effect of Stat3 downregulation, cells were
treated with the platinum compound, CPA7, previously
shown to be an effective Stat3 inhibitor (Turkson et al., 2004;
Littlefield et al., 2008). The degree of Stat3 inactivation was
assessed by probing Western blots with an antibody specific
for the Stat3-ptyr705, as well as by measuring the reduction
in Stat3 transcriptional activity. Since it was previously
demonstrated that cell-to-cell adhesion dramatically acti-
vates Stat3 even in vSrc-transformed cells (Vultur et al.,
2004), tests were conducted at different densities; cells were
plated in 3-cm Petri dishes at a confluence of 50%, and at
different times thereafter, up to 5 days postconfluence, total
protein extracts were probed for the Stat3-ptyr705 by Wes-
tern blotting, using Hsp90 as a loading control (see Materials
and Methods). To ensure that the growth medium was not
depleted of nutrients, it was changed every day. As shown in
Figure 3A, treatment of T51B-Src cells with 50 uM CPA?7 for
24h essentially eliminated Stat3-tyr705 phosphorylation at
all cell densities examined (lanes 1-6 vs. 7-12). In addition,
examination of Stat3 transcriptional activity in T51B-Src cells
transfected with a luciferase gene construct under control of
a Stat3-specific promoter (pLucTKS3 plasmid; see Materials
and Methods) revealed a dramatic decrease upon CPA7
treatment, while CPA7 did not affect Stat3-independent
transcription from c-fos, serum response element promoter,
indicating that this compound is selective for Stat3 (Fig. 3B)
(Turkson et al., 2004).

After Stat3 downregulation, GJIC was examined as above
at 2 days postconfluence. Unexpectedly, the results showed
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that Stat3 inhibition did not reinstate GJIC in T51B-Src cells
(Fig. 2B, panels ¢ and d; Table 1). To further substantiate
these findings, we downregulated Stat3 expression through
infection with a lentivirus vector carrying an shRNA against
Stat3 (sh-Stat3; see Materials and Methods). In addition,
sh-Stat3 expression, which caused a reduction in Stat3-ptyr705
levels to 28% at all cell densities examined, did not increase
GJIC (Fig. 2B, panels e and f; Table 1), in agreement with the
CPA?7 data. The above findings taken together indicate that,
contrary to Ras, high Stat3 activity, which could be, at least in
part, due to high Src activity levels, cannot be responsible for
the lack of junctional communication in T51B-Src cells.

Stat3 is required for gap junctional communication

To further investigate whether Stat3 might, in fact, play a
positive role upon gap junctional communication, we ex-
amined the effect of Stat3 inhibition in normal T51B cells that
have extensive GJIC. Cells were plated in electroporation
chambers and treated with 50 uM CPA7 or the DMSO carrier
alone for 24h, and gap junctional communication was ex-
amined through LY electroporation as above. Interestingly,
the results showed that CPA7 treatment essentially abolished
GJIC (Fig. 2A, panels c and d; Table 1). Similarly, reduction
of Stat3 levels through infection with the sh-Stat3 lentivirus
vector resulted in a dramatic reduction in GJIC in T51B cells
(Fig. 2A, panels e and f; Table 1). The above data taken to-
gether reveal that, rather than increasing GJIC, Stat3 inhibi-
tion eliminates junctional permeability, indicating that Stat3
activity is required for gap junction function in normal epi-
thelial cells that display extensive GJIC.

Stat3 inhibition leads to a reduction in Cx43 levels

Various reports showed that gap junction function is de-
pendent upon cell-to-cell adhesion and the assembly of ad-
herent junctions (Frenzel and Johnson, 1996; Wei et al., 2005).
Since the surface area of contact is expected to increase with
cell density, we examined the effect of cell density upon the
levels of Cx43, a widely expressed gap junction protein, in
T51B cells. Cells were plated at a density of 50%, and at
different times thereafter extracts were probed with an an-
tibody against Cx43 (see Materials and Methods). The results
revealed a dramatic increase in Cx43 levels, which plateaued
at ~1-2 days after 100% confluence, indicating that cell-to-
cell contact can cause a significant increase in Cx43 levels.

It was previously demonstrated that Cx43 has a short half-
life (Beardslee et al., 1998). To examine the effect of Stat3 in-
hibition upon Cx43 protein levels, lysates from T51B cells
grown to different densities and treated with CPA7 were
probed for Cx43 by Western blotting. As shown in Figure 4A
(lanes 8-14), CPA7 treatment caused a dramatic reduction in
Cx43 levels, at all densities examined, concomitant with GJIC
reduction. These findings indicate that, besides GJIC, Stat3
activity is required for the maintenance of Cx43 levels as well.

Apoptosis of adherent cells causes cell rounding and a
reduction in the area of cell to cell to contact. Since these
morphological changes could affect GJIC, the cellular phe-
notype regarding apoptosis was examined after Stat3 inhi-
bition. T51B cells were grown to 3 days postconfluence, and
after Stat3 inhibition with CPA7, apoptosis was examined by
PARP-cleavage analysis, and by examination of the per-
centage of cells with subGl DNA content by FACS (see
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FIG. 2. (A) Stat3 downregulation elimi-
nates gap junctional permeability in rat
liver epithelial T51B cells. T51B cells were
plated on conductive ITO-coated glass and
LY electroporated after treatment with the
DMSO carrier alone (a, b), or CPA7 (c, d),
or infection with the sh-Stat3 lentiviral
vector (e, f) (see Materials and Methods).
After washing the unincorporated dye, cells
from the same field were photographed
under fluorescence (b, d, f) or phase con-
trast (a, ¢, e) illumination. Cells at the edge
of the conductive area that were loaded
with LY through electroporation were
marked with a star (a, b), and cells at the
nonelectroporated area that received LY
through gap junctions were marked with a
dot (Raptis ef al., 2006). Magnification,
240x. Note the extensive junctional com-
munication in (b). (B) Stat3 downregulation
does not increase gap junctional perme-
ability in vSrc-transformed rat liver epi-
thelial T51B cells. Same as above, T51B-Src
cells. After pulse application, cells were
photographed under phase contrast (a, c,
e), or fluorescence (b, d, f) illumination.
Magnification, 240x. Note the absence of
communication, even after Stat3 down-
regulation (d, f). Color images available
online at www liebertonline.com/dna.
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TABLE 1. EFFECT OF SIGNAL TRANSDUCER AND ACTIVATOR
OF TRANSCRIPTION-3 DOWNREGULATION UPON GAP
JuNcTIONAL, INTERCELLULAR COMMUNICATION

Apoptosis
Cell line Treatment®  Stat3® (%) GJIC® % subG1¢
T51B DMSO 5249 6.0+2 241
CPA7 3+2 02+0.1 30+11
sh-Stat3 12+3 09+0.1 2449
T51B-Src  DMSO 100£12 02+0.1 5+£2
CPA7 441 0.1+0.1 61+12
sh-Stat3 2843 0.1+0.1 48+ 14

Cells were treated with 50uM CPA7 or the DMSO carrier
(0.00125%) for 24 h, or infected with a lentivirus vector expressing a
Stat3-specific ShRNA (see Materials and Methods).

PStat3-ptyr705 levels were measured by Western blotting. Numbers
represent relative values obtained by quantitation analysis, with the
average of the values for v-Src-expressing T51B cells taken as 100%.
Averages of at least three experiments - SEM are shown. Data from
sparsely growing cells are presented, but the relative increases were
the same regardless of cell density (Vultur ef al., 2005). The transcrip-
tional activity values obtained paralleled the Stat3-705 phosphory-
lation levels indicated (Fig. 3B; see Materials and Methods).

‘GJIC was assessed by in situ electroporation 2 days after
confluence, which was determined visually and by imaging analysis
(Fig. 1; see Materials and Methods). Quantitation was achieved by
dividing the number of cells into which dye had transferred through
gap junctions (denoted by dots), by the number of cells at the edge of
the electroporated area (denoted by stars, Fig. 2A, panels a and b).
Numbers are averages of at least three experiments, where transfer
from more than 200 cells was examined.

dAfter treatment, fixed cells were stained with propidium iodide
and their subG1 profile was examined by fluorescence-activated cell
sorting analysis (see Materials and Methods).
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Materials and Methods). The results show that CPA7 treat-
ment did result in an increase in PARP cleavage, indicating
apoptosis (Fig. 4B). In addition, FACS analysis showed a
substantial increase in cells with subG1 DNA content upon
CPA7 treatment, or after infection with the sh-Stat3 lenti-
virus vector (Table 1). These findings indicate that Stat3 in-
hibition at high cell densities causes apoptosis, consistent
with previous data regarding mouse fibroblasts and breast
cancer lines (Anagnostopoulou et al., 2006a, 2006b), and hint
at a possible link between GJIC reduction and apoptosis in-
duced by Stat3 inhibition.

