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Abstract

Ect2, a Rho guanine nucleotide exchange factor (RhoGEF), is atypical among RhoGEFs in its predominantly nuclear
localization in interphase cells. One current model suggests that Ect2 mislocalization drives cellular transformation by
promoting aberrant activation of cytoplasmic Rho family GTPase substrates. However, in ovarian cancers, where Ect2 is
both amplified and overexpressed at the mRNA level, we observed that the protein is highly expressed and predominantly
nuclear and that nuclear but not cytoplasmic Ect2 increases with advanced disease. Knockdown of Ect2 in ovarian cancer
cell lines impaired their anchorage-independent growth without affecting their growth on plastic. Restoration of Ect2
expression rescued the anchorage-independent growth defect, but not if either the DH catalytic domain or the nuclear
localization sequences of Ect2 were mutated. These results suggested a novel mechanism whereby Ect2 could drive
transformation in ovarian cancer cells by acting as a RhoGEF specifically within the nucleus. Interestingly, Ect2 had an
intrinsically distinct GTPase specificity profile in the nucleus versus the cytoplasm. Nuclear Ect2 bound preferentially to
Racl, while cytoplasmic Ect2 bound to RhoA but not Rac. Consistent with nuclear activation of endogenous Rac, Ect2
overexpression was sufficient to recruit Rac effectors to the nucleus, a process that required a functional Ect2 catalytic
domain. Furthermore, expression of active nuclearly targeted Racl rescued the defect in transformed growth caused by
Ect2 knockdown. Our work suggests a novel mechanism of Ect2-driven transformation, identifies subcellular localization
as a regulator of GEF specificity, and implicates activation of nuclear Racl in cellular transformation.
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Ect2 (epithelial cell mransforming sequence 2) is a Rho
family GEF capable of activating RhoA, Racl, and Cdc42 in
vitro,’ but in cellulo it is more selective, in a context-depen-
dent manner.*'* Atypically for RhoGEFs, Ect2 contains 2
nuclear localization signals (NLSs) and has a prominent
nuclear localization in interphase cells.” In contrast, Rho
proteins are found outside the nucleus.” It has been proposed
that Ect2 is auto-inhibited and sequestered from Rho
GTPases in the nucleus of normal interphase cells, but
becomes mislocalized to the cytoplasm in tumor cells, where
its auto-inhibition is lost, and where it then activates Rho
family GTPases to drive transformation.*'> However, the
subcellular localization of Ect2/Rho GTPase interactions
has never been directly investigated in tumor cells.

Here we used ovarian tumor cells to further examine the
role of Ect2 in transformation. Aberrant Rho GTPase activ-
ity has been implicated in this tumor type.'" Ect2 is
located on chromosome 3g26.1-26.2,%° a common amplicon
in ovarian tumorSZI’zz; indeed, ovarian cancer has the sec-
ond highest frequency of Ect2 amplification among human
cancers to date.” Ect2 is also overexpressed at the mRNA
level.**** However, the protein expression of Ect2 and its
functional consequences have not been studied in ovarian
tumors. We examined a patient tumor tissue microarray
(TMA) and observed that Ect2 protein was strongly
expressed predominantly in the nucleus of ovarian cancer
cells. We have identified a requirement for Ect2 in ovarian
cancer cell transformation, and a novel mechanism whereby
Ect2 can activate Racl and can drive ovarian tumor cell
transformation from within the nucleus.

Results

Nuclear localization of Ect2 correlates with advanced disease
in human serous epithelial ovarian cancers. Protein expression
and subcellular distribution of Ect2 in ovarian cancers has
not been evaluated previously. We evaluated these proper-
ties in a previously validated ovarian TMA?** containing
approximately 400 full-faced cores from ovarian tumors and
non-matched normal ovarian cysts. We optimized the immu-
nohistochemical protocol such that <5% of OVCARS cells
with Ect2 knockdown stained positive for Ect2, using an Ect2
antibody that we had previously validated for specificity by
immunoblot analysis (Suppl. Fig. S1A and S1B). Nuclear
and cytoplasmic Ect2 expressions were scored independently
for each core. Unexpectedly, we found that higher scores for
nuclear expression correlated with more advanced serous
epithelial tumors (P =0.0001516; Fig. 1A), whereas those for
cytoplasmic expression correlated with less advanced tumors
(P =0.0007163; Fig. 1B). Indeed, in serous cysts Ect2 was
expressed at low levels in the cytoplasm but undetectable in
the nucleus, whereas for most cells in advanced tumors, Ect2
was concentrated in nuclei (Fig. 1C). These results suggested

that nuclear rather than cytoplasmic localization of Ect2 may
be important for its oncogenic functions in this tumor type.