Discussion

Results from a number of labs indicated that, constitu-
tively active forms of Ras can suppress GJIC (Atkinson and
Sheridan, 1988; Brownell et al.,, 1996a). Moreover, this re-
duction in junctional permeability could be effected at lower
levels than the levels required for full neoplastic conversion
by this oncogene (Brownell ef al., 1997). Similarly, oncogenes
such as the activated form of the Hsp90 chaperone, Hsp90N,
which can activate the Raf protooncogene product, although
unable to fully transform, can eliminate junctional perme-
ability in normal rat F111 fibroblasts (Grammatikakis et al.,
2002), which stresses the role of oncogenes as GJIC sup-
pressors. The prototype oncogene vSrc also suppresses GJIC,
through direct phosphorylation of Cx43 at tyr247 and tyr265
(Lampe and Lau, 2004; Warn-Cramer and Lau, 2004), or in-
directly through activation of the Protein kinase C or the
Ras/Raf/Mek/Erk pathways (Zhou et al., 1999; Lampe ef al.,
2000; Shah et al., 2002; Bao et al., 2004; Griner and Kazanietz,
2007). It was further demonstrated that the suppression of
gap junctional permeability by vSrc or middle tumor antigen,
an oncogene whose function depends upon binding to and
activation of cSrc (Dilworth, 2002), requires cRas signaling
(Brownell et al., 1996b), and independent from Erk action
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o treatment, DMSO . CPAT .
FIG. 3. CPA7 trciat.ment ehmmateg S’Fa’c?:-1 confluence x\@ﬂ@:@e ;\&\\ . o ﬂy\\a
tyr705 phosphorylation and transcriptiona % 40 70 100 100100 100 40 70 100 100 100 100
activity in T51B-Src cells. (A) T51B-Src cells Stat3
were grown to different densities from 40% 054 w o um o - D - ptyr705

confluence to 3 days postconfluence as

-

indicated and treated with 50 uM CPA7

(lanes 7-12) or the DMSO carrier alone 951

= WP e

(0.00125%, lanes 1-7) for 24 h, at which time

cell extracts were probed for Stat3-ptyr705 12 345 6 7 8 91011 12
or Hsp90 as a loading control. (B) T51B-Src 120 -
cells were transfected with a plasmid B - - 120 o e
expressing a firefly luciferase gene under 2 100 - L A A A O (L I3
control of a Stat3 responsive promoter (m), % g 2L
and a Stat3 independent promoter driving a 32 80 - -8 £g
Renilla luciferase gene () (see Materials and 33> =)
Methods). After transfection, cells were 25 & 60 - - 60 82g
plated to different densities and treated with g s 2 40 2 5
CPA7 or the DMSO carrier alone for 24 h, at 3 £ ] «'__) g
which time firefly and Renilla luciferase 22 5. | 50 & §.
activities were determined. "’-e dldldla "’D"
41 0

0 -
confluence 40 100 +1d +2d +3d +4d

40 100 +1d +2d +3d +4d

%
treatment

DMSO CPA7



StAT3 AND GAP JUNCTIONS

325

A cellline T51B
| 1
treatment DMSO CPA7
r ir 1
3 o o o N 2 P o
confluence P o AT 3 W0
% 40 70 100 100 100100100 40 70 100 100 100 100 100
43 <-|Cx43 |

FIG. 4. (A) Stat3 inhibition reduces Cx43
levels. T51B cells were plated in 3-cm Petri

Stat3 dishes, grown to different densities and
<€ 705 treated with CPA7 (lanes 8-14) or the
pty DMSO carrier (0.00125%) alone (lanes 1-7),
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1 2 3 45 6 7 8 9 10 11 12 13 14

Cx43 (top), Stat3 (middle), or Hsp90 as a
loading control. Arrows point to the
position of Cx43, Stat3-ptyr705, or Hsp90,
respectively. (B) PARP-cleavage analysis: to

assess apoptosis induction, T51B cells were
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grown to different densities and treated
with CPA7 (lanes 4-6) or the DMSO carrier
(0.00125%) alone (lanes 1-3) as indicated,

and cell extracts probed with an antibody to
PARP. Arrows point to the position of
PARP (113 kDa) and cleaved PARP
(89kDa), respectively.

(Ito et al., 2006). Since the Ras and Stat3 pathways are often
coordinately regulated by growth factors or oncogenes, we
looked for a possible role of Stat3 in the suppression of junc-
tional communication. Unexpectedly, our findings indicated
that, contrary to Ras downregulation, Stat3 inhibition does not
restore junctional permeability in T51B cells transformed by
activated Src. On the contrary, our results revealed that Stat3
inhibition eliminated GJIC in normal fibroblasts and epithelial
cells that have extensive GJIC. These findings stress the role of
Stat3 as a positive regulator of gap junctional communication.
This is in sharp contrast to the effect of cRas, which was
shown to cause gap junction closure in normal fibroblasts
(Brownell et al., 1996a). Therefore, Src has a dual role upon
GJIC—acting as an inhibitor through direct or indirect phos-
phorylation of Cx43, and an activator through activation of
Stat3. In the presence of high Src activity the former prevails,
so that the net effect is gap junction closure.

Besides its role in promoting growth, Stat3 activates a
number of antiapoptotic genes, such as survivin (Gritsko
et al., 2006), Bcl-xL, and Mcl-1 (Yu and Jove, 2004). Apoptotic
death is accompanied by dramatic shape changes, such as
rounding, which force the cell to give up all its intercellular
contacts, including the gap junctions. In fact, it was recently
demonstrated that induction of apoptosis by cycloheximide,
etoposide, or puromycin led to a rapid loss of cell coupling,
most probably due to caspase-3-mediated degradation of
Cx43, in primary bovine lens epithelial cells and NIH3T3
fibroblasts (Theiss et al., 2007). Our results show that Stat3
inhibition, which in densely growing cells induces apoptosis
(Anagnostopoulou et al., 2006a), results in a dramatic re-
duction in Cx43 levels and GJIC, which is consistent with the
above observations. In any event, our findings demonstrate
that the function of Stat3, although it is generally growth
promoting and in an activated form can act as an oncogene,

is actually required for the maintenance of junctional per-
meability. The interruption of gap junctional communication
upon Stat3 inhibition would therefore confine the apoptotic
event to single cells, and this might be essential for the
maintenance of tissue integrity.
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Rac1 (Rac) is a member of the Rho family of small GTPases which controls cell migration by
regulating the organization of actin filaments. Previous results suggested that mutationally
activated forms of the Rho GTPases can activate the Signal Transducer and Activator of
Transcription-3 (Stat3), but the exact mechanism is a matter of controversy. We recently
demonstrated that Stat3 activity of cultured cells increases dramatically following E-cadherin
engagement. To better understand this pathway, we now compared Stat3 activity levels in mouse

HC11 cells before and after expression of the mutationally activated Rac1 (Rac¥'2), at different cell

Keywords: densities. The results revealed for the first time a dramatic increase in protein levels and activity of
Rac/Cdc42 both the endogenous Rac and Rac¥'? with cell density, which was due to inhibition of proteasomal
Stat3 degradation. In addition, Rac¥'2-expressing cells had higher Stat3, tyrosine-705 phosphorylation
IL6 and activity levels at all densities, indicating that Rac¥'? is able to activate Stat3. Further
gp130 examination of the mechanism of Stat3 activation showed that Rac''? expression caused a surge in
Erk1/2 mRNA of Interleukin-6 (IL6) family cytokines, known potent Stat3 activators. Knockdown of

Cell migration gp130, the common subunit of this family reduced Stat3 activity, indicating that these cytokines
may be responsible for the Stat3 activation by Rac''% The upregulation of IL6 family cytokines was
required for cell migration and proliferation induced by Rac¥!?, as shown by gp130 knockdown
experiments, thus demonstrating that the gp130/Stat3 axis represents an essential effector of
activated Rac for the regulation of key cellular functions.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Rho family GTPases are intracellular molecular switches cycling
between the active, GTP-bound state and the inactive, GDP-bound
form [1]. Upon activation, the Rho GTPases can activate a distinct
panel of effectors to regulate cellular functions. In fact, the Rho
family members RhoA, Rac1 and Cdc42 are best known as master
regulators of the actin cytoskeleton, promoting the formation of

* Corresponding author. Fax: +1 613 533 6796.
E-mail address: raptisl@queensu.ca (L. Raptis).

stress fibers, lamellipodia or filopodia, respectively. In addition,
Rho GTPases are known growth stimulators that act by modulating
key cell cycle regulators, such as cyclin D1 and the transcription
factor Nuclear Factor-kappaB (NFkB), at the transcriptional level
[2,3].

The Signal Transducers and Activators of Transcription (STATS)
were discovered as latent cytoplasmic transcription factors that
are activated by a number of cytokines and growth factors. Among

Abbreviations: STATs, Signal Transducers and Activators of Transcription; IL6, Interleukin-6; ptyr, phosphorylated tyrosine; Erk, Extracellular-
signal activated kinase; SH2, Src homology 2; JAKs, Janus kinases; Hsp90, Heat shock protein 90; NFkB, Nuclear Factor-kappaB; IKK, IkappaB kinase

0014-4827/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.yexcr.2009.10.017
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seven mammalian STAT genes identified, Stat3 is found to be
overexpressed in a number of tumor cell lines and carcinomas [4].
The fact that a constitutively active form of Stat3 alone is sufficient
to transform cultured fibroblasts to anchorage-independence and
tumorigenicity points to an etiological role for Stat3 in neoplasia
[5]. Like other STAT proteins, Stat3 is latent in the cytoplasm in an
unstimulated cell. Following ligand engagement and receptor
phosphorylation, Stat3 binds the activated receptor through its Src
homology 2 (SH2) domain and is activated through phosphory-
lation by the receptor itself or by the associated JAKs (Janus
kinases) or Src family kinases. Phosphorylation at a critical
tyrosine, tyr-705 activates Stat3 by stabilizing the association of
two monomers through reciprocal SH2-phosphotyrosine interac-
tions. The Stat3 dimer then migrates to the nucleus where it binds
to target sequences, leading to the transcriptional activation of
specific genes, such as myc, Bcl-xL, cyclin D, survivin, Hepatocyte
Growth Factor [6] and to the downregulation of the p53 antion-
cogene [7,8].

Previous results suggested a functional link between the Rho
GTPases and Stat3 but the mechanism is still unclear. Indeed, while
in one study it was reported that mutationally activated Rac1 can
directly interact with Stat3 in co-immunoprecipitation assays [9],
other data showed that Racl indirectly activates Stat3 through
autocrine induction of interleukin-6 (IL-6) [10], while another
group reported that the Rho GTPases can activate Stat3 indepen-
dent from IL6 action [11]. We and others recently demonstrated a
dramatic increase in the activity of Stat3 triggered by cell to cell
contact in a variety of cell lines [12-16]. For this reason, the
modulation of Stat3-ptyr705 levels by cell density must be taken
into account in experiments assessing the effect of proto-
oncogenes such as the Rho GTPases upon Stat3 function.

In this communication, we revisited the question of the
mechanism of Stat3 activation by Racl and Cdc42, in light of
the above findings. The results indicate that cell density alone
causes a dramatic increase in protein levels and activity of both
the endogenous cRacl (Rac) and Cdc42, and the mutationally
activated Racl (Rac¥'?) and Cdc42"V'? in mouse HC11 epithelial
cells, through inhibition of proteasomal degradation. Further-
more, lines expressing activated RacV!'? had higher Stat3 activity
levels at all cell densities examined, indicating that Rac¥!? is, in
fact, able to activate Stat3. The Stat3 increase was mediated
through the expression of IL6 family cytokines, as shown through
knockdown of the gp130, common subunit of the family. Gp130
function and Stat3 activation were required for cell migration and
increase in proliferation induced by mutationally activated Rac
and Cdc42, as shown by genetic knockdown experiments, thus
demonstrating that the gp130/Stat3 axis represents an essential
effector of activated Rac in the regulation of both of these
essential cellular functions.

Materials and methods
Cell lines, culture techniques and gene expression

The normal mouse mammary epithelial line HC11 is a prolactin-
responsive cell clone originally isolated from the COMMA-1D
mouse mammary epithelial cell line derived from a female Balb/c
mouse in mid-gestation [17]. Cell confluence was estimated
visually and quantitated by imaging analysis of live cells under

phase contrast using a Leitz Diaplan microscope and the MCID-
elite software (Imaging Research, St. Catharine's Ont.).

For NFkB inhibition, cells were treated with 20 uM IKK-
inhibitorlll (BMS-345541) or 20 pM/ml CAPE (EMD Biosciences).
JAK-inhibitor-1 (EMD Biosciences) or MG132 (Sigma) were
added at the indicated concentrations. Treatment with the JAK-
inhibitor-1 was for 24 h and with MG132 for 8 h. The CPA7,
platinum Stat3 inhibitor was prepared as described [18] and used
at a 50 pM concentration. Cell viability was assessed by trypan
blue exclusion and by replating cells in medium lacking the
inhibitors. IL6 was purchased from Invitrogen.

For gp130 knockdown, a mouse pSM2 retroviral target gene
shRNA set (Cat#. RMM4530-NM_010560, Supplementary Table
S1) was purchased from Open Biosystems. V2MM-70734 was the
most efficient. Infected cells were selected for puromycin
resistance. Rac''? was expressed with a retroviral vector (a gift
of Dr John Collard, [19]). Rac'®!, Cdc42V'? and wtRacl were
expressed through plasmid transfection under control of the CMV
promotor (plasmids were a gift of Dr. Graham C&té, Queen's
University). Transient transfections for wtRac1 and Rac*®! expres-
sion were performed with Lipofectamine Plus (Invitrogen). To
effectively compare the consequences of wtRacl vs. Rac'®!
expression upon Stat3 activity, HC11 cells were transfected with
each of their respective plasmids and the next day plated at 3 x 10°
cells/3 c¢cm petri, equivalent to 2 days post-confluence, as before
[20]. 24 h later, cell extracts were prepared and Western blots
probed with the indicated antibodies.

For neutralisation of IL6 the #ab6672 antibody (Abcam) was
used, while for neutralisation of LIF we used the antibody #19152
(Sigma), at concentrations of 0.425 pM/ml and 1 ng/ml,
respectively, according to the manufacturers' protocols.

Western blotting and immunoprecipitation

Detergent cell extracts were prepared as described [12]. Following
a careful protein determination (BCA-1 Protein assay kit, Sigma),
300r 100 pg of clarified cell extract were submitted to SDS-PAGE, as
indicated. Blots were cut into strips and probed with antibodies
specific for the tyr-705 phosphorylated Stat3 (Cell Signalling), total
Stat3 (Cell Signalling), the dually phosphorylated form of Extra-
cellular-signal activated kinase Erk1/2 (Biosource), survivin (Cell
Signalling), p21 (Biosource), gp130 (Sigma) or Heat shock protein
90 (Hsp90, Stressgen) followed by alkaline phosphatase, or
Horseradish Peroxidase-conjugated secondary antibodies (Jackson
Labs). Rac1 and Cdc42 antibodies (BD Transduction Labs) recog-
nised both the endogenous and mutant Rac or Cdc42, respectively.
To examine the degree of Rac ubiquitination, extracts were immu-
noprecipitated with anti-ubiquitin antibodies (Biomol) and blotted
against Racl or myc-tag (for Rac*®!, antibody 9E10, Sigma). In all
cases, bands were visualized using enhanced chemiluminescence
(PerkinElmer Life Sciences), or SuperSignal West Femto Maximum
Sensitivity Substrate (Pierce). Quantitation was achieved by
fluorimager analysis using the FluorChem program (Alphalnno-
tech Corp). In all cases Stat3-ptyr705 band intensities were
normalized to Hsp90 levels of the same samples. Jak1 phosphor-
ylation was examined by immunoprecipitation against total Jak1,
followed by blotting with a Jak-ptyr1022/1023 antibody (Cell
Signalling).

Rac/Cdc42 activation assays were performed using GST-PAK
pull-down assays with the Rac/Cdc42 activation assay kit
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(Cytoskeleton, #BKO035). Briefly, the beads were coated with
glutathione-S-transferase (GST) fused to the binding domain of
p21-activated kinase, PAK (PAK-PBD) in pulldown assays. Adding
twice the amount of PBD-coated beads did not increase the signal,
indicating that the amount of binding partner used in the detection
was not limiting.

Photoshop (Adobe) or Corel Draw software were used for the
organization of non-adjusted, original images and blots.

qRT-PCR assays

For quantitative RT-PCR, the delta ct (Dct) value was calculated
from the given ct value by the formula: Dct= (Ctsample — Cteontrol)-
For the qRT-PCR cytokine array, we used the PAMM-021A kit (SA
Biosciences) with an RT-PCR for IL6 run in parallel, according to the
manufacturer's protocol.