Ect2 is expressed predominantly in the nucleus of ovarian
cancer cell lines. We turned to cell lines to study the localiza-
tion and function of Ect2 in ovarian tumor cells directly.
Ect2 was easily detected by immunoblotting in all 8 ovarian
cancer cell lines tested (Fig. 2A). To assess its subcellular
localization, we performed immunofluorescence, staining
for endogenous Ect2, co-staining for DAPI as a nuclear
marker, and imaging the cells using confocal microscopy.
Specificity of the Ect2 antibody immunofluorescence sig-
nal was confirmed using Ect2 knockdown cells (Suppl. Fig.
S1C). We observed a direct overlay of the vast majority of
the Ect2 and DAPI signals in all cell lines examined (Fig.
2B and data not shown), indicating that Ect2 is predomi-
nantly nuclear, and supporting our observation from the
TMA that nuclear Ect2 may be more relevant than cytoplas-
mic Ect2 for ovarian cancer cells.

Ect2 is required for transformed growth of ovarian cancer
cell lines. Anchorage-independent growth is a hallmark of
the transformed phenotype and is classically measured by
soft agar colony formation.*® To determine the requirement
for Ect2, we stably knocked down Ect2 using 2 independent
shRNAs in cell lines that grow vigorously in an anchor-
age-independent manner. Both shRNAs robustly decreased
expression of Ect2 in all cell lines, with Ect2 shRNA#3
showing more complete knockdown than shRNA#2 (98%
and 84%, respectively, in OVCARS cells) (Fig. 3A). We
then compared anchorage-independent growth of cells
expressing non-targeted (NT) shRNA or Ect2 shRNA.
Knockdown of Ect2 decreased soft agar colony formation
of multiple cell lines, with the most striking effects seen in
OVCARS cells (Fig. 3B, *P < 0.05). Thus, Ect2 is neces-
sary for anchorage-independent growth of multiple ovarian
cancer cell lines. We selected OVCARS for further study.

MTT proliferation assays revealed no significant differ-
ences between NT and Ect2 knockdown ovarian cancer
cells (Fig. 3C). This indicates that the observed Ect2 depen-
dence of anchorage-independent growth was not due sim-
ply to a general proliferation defect. And although Ect2 is
known to play a critical role in cytokinesis of normal cells
through activation of RhoA,'**! its role in some tumor cells
is less clear.'™" Here, the level of multinucleated cells
remained low upon knockdown of Ect2 (Suppl. Figs. S2
and S4), indicating that these ovarian tumor cells can still
undergo cytokinesis efficiently when Ect2 is depleted.

RhoGEF activity is required for Ect2-mediated transformed
growth. Ect2 is a RhoGEF with other functional domains®
that may also play a role in its ability to drive transformed
growth. To determine if the GEF activity itself is required,
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Figure I. Nuclear localization of Ect2 correlates with advanced disease in human serous epithelial ovarian cancers. Ect2 subcellular
localization was analyzed by immunohistochemistry (IHC) using a well-validated®*? ovarian tissue microarray (TMA). Tumor cores were
stained with Ect2 antibody (1:350; Millipore, Billerica, MA) and scored for percentage cells stained as well as intensity of staining in each
location. Separate nuclear scores and cytoplasmic scores were calculated as described in Materials and Methods and binned according
to disease severity. Quantification of Ect2 localization showed (A) significantly greater nuclear expression (P = 0.0001516) and (B)
significantly lower cytoplasmic expression (P = 0.0007163) in advanced disease. SBT = serous borderline tumor. Box and whisker plots
include horizontal lines corresponding to median, first and third quartiles (hinges), and extreme points excluding outliers (whiskers). (C)
Representative images of a benign serous cyst, a serous borderline tumor, a low-grade and a high-grade serous epithelial tumor stained

for Ect2 illustrate increased nuclear staining upon disease progression. Scale bars represent 10 pm.

we first generated an shRNA-resistant, putatively GEF-
deficient Ect2 mutant. Residues E428 and N608 in the cat-
alytic Dbl homology (DH) domain of Ect2 are conserved
among RhoGEFs, interact with the switch I and switch 11
regions of Rho GTPases, respectively, and are important
for nucleotide exchange.® We mutated these residues to
alanines (E428A, N608A). Both wild type (WT) and the
DH-mutant Ect2 were tagged with the HA epitope so they
could be monitored separately from endogenous Ect2. The
localization of the DH-mutant was indistinguishable from
WT (Suppl. Fig. S3). Using standard pulldown assays for
active Rho GTPases, we then observed in 293T cells that
these mutations decreased by 90% the ability of Ect2 to
activate RhoA, and completely ablated Racl activation
(Fig. 4A), validating that this Ect2 mutant is GEF-deficient
on these substrates. Interestingly, these mutations did not
prevent Ect2-induced activation of Cdc42, indicating that

this activation is not dependent on these catalytic residues
and is likely indirect.