Results
Cell density inhibits cRac1 proteasomal degradation

We recently demonstrated that cell-cell contacts through E-
cadherin engagement in HC11, normal mouse breast epithelial
cells causes a dramatic increase in the cellular Rac1 (Rac) and
Cdc42 protein levels [20]. To explore the possibility that the
increase in Rac/Cdc42 with cell density (Figs. 1A and B, lanes 1-7)
might be due to inhibition of proteasome-mediated degradation,
we at first made use of the MG132 proteasome inhibitor [21]. As
shown in Fig. 2A, MG132 treatment of sparsely growing HC11 cells
caused a substantial increase in Rac protein levels, as well as the
p21€IP/WAF h53 substrate serving as a positive control [22]. This
observation points to a role for the proteasome in Rac degradation.
At the same time, the levels of phosphorylated, i.e. activated
extracellular-signal activated kinase (Erk1/2) remained un-
changed following MG132 treatment, suggesting that Rac may be
selectively degraded by the proteasome.

We next examined the effect of ubiquitin overexpression upon
Rac protein levels, by transfecting HC11 cells with a plasmid con-
sisting of a CMV promotor driving the transcription of an mRNA
encoding a multimeric precursor molecule composed of eight,
NH2-terminal hexa-histidine tagged ubiquitin units [23]. The
results revealed that ubiquitin overexpression caused a reduction
in Rac total protein levels which was more pronounced at lower
cell densities, while pErk1/2 levels remained unaffected (Fig. 2B).

To further investigate whether Rac itself might be a substrate of
the proteasome in sparsely growing cells, we examined whether
Rac is modified by ubiquitin tagging. To this effect, we searched for
the presence of Rac in the pool of ubiquitinated proteins, by
probing anti-ubiquitin immunoprecipitates from HC11 cells for
Rac by Western blotting. As shown in Fig. 2C, a diffuse band of
ubiquitin-tagged Rac, consistent with short chain polyubiquitina-
tion [24], was detected in immunoprecipitates from HC11 cells
grown to 30% confluence (lane 5). This band was very weak at
100% confluence (lane 6), possibly due to inhibition of ubiquitina-
tion at high cell densities. When the anti-ubiquitin antibody was
omitted (lane 1) or replaced with normal mouse IgG (lane 3) or an
unrelated, control mouse monoclonal antibody (not shown), no
Rac was found in the immunoprecipitates from 30% confluent
cultures. The above data taken together indicate that Rac itself is, in

fact, a substrate of the proteasome in sparsely growing HC11
cultures, and that cell confluence inhibits Rac ubiquitination and
proteasomal degradation.

Cell density upregulates activated Rac"'? levels through
inhibition of proteasomal degradation

It was previously shown that the active, GTP-bound form of Rac is
preferentially degraded by the proteasome [25]. Therefore, to
examine the impact of cell density upon the levels of mutationally
activated Rac¥'? or Rac'®!, the latter labelled with a myc-tag,
these genes were stably expressed in HC11 cells (see Materials
and methods). A number of colonies were picked and, since cell
density affects Rac protein levels (Fig. 1), screening for total Rac or
myc-Rac by Western blotting was performed at 40% confluence.
Three clones from each, expressing high Rac levels (H-Rac’!? and
H-Rac'®!) were used for further study. Cells were plated in 3 cm
dishes and when 30% confluent and at different times thereafter,
Rac protein levels were evaluated by Western blotting. As shown
in Fig. 1A (lanes 8-14), the levels of Rac¥'? increased dramatically
with cell density (lane 8 vs. 14). H-Rac¥!? cells had ~3x higher
total Rac levels than the parental HC11, at all densities examined.
Two other RacV'? and three Rac'®!-expressing clones gave the
same results (not shown). The above results taken together
indicate that, similar to cRac1 [20], activated Rac''? and Rac'®! are
also subject to density-dependent upregulation.

The effect of cell density upon Rac¥!? activity was examined
next. Cells were plated in petri dishes and when ~30% confluent,
and over several days thereafter, Rac activity was measured by
assessing the binding between Rac-GTP and its effector p21-
activated kinase (PAK) in cell extracts using pull-down assays (see
Materials and methods). As shown in Fig. 1, there was a dramatic
increase in Rac activity with cell density, in both the parental line
(lanes 1-7), and in RacV!2-expressing, H-RacV!? cells, at all den-
sities examined (lanes 8-14), in parallel with Rac protein levels.
Clones expressing the mutationally activated, Cdc42"V!? gave
similar results (Fig. 1B). The above findings taken together indicate
that cell density, besides an increase in total Rac/Cdc42 protein
levels, it also causes a dramatic increase in both Rac/Cdc42 and
RacV'2/Cdc42V'? activity. It follows that, cell density has to be
taken into account when the effect of Rac’'? upon Stat3 is
examined.

To better control the degree of cell-cell contact, irrespective of
differences in cell growth patterns, we repeated the experiments
by plating different numbers of HC11 or H-Rac"!'? cells (0.4x 106,
0.7x10°, 1.0x 105 1.3x10°, 1.8 10° or 2.5x 10° per 3 cm petri,
respectively), so that they would reach the same densities as above
within 24 h [20]. At that time, cells were lysed and Rac protein
levels and activity analysed as above. In all cases, very similar
results were obtained, indicating that it is the extent of cell-cell
contact, regardless of time in culture beyond 24 h, that is res-
ponsible for the increase in Rac protein and activity (not shown).

The potential role of ubiquitination upon the levels of the
mutationally activated, Rac’'? was examined next. As for Rac in
HC11 cells (Fig. 2C, lanes 5 and 6), anti-ubiquitin immunopreci-
pitates of RacV!2-expressing cells grown to different densities were
probed with an anti-Rac1 antibody. As shown in Fig. 2C (lane 8), a
diffuse band of ubiquitin-tagged Rac [24], was detected in
immunoprecipitates from cells grown to 30% confluence. Cells

grown to 100% confluence on the other hand, had very low levels
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Fig. 1 - RacV? and Cdc42"'? activate Stat3 in HC11 cells at all cell densities. (A) Both endogenous and mutant RacV'? protein
levels and activity are dramatically increased by cell density, while RacV'? expression increases Stat3-ptyr705 levels at all cell
densities. HC11 cells (lanes 1-7) or their counterparts stably expressing activated RacV!? (lanes 8-14) were grown to increasing
densities, up to 11 days post-confluence. Detergent cell lysates were probed for total Rac, active Rac-GTP, Stat3-ptyr705, total
Stat3 or Hsp90 as a loading control, as indicated (see Materials and methods). Numbers at the left refer to molecular weight markers.
(B) Both endogenous and mutant Cdc42V'? protein levels and activity are dramatically increased by cell density, while Cdc42"?
expression increases Stat3-ptyr705 levels at all cell densities. HC11 cells (lanes 1-7) or their counterparts stably expressing
activated Cdc42V'? (lanes 8-14) were grown to increasing densities, up to 11 days post-confluence. Detergent cell lysates were
probed for total Cdc42, active Cdc42-GTP, Stat3-ptyr705, total Stat3 or Hsp90 as a loading control, as indicated. (C) Rac¥'? and
Cdc42V'%-expression increases Stat3 transcriptional activity. HC11 and Rac¥'? (top panel)- and Cdc42 V'? (bottom panel)-expressing
cells were transfected with the Stat3-dependent pLucTKS3 and the Stat3-independent pRLSRE reporters and grown to the indicated
densities. Firefly (W) or Renilla ( ) luciferase activities were determined in detergent cell extracts [12]. Values shown represent
luciferase units expressed as a percentage of the highest value obtained, means + s.e.m. of at least 3 experiments, each performed
in triplicate. (D) Rac'®! is more effective than wtRac1 at increasing Stat3-705 phosphorylation. HC11 cells (lane 1), or their
counterparts transfected with wtRac1 (lane 2) or Rac'®! (1ane 3) were plated at 3 x 10 cells/3 cm plate (see Materials and methods)
and detergent cell lysates probed for total Rac, active Rac-GTP, Stat3-ptyr705, total Stat3 or Hsp90 as a loading control, as indicated.
Numbers at the left refer to molecular weight markers.
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Stat3-ptyr705, total Stat3, pErk1/2 or Hsp90, as indicated. Numbers under the lanes refer to total Rac or Stat3-ptyr705 band
intensities obtained through quantitation by fluorimager analysis and normalized to Hsp90 levels, with the peak value of the
control, HC11 cells grown to confluence (lane 4) taken as 100% (see Materials and methods). (C-E) Rac is ubiquitinated in vivo,
at low cell densities. HC11 or H-RacV'? cells were grown to 30% or 100% confluence and anti-ubiquitin immunoprecipitates of
detergent cell extracts (lanes 5-9) blotted against Rac1. As a control, extracts from cells grown to 30% confluence were
immunoprecipitated with normal rabbit serum (lanes 3-4) or buffer alone (lanes 1-2). Bracket points to the ubiquitinated Rac. (D)
Extracts from HC11 or H-RacV"? cells grown to 30% or 100% confluence were blotted against Rac1. (E) HC11 cells before (lane 1) or
after (lanes 2 and 3) expression of a myc-tagged, L61 mutant were grown to 30% or 100% confluence and anti-ubiquitin
immunoprecipitates of detergent cell extracts blotted against the myc-tag. H.C., L.C.: IgG heavy and light chains, respectively. Bracket
points to the ubiquitinated Rac.
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of ubiquitin-tagged Rac (lane 9), consistent with inhibition of
ubiquitination at high cell densities. When the anti-ubiquitin
antibody was omitted (lane 2) or replaced with normal mouse IgG
(lane 4), no Rac¥'? was detected in the immunoprecipitates. At the
same time, total Rac protein levels were much higher at high
densities, both in the HC11 and H-Rac¥'? cell lines (Fig. 2D). Taken
together, these data strongly suggest that Rac'? itself is a substrate
of the proteasome, in sparsely growing cells exclusively. To ensure
that it is the mutationally activated Rac which is ubiquitinated, we
made use of the myc-tagged, Rac'®’. As shown in Fig. 2E, blotting
anti-ubiquitin immunoprecipitates from H-Rac*®! cells, expressing a
myc-tagged Rac*®!, grown to 30% confluence, with an anti-myc-tag
antibody, yielded a strong band (lane 2), while at 100% confluence no
myc-tagged band was detected (lane 3). The above data taken
together indicate that cell density can cause a dramatic increase in
both Rac, and Rac¥!2 and RacL61 protein levels, through inhibition of
proteasomal degradation.

Mutationally activated Rac''? and Cdc42"'? can

activate Stat3

Previous results demonstrated that RacV'? expression leads to
activation of Stat3. However, the effect of cell density was not taken
into account in any previous report, and this could be a source of
apparently conflicting results [9-11]. To definitively demonstrate
the effect of RacY'? upon Stat3 activity, H-Rac"'? cells were plated
in 3 cmdishes and at different times thereafter Stat3-ptyr705 levels
measured by western blotting and compared to the parental HC11.
As shown in Fig. 1A (lanes 8-14), H-Rac"'? cells had higher Stat3-
ptyr705 levels at all cell densities examined. Similar results were
obtained with Rac'®! (not shown), while overexpression of the
cellular Rac1 (wtRac1, Fig. 1D) had a substantially reduced effect
upon Stat3-ptyr705 levels, compared to Rac¥!? or Rac*®!. Exami-
nation of the levels of total Stat3 protein revealed a modest increase
with cell density, as previously reported [12], and with Rac'!? or
Cdc42V12 expression (Figs. 1A, B, D), possibly due to the fact that the
Stat3 promotor itself is one of the Stat3 targets [26], although the
differences were not as pronounced as the Stat3-tyr705 phospho-
rylation observed. Stat3 transcriptional activity also increased upon
RacV'? or Cdc42"'? expression (Fig. 1C), following the pattern of
Stat3-tyr705 phosphorylation (Figs. 1A and B).

The effect of Rac ubiquitination upon Stat3-ptyr705 levels was
examined next. As shown in Fig. 2A, treatment with MG132,
which increased Rac levels, also increased the levels of Stat3-
ptyr705, while expression of his-ubiquitin, which reduced Rac
levels, had a proportional effect upon Stat3-ptyr705 (Fig. 2B).
Cdc42"!2 mirrored the effect of Rac'!? regarding Stat3 activation
(Fig. 1B, lanes 8-14). The above results taken together indicate
that mutationally activated forms of both Rho family GTPases are
indeed able to activate Stat3, above and beyond the activation
due to cell density.

NFKB and JAKs are required for the Rac’'?-mediated,
Stat3 activation

Early data showed that Rac1 can activate NFkB [27]. To examine
whether NFKB may be actually required for the Rac''?>-mediated
Stat3 activation, sparsely growing HC11 cells were trypsinised and
plated to a high density (2.5x10° cells/3 c¢m petri). Following
attachment, cells were treated with the Ikappa Kinase (IKK)-

inhibitor-III (BMS-345541) or the DMSO carrier alone, for 48 h. As
shown in Fig. 3A, treatment with the inhibitor caused a dramatic
reduction in Stat3-ptyr705 levels, in both the parental HC11
(lanes 3 vs. 2) and H-Rac¥'? (lanes 5 vs. 4) cells. Similar results
were obtained with caffeic acid phenethyl ester (CAPE), another
known inhibitor of NFKB activity (not shown). These data indicate
that both the cell density-mediated, and RacV'?-mediated increase
in Stat3-tyr705 phosphorylation requires NFkB. On the other hand,
Rac levels were unaffected by NFkB inhibition (Fig. 3A), which
further reinforces the conclusion that NFkB is downstream of Rac,
i.e. itisrequired for the Rac-mediated, Stat3 activation exclusively.

To explore the role of Jakl in the RacV!'?>-mediated, Stat3
activation, we at first investigated whether Jak1 is activated by
Rac''?, by examining Jakl phosphorylation at tyr1022/1023,
shown to be important in the regulation of Jak1 activity [28,29].
Jak1 phosphorylation at 1022/1023 was measured by blotting
lysates from H-Rac''? and HC11 cells with a phospho-specific
antibody (see Materials and methods). As shown in Fig. 3B, there
was a ~2 fold increase in Jak1, 1022/1023 phosphorylation upon
Rac!? expression at 1 day after 100% confluence (lanes 3 vs. 4),
which paralleled the phosphorylation of Stat3 at this density
(Fig. 3A, lanes 2 vs. 4), while at 30% confluence the difference was
more pronounced (Fig. 3B, lane 1 vs. 2). To examine whether Jak1
is actually required for the RacV'?>-mediated increase in Stat3
activity, HC11 cells grown to densities of 1 day post-confluence
were treated with the pan-JAK inhibitor, JAK inhibitor 1. The
results showed a dramatic reduction in Stat3-ptyr705 levels,
which essentially plateaued at 2 pM of inhibitor, consistent with
previous findings [20], while Rac levels remained unaffected
(Fig. 3C, lanes 1-6). Similar results were obtained with the AG490
JAK inhibitor ([30], not shown). These findings suggest that the
JAK kinases are required for the RacV'2-mediated increase in Stat3-
ptyr705 levels.

Rac"’? triggers cytokine gene expression and requires
gp130 for Stat3 activation

To explore the possibility that the RacV'?-induced, Stat3 activation
may be mediated by autocrine factors, medium conditioned by
sparsely growing, H-Rac''? cells was added to the parental HC11
cells growing to a low density and Stat3-ptyr705 examined. The
results revealed a 3-fold increase in Stat3-ptyr705, indicating the
presence of autocrine factors (not shown). To explore the nature of
the cytokines responsible, we conducted a quantitative RT-PCR array
experiment for 86 cytokines, comparing mRNA levels in H-Rac"'?
cells with levels in the parental HC11 line (see Materials and
methods). Given the effect of density upon Stat3 levels, to examine
the effect of Rac"'? per se, we compared cells expressing Rac¥!? with
the parental HC11, while both were grown to densities of 40%. The
results revealed an increase in mRNA levels of two cytokines of the
IL6 family, IL6 (18-fold) and Leukemia inhibitory factor (LIF) (~10-
fold), known to act through the common gp130 subunit, shared by a
number of Stat3 activating cytokines [31] (Supplementary Table S2).
In fact, addition of neutralising antibodies against two members of
the family, IL6 and LIF separately reduced Stat3-ptyr705 levels by
approximately 30%, while a combination of the two caused a
reduction of ~50% (Fig. 4A, top panel). To further demonstrate the
requirement for IL6 family cytokines for the Rac¥!?-mediated, Stat3
activation, the levels of gp130 were reduced through stable
expression of a specific shRNA, using a retroviral vector (see
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cells were trypsinised and plated at a high density (2.5 x 10° cells/3 cm plate). Following attachment 30 min later, cells were treated
with the IKK inhibitor III (lanes 3 and 5), or the DMSO carrier (lanes 2 and 4). Cell extracts were probed for Stat3-ptyr705, total
Stat3, Rac or Hsp90, as a loading control. Lane 1: HC11 cells immediately after attachment to the plastic. (B) RacV'2-expression
increases Jak11022/1023 phosphorylation. Lysates from HC11 (lanes 1 and 3) or H-RacV'? (lanes 2 and 4) cells were grown to 30%
confluence (lanes 1 and 2), or 1 day after confluence (lanes 3 and 4) and probed for p-Jak1022/1023, total Jak1 or Hsp90 as a loading
control, as indicated. (C) JAK inhibitor 1 reduces the RacV'2-dependent, Stat3-tyr705 phosphorylation. HC11 (lanes 1-3) or

RacV'? (lanes 4-6) cells were grown to a high density and treated with 0 (lanes 1 and 4), 10 (lanes 2 and 5) or 2 (lanes 3 and 6) ng/ml
JAK inhibitor 1. Cell lysates were probed for Stat3-ptyr705, total Stat3, Rac or Hsp90 as a loading control, as indicated.