We next assessed whether GEF-deficient Ect2 could
rescue anchorage-independent growth. Ect2 expression
was rescued in OVCARS Ect2 knockdown cells using
either WT or GEF-deficient Ect2 (Fig. 4B). As expected,
WT Ect2 rescued soft agar colony numbers to levels simi-
lar to those seen in cells without Ect2 knockdown, whereas
the GEF-deficient mutant only partially rescued the pheno-
type (Fig. 4C). Thus, the RhoGEF activity of Ect2 is
required to support full anchorage-independent growth in
OVCARS cells.

We then sought to determine which Rho GTPases are
activated by Ect2 in these cells. We compared the levels of
active RhoA, Rac, and Cdc42 in whole cell lysates with or
without Ect2 knockdown, using standard Rhotekin-RBD
(for RhoA) and PAK-RBD (for Rac and Cdc42) pulldown
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Figure 2. Ect2 is expressed predominantly in the nucleus
of ovarian cancer cell lines. (A) Ect2 is highly expressed in
ovarian cancer cell lines. Cell lysates from a panel of 8 human
ovarian cancer cell lines were probed by immunoblotting with
the anti-Ect2 antibody (1:1,000, n = 4). Equal amounts of cell
lysate were loaded onto the gel; tubulin (1:1,000, clone DMIA,
Sigma-Aldrich, St Louis, MO) served as a loading control. (B)
Ect2 is predominantly nuclear in established ovarian cancer cell
lines. Cells were stained with anti-Ect2 antibody (1:1,000) and
the subcellular distribution of endogenous Ect2 was visualized
by confocal immunofluorescence microscopy to detect the
Alexafluor 594-coupled secondary antibody. Nuclei were stained
with DAPI. Predominantly nuclear staining was seen across
cell lines (images representative of n > 4). Scale bars represent
10 pm.

assays. Upon Ect2 knockdown, RhoA activity decreased by
about a third (*P < 0.05, Fig. 4D). We also saw a clear but
more variable decrease in active Rac, despite the continued
presence of multiple other RhoGEFs capable of activating
these GTPases. Cdc42 activity remained constant (data not
shown), consistent with the lack of effect of Ect2 GEF defi-
ciency on Cdc42-GTP levels. These results indicate that
Ect2 GEF activity is required for full RhoA and Rac activa-
tion in OVCARS cells at steady state and that other GEFs
cannot fully compensate for loss of Ect2.

Predominantly nuclear localization is required for Ect2-
mediated transformed growth. In ovarian cancer cells, Ect2
is a predominantly nuclear RhoGEF. Although RhoA and
Racl are predominantly cytosolic proteins,’ both have been

observed to lesser extents in the nucleus.”” ® Loss of Ect2
GEF activity impaired ovarian cancer cell transformed
growth and also impaired full RhoA and Rac activation.
Collectively, these findings suggest that Ect2 could activate
nuclear rather than cytoplasmic pools of RhoA and Rac
to drive transformation. If so, depleting Ect2 selectively
from the nucleus should impair anchorage-independent
growth.

To address this possibility, we mutated the arginines in
both NLSs of the shRNA-resistant Ect2 to alanines
(R348,349,350,370,372A). We first evaluated subcellular
localization using immunofluorescence and confocal
microscopy. Co-staining for the HA-epitope tag and DAPI
confirmed that the NLS-mutant had a greatly decreased
nuclear localization and greatly enriched cytoplasmic local-
ization compared to WT Ect2 (Fig. 5A). To quantitate the
subcellular distribution of NLS-mutant Ect2, we then frac-
tionated the cells and performed immunoblotting analyses.
The results (Fig. 5B) demonstrated that only about 10% of
the NLS-mutant was still localized to the nuclear fraction.
The NLS-mutant was well-expressed and well-tolerated,
such that cell lines stably expressing NLS-mutant Ect2
were easily generated (Suppl. Fig. S4A), without apparent
effects on cell cycle distribution (Suppl. Fig. S4D) or multi-
nucleation (Suppl. Fig. S4B and S4C).