Materials and methods). As shown in Fig. 4A, gp130 knockdown
reduced Stat3-ptyr705 levels in H-Rac'!? cells (line H-RacV!%-
shgp130) at all densities examined (lanes 1-3 vs. 4-6), pointing to
the possibility that the two IL6 family cytokines play an important
role in the activation of Stat3 by RacV!2.

Rac""?-induced IL6 upregulation is unable to activate
Erk1/2 in confluent cultures

Results from a number of labs indicated that, in addition to Stat3,
IL6 is able to activate the Erk1/2 kinase (Erk) [32]. Since RacV'?
expression leads to IL6 upregulation, we investigated whether
Rac’'? can activate Erk. H-RacV'? and HC11 cells were grown to
30% confluence, serum-starved for 24 h and levels of the dually
phosphorylated, i.e. activated Erk1/2 (pErk) examined by
Western immunoblotting. As shown in Fig. 4B, pErk levels were

higher in H-Rac¥'? cells when grown to 30% confluence than the

parental HC11 (lane 2 vs. 1). At high density however, there was
no Erk activity increase upon RacY'? expression (lanes 4 vs. 3),
although Stat3 phosphorylation was increased (Fig. 1A). To
investigate whether the Erk activation by Rac¥!? might be due
to the IL6 family cytokines produced, pErk levels were examined
in the gp130 knockdown cells. As shown in Fig. 4B (lanes 5-8),
shgp130-expressing cells had low pErk levels, even after Rac¥!?
expression (lane 6 vs. 2), indicating that IL6 activity is required
for pErk upregulation by RacV'2. To further verify the effect of IL6
upon Erk, we directly examined the role of density upon the
activation of Erk by purified IL6. HC11 cells were grown to
densities of 60% or 2 days after confluence, stimulated with IL6
for 15 min and Erk activity examined by probing for pErk
(Fig. 4B, right panel). The results demonstrated that although IL6
could activate Erk in subconfluent cultures (lane 2 vs. 1), as
previously reported [32], there was no Erk activity increase upon

IL6 addition in cells grown to high confluence (lane 4). The above
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Fig. 4 - gp130 is required for the Rac

-mediated, Stat3 activation. (A) Top: reduction in Stat3-ptyr705 levels by neutralising

antibodies to IL6 and LIF. Rac¥'? cells were grown to 30% confluence (lane 1) or 1 day post-confluence and an antibody to IL6 (lane 3)
or to LIF (lane 4), or a combination of the two (lane 6) added to the growth medium for 6 h. Detergent cell extracts were blotted
for Stat3-ptyr705, total Stat3 or Hsp90 as a loading control. Lanes 2 and 5: control lanes, cells treated with buffer alone. Bottom

panel: lysates from H-RacV!?

cells before (lanes 1-3) or after (lanes 4-6) expression of a gp130-specific, ShRNA were probed for
Stat3-ptyr705, total Stat3 or Hsp90 as a loading control, as indicated. Right panel: lysates from H-Rac"'?

cells, before (lane 1) or after

(lane 2) knockdown of gp130 were probed for gp130 or Hsp90 as a loading control, as indicated. (B) Rac'!? does not activate Erk
at high cell densities. Left panel: extracts from the indicated cell lines, before (lanes 1-4) or after (lanes 5-8) expression of the

gp130-specific, shRNA were probed for pErk1/2 or Hsp90 as a loading control, as indicated. Right panel: IL6 was added at 10 ng/ml
for 15 min to HC11 cells grown to 60% (lane 2) or 100% (lane 4) confluence and cell extracts probed for Erk1/2 or Hsp90 as a loading

control, as indicated.

findings clearly indicate that, although Rac'!? induces the

expression of IL6, a known Erk activator, IL6 is unable to activate
Erk in cells grown to high densities. This observation explains
earlier data indicating that pErk levels are unaffected by con-
fluence in a number of cellular systems [12], and reveals a pro-
found effect of cell to cell adhesion upon the response of HC11
cells to IL6.

Rac""2-induced cell proliferation and migration require IL6
Sfamily cytokines

The Rho family GTPases are known to play a role in the control of cell
proliferation [33]. To examine the effect of IL6 family cytokines upon
the RacY'?-induced cell proliferation, HC11, H-shgp130, H-Rac¥!?
and H-Rac¥'?- shgp130 cells were plated in 3 cm dishes and their
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growth rate determined. As shown in Fig. 5A, shgp130 expression
caused a ~2.2 fold reduction in the growth rate of both H-Rac"!? cells
and the parental HC11, indicating that gp130 is an essential
component of a pathway leading to Rac-induced cell proliferation.
It is well established that increased Rac activity can increase
cell motility through the formation of lamellipodia at the leading
edge of cells in a wound healing assay [34]. To examine the role
of the gp130 subunit in the Rac-induced cell migration, HC11,
H-Rac¥'?, H-shgp130 and H-RacV'2-shgp130 cells were plated in
plastic petri dishes. At 2 days post-confluence, a scratch-wound
was introduced to the monolayer using a plastic pipette tip, and
the cells allowed to migrate into the gap. As shown in Figs. 5B
and C, RacV!'?-expressing cells were able to move faster to the
open wound than the parental HC11 (panel f vs. b). However,
gp130 downregulation abolished this effect (panel h), indicating
that gp130 is an integral component of the Rac''? pathway
leading to the increase in cell migration. gp130 shRNA expres-
sion in the parental HC11 line also decreased cell migration

A
67 *H-Rac’1?
° oHC11
S 44 oH-Rac''2-shgp130
. *HC11-shgp130
@ 2
(5]
1 2 3 4 5 6
days
B Oh

HC11-shgp130

H-Rac’'?

V12

H-Rac® “-shgp130

(panel d). Although H-Rac'? cells grow faster than H-Rac/'*-
shgp130, the accelerated growth rate cannot account for the
increase in rate of migration and gap closure. Downregulation of
Stat3 through shRNA knockdown [35], or treatment with the
CPA7 inhibitor [18] caused a similar decrease in cell migration of
H-RacV'? cells (not shown), as previously reported in other
systems [11]. These findings indicate that gp130 is required for
cell migration triggered by the cellular Rac, and that expression
of the mutationally activated RacV'? cannot overcome the gp130
knockdown. Taken together, these results demonstrate that
gp130 represents an essential effector of activated Rac in the
regulation of both cell proliferation and migration.

Discussion

We previously demonstrated that cell to cell adhesion induces a
dramatic increase in the levels of Stat3 activity, which peaks at
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Fig. 5 - Rac-induced cell migration and proliferation require gp130. (A) Cell proliferation: HC11, H-shgp130, H-Rac"'?, or H-Rac"2-
shgp130 cells were grown in Petri dishes in 10% serum and cell numbers obtained over several days, as indicated. Values represent
averages of 3 independent experiments. (B) Cell migration: HC11, HC11-shgp130, H-Rac"'? or H-Rac"'2-shgp130 cells were cultured
to confluence before a scratch was made through the monolayer using a plastic pipette tip. Cells were photographed at 0 (panels a, c,
e, g) or 24 h (panels b, d, f, h) after 12 h of culturing in 0.5% fetal calf serum. (C) Quantitation of the time (h) required by the different
cell lines for gap junction closure. HC11, HC11-shgp130, H-RacV'? or H-RacV'2-shgp130 cells were cultured to confluence before a
scratch was made through the monolayer using a plastic pipette tip. The time taken for gap junction closure was determined by
microscopic observation. Numbers represent averages of 3 independent experiments.
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approximately 2 days after 100% confluence [12,36] (reviewed in
[37]. An important piece of information that came out of these
studies is that cell density must be taken into account in experi-
ments to assess the effect of an oncogene upon Stat3 activity.
Therefore, to investigate the effect of activated Rac upon Stat3,
Stat3 activity levels were examined at different cell densities,
following expression of two mutationally activated Rac constructs,
Rac’'? and Rac'®'. The results revealed that Stat3 activity was
increased with activated Rac expression at all cell densities
examined, indicating that activated Rac can, in fact, activate
Stat3, above and beyond the activation due to cell density.

These observations raise important questions: (1) What is the
mechanism of increase in Rac and Rac'!? levels with cell density?
(2) What is the mechanism of Stat3 activation by Rac¥'?? (3)
What is the functional significance of the Stat3 activation in
Rac/'2-expressing cells?

Cell density inhibits the proteasomal degradation of Rac

We previously demonstrated that cell density increases Rac levels
[20]. Our data now indicate that this increase could be due to
inhibition of Rac proteasomal degradation with confluence. In fact,
previous results indicated that Rac can be degraded through the
proteasome pathway [25]. A mutational analysis further indicated
that constitutive activation of Rac, as well as binding of effectors,
which might be acting as ubiquitin E3 ligases, are necessary for Rac
degradation [25]. Our results, demonstrating that, although
activated, RacV'? and Rac'®! protein levels are increased dramat-
ically with cell density, indicate that cell density can overcome the
degradative effect of activation. These findings extend and rein-
force previous data indicating that epithelial cell scattering
brought about by Hepatocyte Growth factor can induce the
proteasome-mediated degradation of Racl [24]. A similar mech-
anism could hold true for Cdc42, which mirrored Rac levels and
stability increases with cell density.

IL6 family cytokines transmit the signal from activated
Rac"’? to Stat3

Although earlier reports [9] indicated that Rac can directly interact
with Stat3 in co-expression/co-immunoprecipitation assays, later
findings unequivocally demonstrated that Stat3 activation by the
Rho GTPases can occur without the formation of a stable complex
([11] and data not shown). In addition, data by Faruqi et al. [10]
demonstrated that RacV'? could indirectly activate Stat3 through
autocrine induction of IL6. However, through the use of specific
antibodies added to the medium it was later demonstrated that
Stat3 activation can occur independently of IL6 stimulation [11]. To
resolve this apparent controversy, we examined mRNA levels for
86 cytokines in an array analysis. The results revealed an increase
in two cytokines of the IL6 family (IL6 and LIF), indicating that this
family may be involved in Stat3 activation by mutationally
activated Rac. Furthermore, downregulation of gp130, the com-
mon subunit of the family, abolished the Rac'!?-mediated, Stat3
activation indicating that this subunit is actually required for Stat3
activation. The fact that the LIF also, rather than IL6 alone, is
upregulated by RacV'? explains earlier data indicating that IL6-
specific antibodies did not reduce Stat3 activity [11], since these
antibodies, directed against the unique extracellular subunit of IL6
would inhibit IL6 exclusively, while LIF would still be free to

activate Stat3. In any event, these results demonstrate that the
total Stat3 activity in the cell is the sum of effects of both cell to cell
adhesion, plus the Stat3 activating, Rac'!? or Cdc42"'? oncogene
present.

Previous results indicated that IL6 activates Erk, as well as
Stat3. Since RacV!'? causes the upregulation of IL6 family cytokines,
it is expected that Rac¥'? expression would activate Erk. However,
although RacV'?-expressing cells had higher pErk levels than the
parental HC11, when sparsely grown, there was no pErk increase
in H-Rac¥'? cells grown to high densities. To solve this apparent
paradox, HC11 cells were grown to different densities and stimu-
lated with IL6. Indeed IL6 itself, although able to activate Erk in
subconfluent cultures, was unable to do so once cells reached
confluence (Fig. 4B), although Stat3 was still activated (Fig. 1). It is
possible that Erk-specific phosphatases such as Cdc25A are
activated at high cell densities [38], or that other adaptors required
for Erk activation by IL6, or phosphorylation of IL6-R sites, are
downregulated following cadherin engagement and establishment
of cell to cell contacts. In any event, these results further demon-
strate that, despite the fact that these two pathways are often both
activated by oncogenes, cytokines or growth factors, they are not
coordinately regulated by IL6 in densely growing cells.

Gp130 is required for Rac-mediated cell proliferation
and migration

It is well established that Rac activation can increase cell motility,
in part due to regulation of the actin cytoskeleton. However, the
role of the IL6/Stat3 axis in this effect has not been examined. Our
results showed that, as observed before [34], Rac/'?-expressing,

HC11 cells were able to move faster into an open wound intro-
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Fig. 6 - Proposed model for Rac/Cdc42-mediated, Stat3
activation. Constitutively active Rac/Cdc42 activates Stat3
through induction of IL6 family cytokines, such as IL6 and
LIF which possess the common subunit, gp130. This leads to
activation of their respective receptors, Jak activation and
phosphorylation of Stat3, resulting in cell proliferation

and migration.
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duced with a plastic pipette tip into a cell monolayer than the
parental line [1]. Furthermore, the Rac-mediated motility required
the activity of IL6 family cytokines, since downregulation of the
gp130, common subunit of the family, reduced the rate of
migration. The fact that activated Rac¥'? upregulates IL6 and
Stat3, gives further credence to the model of Stat3 activation by
cadherin engagement, via Rac and IL6 [20].

Conclusions

Our results definitively demonstrate that activated Rac/Cdc42
expression leads to Stat3 activation, by a mechanism requiring
NFkB, gp130 and JAK. This pathway is required for cell prolife-
ration and migration, that is the gp130/Stat3 axis represents an
essential effector of activated Rac for the regulation of key
cellular functions (Fig. 6).
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Western blotting is a powerful technique to characterize a multitude of cellular proteins. As an
internal control, the blots are commonly probed for “housekeeping” gene products. In this
communication, we show that cell confluence significantly affects the levels of two such widely
used proteins, a-tubulin and Glyceraldehyde-3-Phosphate Dehydrogenase. On the other hand
the levels of heat-shock protein-90 and 3-actin remained unchanged at a wide range of cell
densities, making these proteins into more reliable loading controls.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Western immunoblotting is a powerful technique to detect
and characterize a multitude of proteins. Since the first trials in
1979 (Towbin et al., 1979), Western blotting methods have been
used extensively to examine protein levels in different cells or
tissues (Kurien and Scofield, 2003). Proteins are usually resolved
by sodium-dodecylsulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) at first, then transferred electrophoretically to a
membrane. The subsequent detection of the membrane-bound
proteins using specific antibodies has evolved into a powerful
tool for cell biology. The experimental protocol invariably
involves the comparison of levels of a given protein or its
modifications under study between different cell preparations.
For this reason, it is necessary to ensure that all lanes of the gel
were loaded with equal amounts of total protein and this can be
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achieved by determining protein concentrations in the cell
lysates. However, as an internal control, and to take protein
degradation into account, it is also necessary to probe for a
protein which is not expected to change with the different
conditions (“housekeeping” gene product). In fact, antibodies to a
number of such proteins have been commercially developed.
Most are also very abundant proteins in the cell, such as 3-actin,
heat-shock protein-90 (Hsp90), Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) and a-tubulin, to name a few.

Cells in normal tissues or in tumors have extensive
opportunities for adhesion to their neighbors in a three-
dimensional organization. This is reproduced in vitro by
culturing cells in dishes to high densities; such dense cultures,
albeit only two dimensional, may in part mimic some of the
physiological signals that occur in vivo. In fact, cell to cell
adhesion in cultured, normal epithelial cells and fibroblasts
triggers an increase in activity of the Rac1 and Cdc42, Rho family
GTPases (Etienne-Manneville and Hall, 2002 ), which plateaus at
a confluence of ~90%. Rac1/Cdc42, in turn, were found to cause a
dramatic increase in the phosphorylation of the Signal
transducer and activator of transcription-3 at tyr705 (Stat3-
ptyr705) (Arulanandam et al., 2009). The peak is usually at 1-
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2 days after confluence, depending upon the cells' growth rate
(Vultur et al.,, 2004; Raptis et al., 2009). In such experiments, it is
important to employ a gene product whose levels are not
affected by cell density, as a control for protein loading.