Despite higher levels of expression than WT Ect2 (Fig.
5C), the NLS-mutant was not capable of rescuing the
anchorage-independent growth defect of Ect2 knockdown
cells (Fig. 5D). Interestingly, its overexpression alone in
cells retaining endogenous Ect2 was sufficient to lead to
decreased anchorage-independent growth. This suggests
that simply localizing Ect2 to the cytoplasm in the presence
of nuclear Ect2 is not sufficient to drive transformation in
these ovarian cancer cells, but rather may have the opposite
effect, consistent with our TMA findings in which higher
levels of cytoplasmic Ect2 were found preferentially in the
less-advanced lesions.

Some nuclear Ect2 is present in an active conformation
that has enhanced specificity for Racl. It has been proposed
that nuclear Ect2 is auto-inhibited,**” whereas our results
suggest at least a portion is active. To test this directly, we
fractionated OVCARS cells and performed a pulldown
assay>*’ for active Ect2 using a constitutively nucleotide-
free form of RhoA(17A), which binds with high affinity to
the active form of RhoGEFs.* Using tubulin as a cytoplas-
mic marker and PARP as a nuclear marker, we confirmed
effective fractionation (Fig. 6A, left). Immunoblotting of
endogenous Ect2 demonstrated that, while the vast majority
was observably nuclear (NUC), some Ect2 was detectable
in the non-nuclear fraction (CYT). This is unlikely to be due
to nuclear contamination of the CYT fraction because PARP
was not detectable there. In both fractions, Ect2 bound with
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Figure 3. Ect2 is required for transformed growth of ovarian cancer cell lines. Our ovarian cancer cell lines that grow robustly in an
anchorage-independent manner were evaluated for the importance of Ect2 in transformed growth. Cells were infected with lentiviruses
expressing | of 2 independent shRNAs directed against Ect2, or non-targeting (NT) shRNA. Infected cells were selected in puromycin
and colonies were pooled for further use. (A) Ect2 knockdown using 2 independent shRNAs was confirmed by immunoblotting. Equal
amounts of cell lysate were loaded onto the gel; actin (1:30,000, clone AC-74, Sigma-Aldrich) served as a loading control (n > 3). Percent
knockdown shown is based on densitometry performed on each Ect2 blot and normalized to actin. (B) Ect2 knockdown impairs
anchorage-independent growth. Cells with or without Ect2 knockdown were grown in soft agar, and colonies were counted after 2
to 5 weeks (n > 3). Statistical significance was evaluated using Student’s t-tests, with the Bonferonni correction (*P < 0.05); error bars
represent standard error (SEM). (C) Reduced anchorage-independent growth is not primarily due to a general proliferation defect. Cell
growth in monolayer culture was not statistically different whether Ect2 was (Ect2 shRNA#2, #3) or was not (NT shRNA) knocked
down, as determined by MTT assay over 4 days (shown: OVCARS cells). Error bars represent SEM (n = 3).

notably higher affinity to GST-RhoA(17A) compared to The ability of a GEF to interact with nucleotide-free
the GST-only control (Fig. 6A, right), revealing that some mutant GTPases is dependent on both the concentration of
active Ect2 is present in both compartments. active GEF®® and the specificity of the GEF for the
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Figure 4. RhoGEF activity is required for Ect2-mediated transformed growth. (A) A catalytic DH-domain mutant (E428A/N608A) of
Ect2 is impaired in RhoGEF activity on RhoA and Rac| but not Cdc42. Ectopic expression of HA-tagged wild type (WT) but not mutant
Ect2 increased active RhoA-GTP or Racl-GTP in whole cell lysates, as shown by pulldown assays using the Rho binding domain (RBD) of
effectors that selectively bind the active, GTP-bound form of each GTPase (293T cells; anti-HA, 1:1,000, clone 3F10, Roche, Indianapolis,
IN; anti-RhoA, 1:1,000, clone 67B9, Cell Signaling, Danvers, MA; anti-Racl, 1:1,000, clone 23A8, Millipore; anti-Cdc42, 1:500, clone B-8,
Santa Cruz, Dallas, TX). In the same assay, overexpression of Ect2 with mutated nuclear localization signals (NLS) caused a dramatic
increase in RhoA activity but not Rac activity. Ect2 activation of Cdc42 was unaffected by either DH or NLS mutations. Percent
activation is shown based on densitometry performed on each active GTPase blot and normalized to total GTPase (representative
of n > 3). (B) Re-expression of WT or the GEF-deficient DH-mutant Ect2 in knockdown cells restores Ect2 levels to similar degrees.
The shRNA-resistant mutants indicated above were stably expressed in the Ect2 knockdown OVCARS cells and immunoblotted with
anti-HA antibody for ectopic Ect2 and with anti-Ect2 antibody for endogenous + ectopic Ect2. Tubulin served as a loading control. (C)
Re-expression of WT but not GEF-deficient Ect2 rescues anchorage-independent growth. Error bars represent SEM. The baseline of
colony counts was considered to be those seen in cells where Ect2 was not knocked down (NT) and expression was “rescued” with
vector-only (VO). Colony counts statistically significant from this baseline are marked with an asterisk * (P < 0.05, with Bonferroni
correction). The ability of ectopic Ect2 to rescue Ect2 knockdown was evaluated by comparison to cells expressing Ect2 shRNA#3 and
“rescued” with vector-only (*, P < 0.05, with Bonferroni correction; n = 5). (D) Ect2 knockdown results in decreased levels of active
RhoA and Rac in whole cell lysate. Standard pulldown assays were performed using the Rho binding domain (RBD) of effectors that
selectively bind the active, GTP-bound form of RhoA (Rhotekin-RBD) and Rac (PAK-RBD). Upper panel = representative pulldown;
lower panel = average of all assays (n > 4). Error bars represent SEM and * represents P < 0.05, based on a paired t-test in which values
were log-transformed for normality.
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Figure 5. Predominantly nuclear localization is required for Ect2-mediated transformed growth. (A) Disruption of the nuclear
localization signals (NLSs) of Ect2 impairs its nuclear localization compared with WT Ect2. Localization of an Ect2 NLS-mutant
(R348,349,350,370,372A) in which both NLSs have been disrupted was determined by confocal immunofluorescence microscopy,
probing for HA-tagged Ect2 (red, 1:500, clone 16B12, Covance, Princeton, NJ) and the nuclear marker DAPI (blue), n = 3. Scale bars
represent |0 pm. (B) NLS-mutant Ect2 is localized predominantly in the cytoplasm. The shift in localization of Ect2 on NLS mutation
was confirmed by fractionating cells expressing either NLS-mutant or WT Ect2, and blotting for HA-tagged Ect2 (I:1,000, Covance).
Purity of each fraction was confirmed via immunoblot using anti-histone H3 antibody (1:12,000, AbI791, AbCam, Cambridge, MA) as a
nuclear marker and tubulin as a cytoplasmic marker, with equal amounts of the nuclear and cytoplasmic fractions loaded onto the gel.
Average percentage of Ect2 in the nucleus was calculated from densitometry values. Whereas 72.3% of WT Ect2 was observed in the
nucleus, only 10.4% of NLS-mutant Ect2 was nuclear (n = 2). (C) NLS-mutant Ect2 restored Ect2 expression in knockdown cells to a
higher degree than WT. The shRNA-resistant mutants indicated above were stably expressed in Ect2-knockdown OVCARS cells. Cell
lysates were immunoblotted as in Figure 4B except that actin served as a loading control. (D) Ect2 NLS-mutant failed to rescue colony
formation in soft agar. WT but not NLS-mutant Ect2 rescued the impairment of soft agar colony formation caused by Ect2 knockdown
(n = 5). Error bars represent SEM. Statistically significant differences are marked with * and ” as in Figure 4C.

GTPase.”™' To determine the ability of Ect2 to interact equal amounts of total Ect2 rather than equal amounts of
with other Rho GTPases within each subcellular compart- total protein.