In our search for a suitable marker, we examined the effect
of cell density upon the levels of a number of commonly used
housekeeping gene products. The results showed that the
levels of GAPDH and a-tubulin increased gradually with cell
density starting at 10% confluence and plateauing at ~90%.
Hsp90 and R-actin levels on the other hand did not change
with cell density, from 10% confluence up to 5 days after
confluence, indicating that these proteins may be appropriate
controls. This is the first report on the effect of density of
cultured cells upon the levels of certain commonly used,
housekeeping gene products.

2. Materials and methods
2.1. Cell growth, protein extraction, and Western blotting

Mouse NIH3T3 fibroblasts (subclone DL+10) were previ-
ously described (Vultur et al., 2004). They were grown to

confluence
(%)

confluence

(%) 10 20 40 100

different densities in Dulbecco's modification of Eagle's
medium supplemented with 5% calf serum. Cells were
scraped with a rubber policeman into 1.8 mL microcentrifuge
tubes, washed with cold phosphate-buffered saline (PBS) and
the cell pellet resuspended in the different extraction buffers.
Three buffers were used: NP-40 [50 mM Hepes pH 7.4,
150 mM NaCl, 10 mM EDTA, 10 mM NasP,07, 1% NP-40,
100 mM NaF, 2 mM Na3VOy, 0.5 mM phenylmethylsulphonyl
fluoride (PMSF), 10 pg/mL aprotinin, 10 ug/mL leupeptin],
radioimmunoassay precipitation assay buffer [RIPA, 150 mM
NaCl, 1% NP-40, 50 mM Tris, pH 8.0, 0.5% sodium deoxycho-
late, 0.1% sodium dodecyl sulphate (SDS), 5 mM NaF, 2 mM
Na3VO,4, 1.25 mM PMSF, 10 pg/mL aprotinin, 10 pg/mL leu-
peptin] and SDS buffer [1% SDS, 10 mM ethylene-diamine-
tetraacetic acid, 80 mM Tris, pH 8.1, 5 mM NaF, 2 mM Na3VOy,,
1.25 mM PMSF, 10 pg/mL aprotinin, 10 ug/mL leupeptin]. To
optimize protein quantitation, the amount of extraction
buffer was proportional to cell numbers, 100 uL/10° cells.
Following extraction, NP-40 and RIPA lysates were clarified
by centrifugation. SDS extracts on the other hand were passed
through a syringe to break up the DNA and liquefy the
preparation. Protein determination followed on clarified
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Fig. 1. a-tubulin and GAPDH levels increase with cell density, while Hsp90 and (3-actin levels remain unaffected. A. NIH3T3 fibroblasts grown to the indicated
confluences were photographed under phase-contrast illumination. Magnification: 140x. B. RIPA extracts from NIH3T3 cells grown to different densities were
resolved by gel electrophoresis and blots probed for a-tubulin, GAPDH, Hsp90 or {3-actin, as indicated. Numbers at the left refer to molecular weight markers. 30 pg

total protein were loaded per lane.
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extracts and 30 pg protein from each preparation were loaded
onto SDS-PAGE gels. Lysates were clarified by centrifugation
(10,000 g, 20 min) and protein determination conducted
using the bicinchoninic acid kit (Sigma, Cat.# BCA1-1KT) for
the NP-40 or RIPA extracts or the DC protein assay kit Il (Bio-
Rad, Cat.# 500-0112) for the SDS extracts. Proteins were
resolved by SDS-PAGE and electrophoretically transferred to
a nitrocellulose membrane (Bio-Rad). Blots were probed with
antibodies to a-tubulin (Cell Signaling, Cat.# 2125), GAPDH
(Cell Signaling, Cat.# 2118), Hsp90 (Stressgen, Cat.# SPA-
830) and P-actin (Biovision, Cat.# 3598-199), followed by
alkaline phosphatase-conjugated secondary antibodies and
ECL reagents, according to the manufacturer's protocols
(Biosource, Pierce). Bands were visualized using enhanced
chemiluminescence (PerkinElmer Life Sciences, Cat.#
NEL602), or SuperSignal West Femto Maximum Sensitivity
Substrate (Pierce, Cat.# 34095). Quantitation was achieved by
fluorimager analysis using the FluorChem program (Alphaln-
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3. Results and discussion

Mouse NIH3T3 fibroblasts were grown in tissue culture
dishes at different densities, ranging from 10% confluence to
5days after 100% confluence (Fig. 1A). To eliminate any
effects of extraction efficiency differences, we used three
commonly employed lysis buffers. In initial experiments, cells
were lysed directly on the plate and protein determination
conducted on extracts clarified by centrifugation. However,
significant amounts of serum proteins (mainly bovine serum
albumin) present in the growth medium were found to attach
non-specifically to the plastic tissue culture dish and be
eluted with the detergent-containing extraction buffer. The
amounts were found to vary from 2.22 pg/cm? to 9.46 pg/cm?
for cells grown in 5% calf serum, and they could disturb the
determination of protein concentration in the lysate signif-
icantly, especially at lower cell densities. To avoid this
problem, cells were scraped in ice-cold PBS, transferred into
microcentrifuge tubes, washed once in PBS and the extraction
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Fig. 2. Quantitation of protein levels at different densities. A. The results of quantitation of band intensity of the different proteins are presented, loading 30 pg total
protein per lane. Values shown represent units expressed as a percentage of the highest value obtained for each protein, means + s.e.m. of at least 3 experiments,
each performed in triplicate, with each extraction buffer. B. The results of quantitation of band intensity of the different proteins are presented, loading the protein
from 60,000 cells per lane. Values shown represent units expressed as a percentage of the highest value obtained for each protein, means + s.e.m. of 3 experiments,

each performed in triplicate, with each extraction buffer.
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buffer added to cell pellets for 10 min with vigorous pipetting.
Three different, commonly employed buffers were used, NP-
40, RIPA and SDS (see Materials and methods) and 30 pg total
protein loaded per lane. As shown in Fig. 1B and Fig. 2A, there
was a ~3x increase in the amount of a-tubulin detected in
cells grown to 100%, compared to 10% confluence. A similar
increase was seen in the levels of GAPDH, and it was the
same regardless of extraction method used. However, Hsp90
and p-actin levels remained essentially unchanged with cell
density. Similar results were obtained with a number of other
cell lines, such as the A549 and SK-Luci-6 lung carcinoma
(Tomai et al., 1999), the MDA-MB-468, MDA-MB-231 and
MDA-MB-453 breast carcinoma (Vultur et al., 2004), normal
mouse breast epithelial HC11 (Arulanandam et al., 2009), rat
liver epithelial T51B (Geletu et al., 2009), and mouse primary
and spontaneously established fibroblasts, before and after
transformation by the middle tumor antigen of polyoma virus
(Raptis et al.,, 1985) or the large tumor antigen of Simian Virus
40 (Vultur et al., 2005).

Since the content per cell of many proteins may change
with cell density, these experiments were repeated, loading
the protein from an equal number of cells (60,000) per lane
(Fig. 2B). This amounted to 30 pg protein for actively growing
NIH3T3 cells, i.e. at confluences of up to 75%, while the same
number of cells at 100% confluence had 23.3 ug as expected,
due to the higher proportion of cells in Go/G1. The results
showed that at densities of up to ~75% Hsp90 and B-actin
levels were unchanged with density, while the levels of
GAPDH and a-tubulin increased as above. However, at
confluences equal to or greater than 100% the amounts of
all housekeeping proteins examined were lower compared to
cells grown to 75% confluence, indicating that their levels are
proportional to the amount of cellular protein loaded,
regardless of cell numbers.

To compare the efficiency of extraction with the different
buffers, the levels of these proteins remaining in the pellets
were assessed; following NP-40 or RIPA extraction, the pellets
were solubilised by resuspending in SDS buffer and the
amounts of residual a-tubulin and GAPDH quantitated by
Western blotting. Pellets from cells extracted with NP-40
contained approximately equal amounts of a-tubulin as the
supernatants, and twice the amounts present in the pellets
from cells extracted with RIPA buffer, indicating that the RIPA
buffer can extract ~2x higher amounts of a-tubulin than the
NP-40. However, no GAPDH was detected in any of the
pellets, indicating that both buffers can extract most of this
cytosolic protein.

Conclusions

In this communication we examined the levels of four
gene products which are commonly used as loading controls

in Western blotting experiments. The results revealed that
levels of a-tubulin and GAPDH increased significantly with
cell confluence from 10% to 100%, which shows that these
proteins may be unsuitable as loading controls for Western
blotting experiments requiring growth of cells to subcon-
fluence. On the other hand, our results demonstrate that
Hsp90 and B-actin levels were essentially unaffected by cell
confluence, making these proteins into reliable gel loading
controls for a wide range of cell densities.
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