ment, we extended these results with GST-RhoA(17A), Unexpectedly, the Rho GTPase interactions of Ect2 in
GST-Racl(15A), and GST-Cdc42(15A). Equal amounts of  the nucleus were different from those in the cytoplasm (Fig.
GST-Rho proteins were added in excess to each Ect2- 6B). In the nucleus, Ect2 interacted with both Racl(15A)
containing lysate (Fig. 6B, Coomassie), so the relative and RhoA(17A), with a distinct preference for Racl despite
amounts of endogenous RhoA and Rac in each cellular  equal exposure to both. In the cytoplasm, Ect2 interacted
compartment were irrelevant and could not contribute to almost exclusively with RhoA. The minimal levels of Ect2
any observed differences in Ect2 interactions. Additionally, pulled down with Cdc42(15A) from either compartment are
to avoid complications from the vastly different amounts of ~ consistent with our proposal that activation of Cdc42 via
Ect2 present in the nuclear versus non-nuclear compart- Ect2 is indirect in these cells. Using densitometry to quan-
ments, here we pulled down Ect2 from lysates containing  tify the amount of Ect2 from each compartment that was
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Figure 6. Some nuclear Ect2 is present in an active conformation that has enhanced specificity for Rac. (A) At least some nuclear
Ect2 is present in an active conformation. OVCARS cells were fractionated into nuclear (NUC) and non-nuclear (CYT) compartments.
Purity of each fraction was confirmed via immunoblot using PARP (1:2,000, clone C2-10, BD Bioscience, San Jose, CA) as a nuclear
marker and tubulin as a cytoplasmic marker, with equal amounts of the nuclear and cytoplasmic fractions loaded onto the gel. As
expected, Ect2 was predominantly nuclear (left panel). Pulldowns (right panel) were then performed on equal concentrations of
each fraction. GST-RhoA(17A) pulled down active Ect2 from each location. GST alone served as a control for nonspecific binding (n
= 5). (B) Ect2 preferentially interacts with Racl in the nucleus, and with RhoA in the cytoplasm. As above, cells were fractionated,
but here the pulldowns were performed on fractions distributed for equal expression of Ect2 as described in Materials and Methods
(confirmed by immunoblot, left panel). Pulldown analyses using GST alone, GST-RhoA(17A), GST-Racl(15A), or GST-Cdc42(15A)
were performed on each fraction to determine the GTPase specificity of Ect2 within each fraction (right panel, n = 8). Equal bead
loading was confirmed by SDS-PAGE and Coomassie staining. (C) The ratio of Ect2 pulled down by Rac to Ect2 pulled down by Rho in
the nucleus is greater than the same ratio in the cytoplasm. The amount of Ect2 pulled down by nucleotide-free Racl or RhoA in each
subcellular compartment (as shown in B) was quantified by densitometry, and the ratio of the amount of Ect2 pulled down by Racl to
the amount pulled down by RhoA in the nuclear (NUC) or non-nuclear compartments (CYT) is shown. This ratio switches from >1 in
the NUC to <I in the CYT, indicating that Ect2 associates preferentially with Racl in the nucleus and with RhoA in the cytoplasm. The
graph shows the average of all experiments (n = 8), and error bars represent SEM. (D) Endogenous Rac and RhoA are present in the
nucleus of OVCARS cells. Cells were fractionated and immunoblotted for RhoA and Racl. To allow for detection of the less abundant
nuclear GTPases, 6.5% more protein was loaded from the NUC compartment, while still retaining the purity of each compartment. (E)
A higher proportion of total Rac is nuclear, compared to RhoA. Densitometry was performed on the immunoblot shown in D and the
percentage of nuclear protein was calculated as follows to account for the unequal loading of each compartment: (nuclear intensity)/
(nuclear intensity + 6.5% cytoplasmic intensity).
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pulled down by Rac versus Rho, we calculated that the ratio of
Ect2 pulled down by Rac to that of Ect2 pulled down by Rho
was 1.7 in the nucleus but only 0.4 in the non-nuclear com-
partment (Fig. 6C). Because equal amounts of ectopic Rac
and Rho were available for Ect2 binding in each case, these
different ratios suggest the possibility of an intrinsic confor-
mational difference between nuclear and cytoplasmic Ect2.

We detected both endogenous Rac and endogenous Rho
in the nucleus (Fig. 6D), but with unequal distribution: a
greater proportion of Rac was distributed to the nucleus
(16%) than was Rho (6%) (Fig. 6E). Thus, intrinsic differ-
ences detected by the pulldowns using ectopic nucleotide-
free GTPases are likely to be amplified by the relative
availability of endogenous Rac and Rho in each compart-
ment during cellular signaling.

Ect2 activates endogenous Rac in the nucleus and endog-
enous RhoA in the cytoplasm. To determine if Ect2 is capable
of activating endogenous Rac and/or Rho in the nucleus,
we first performed standard Rho binding domain (RBD)
recruitment assays.”*® We used POSH, a downstream
effector specific to Rac,*” to detect active Rac-GTP. Under
basal conditions, GFP-POSH-RBD was expressed diffusely
throughout the cytoplasm and nucleus, but was recruited to
the nucleus in the presence of exogenous WT Ect2 (Fig.
7A; quantified in Fig. 7C). Nucleolar exclusion of GFP-
POSH-RBD was evident by confocal microscopy (Fig.
7A); thus, GFP-POSH-RBD was recruited into the nucleus
and not onto the nuclear envelope. Recruitment was depen-
dent on both GEF activity and nuclear localization of Ect2,
because the GEF-deficient and the NLS-mutant each failed
to recapitulate the effects of WT Ect2. Consistent with these
results, GFP-PAK 1-RBD* was also recruited to the nucleus
by Ect2, in a GEF- and NLS-dependent manner (Suppl. Fig.
S5A and S5B). These results indicate that WT Ect2 acti-
vates endogenous Racl, and the site of activation is primar-
ily in the nucleus.

Notably, the cytoplasmically localized NLS-mutant did
not activate Rac as measured either by recruitment assay
(Fig. 7A, Suppl. Fig. S5A) or by pulldown assay (Fig. 4A).
In contrast, we observed that the cytoplasmically localized
NLS-mutant Ect2 strongly increased RhoA-GTP levels
(50.5-fold, Fig. 4A). These results indicate that Ect2 activ-
ity in the cytoplasm preferentially results in activation of
Rho. However, GFP-Rhotekin-RBD, a surrogate for RhoA
activity,” was not recruited either to the cytoplasm or to the
nucleus (Fig. 7B, quantified in Fig. 7C). One reason for this
may be that any shift of the smaller pool of nuclear GFP-
Rhotekin-RBD into the cytoplasm may not be detectable in
the larger pool of cytoplasmic Rhotekin-RBD. Therefore, to
determine if the elevated RhoA-GTP that we detected by
pulldown led to a biological consequence in the cytoplasm,
we performed phalloidin staining to examine the actin cyto-
skeleton of OVCARS cells exogenously expressing WT or

mutant Ect2. The canonical cytoskeletal consequence of
RhoA activity is the formation of stress fibers,* and indeed
we found that only the cytoplasmically localized NLS-
mutant Ect2 significantly enhanced stress fiber formation,
whereas the nuclearly localized WT and GEF-deficient
Ect2 did not (Fig. 7D and E). These results indicate that
cytoplasmically localized Ect2 can functionally activate
RhoA. In contrast, and consistent with its inability to acti-
vate Rac (Fig. 4A), NLS-mutant Ect2 did not increase
membrane ruffling, a canonical consequence of Rac activ-
ity’' (Fig. 7D and E). WT Ect2 also did not enhance mem-
brane ruffling, consistent with a previous report that
overexpression of a nuclearly localized, constitutively
active Racl mutant enhanced cell proliferation without
inducing membrane ruffles.** Collectively, our results indi-
cate that Ect2 preferentially activates Racl in the nucleus
and RhoA in the cytoplasm. The larger pool of cytoplasmic
Rho family GTPases (Fig. 6E) may explain why we
observed more striking changes in RhoA activation com-
pared to Rac activation upon Ect2 overexpression (Fig. 4A)
and knockdown (Fig. 4D) in whole cell lysate.

Nuclear Racl activity is sufficient to rescue defects in Ect2-
mediated transformed growth. Since we have demonstrated that
both nuclear localization and GEF activity are required for
Ect2-mediated transformed growth in ovarian cancer cell lines
and that Ect2 preferentially activates Racl in the nucleus, our
results suggest that Ect2 activation of nuclear Rac may be an
important contributor to its transforming ability.

We first attempted to determine directly whether Racl is
necessary for Ect2-driven anchorage-independent growth
by asking whether Racl knockdown impaired colony for-
mation in soft agar. However, it was impossible to generate
cells lacking Racl, as transfection with any of 4 indepen-
dent Racl-targeted siRNAs (Dharmacon/Thermo Scientific,
Pittsburgh, PA) induced widespread cell death (data not
shown), leaving us with insufficient Rac1-knockdown cells
for analysis and indicating that Racl is an essential protein
for viability of these cells. Although it is likely that the non-
nuclear functions of Racl were critical, we were unable to
selectively knock down only nuclear Racl.

Another approach to testing our model is to determine
whether nuclear Racl can overcome the defect in trans-
formed growth conferred by loss of Ect2 expression. To test
this, we generated HA-tagged activated Racl mutants that
were preferentially localized in the nucleus (Fig. 8A). We
used mutants of Racl that were activated independently of
Ect2 by either the traditional GTP-locked G12V mutation™'
or by the fast-cycling F28L mutation.’? Prenylation of Racl
is required for its plasma membrane association’ and
impairs its nuclear import. Non-prenylated Racl localizes
strongly to the nucleus when GFP-tagged.**** However, we
determined that an additional N-terminal NLS was required
to concentrate unprenylated HA-tagged Racl in the nucleus.
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Figure 7. Ect2 recruits downstream effectors of Rac to the nucleus and initiates canonical RhoA signaling in the cytoplasm. To
determine if Ect2 was capable of activating endogenous Rho GTPases in the nucleus, we examined GFP-RBD recruitment in OVCARS8
cells expressing empty vector versus exogenous HA-tagged WT, GEF-deficient, or NLS-mutant Ect2. Confocal immunofluorescence
microscopy was used to image cells expressing both HA-Ect2 (red) and each GFP-RBD (green); nuclei were stained using DAPI (blue).
(A) Ect2 recruits POSH-RBD to the nucleus in a GEF-dependent manner. POSH is a Rac-specific effector, and recruitment of POSH-
RBD reveals endogenous Rac activation in the nucleus (n = 7, with an average of 40 cells/condition in each replicate). Scale bars represent
10 pm. (B) Ect2 does not recruit Rhotekin-RBD to the nucleus. Rhotekin is a Rho-specific effector that was not detectably recruited (n
= 6, with an average of 30 cells/condition in each replicate); see Results section. Scale bars represent 10 pm. (C) Ect2 recruitment of
POSH to the nucleus is robust and statistically significant. Quantification of GFP-RBD localization was performed for each condition, as
described in Materials and Methods. The percentage of cells with nuclear-highlighted expression of the GFP-RBD is shown (*P < 0.05
difference from vector with Bonferonni correction; error bars represent SEM). (D) NLS-mutant Ect2 enhances stress fiber formation
but not membrane ruffling. Extra-nuclear Rho GTPase signaling was investigated by examining the actin cytoskeleton. Canonical RhoA
signal transduction induces stress fiber formation, whereas Racl drives membrane ruffling. We compared organization of the actin
cytoskeleton in OVCARS cells expressing empty vector versus exogenous HA-tagged WT, GEF-deficient, or NLS-mutant Ect2. Confocal
immunofluorescence microscopy was used to image cells expressing HA-Ect2 (green, Covance); actin was stained using Alexa Fluor
568-conjugated phalloidin (red, Invitrogen, Grand Island, NY), and nuclei were stained using DAPI (blue). (E) Cells expressing each
construct as shown in panel D were quantified for presence or absence of stress fibers or membrane ruffles (n = 3, with an average of
35 cells/condition in each replicate). Statistical significance was evaluated using Student’s t-test, with the Bonferonni correction (*P <
0.05); error bars represent standard error (SEM).
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Figure 8. Nuclear Racl activity is sufficient to rescue defects in Ect2-mediated transformed growth. (A) Racl is targeted to the nucleus
upon disruption of its CAAX box and addition of an NLS. The localization of Ect2, NLS-Rac|-G12V-SAAX, and NLS-Rac|-F28L-SAAX
was detected by confocal immunofluorescence microscopy, probing for HA-tagged Racl or Ect2 (green, Covance) and the nuclear
marker DAPI (blue), n = 3. Scale bars represent 10 um. (B) Stable expression of nuclearly targeted Racl mutants in Ect2 knockdown
OVCARS cells. Lysate was immunoblotted with anti-HA (Covance) for ectopic Racl and Ect2 or with anti-Ect2 for endogenous +
ectopic Ect2. Actin served as a loading control. (C) Racl mutant expression rescued the defect in anchorage-independent growth caused
by Ect2 knockdown. Both constitutively active and fast-cycling nuclearly localized Racl mutants were able to rescue the defect in soft
agar colony formation caused by Ect2 knockdown, to the same extent as re-expression of WT Ect2 (n = 3). Representative images (4%
magnification) of colonies are shown. Scale bars represent 100 pm. Error bars represent SEM. Statistically significant differences are
marked with * and * as in Figure 4C.

Therefore, to preferentially localize the activated Racl
mutants to the nucleus, we both mutated the Racl prenyl-
ated cysteine to serine (C189S, “SAAX” mutation) and
added the classical NLS from SV40T antigen®™ to the

Discussion

Despite the largely nuclear localization of the RhoGEF Ect2
in interphase cells,”'*'***¢ previous studies have focused

N-terminus to generate “NLS-Rac1-SAAX” mutants. When
expressed stably in cells with Ect2 knocked down (Fig. 8B),
cach of these nuclearly concentrated, active mutants of
Racl was able to rescue anchorage-independent growth to
the same extent as re-expression of WT Ect2 (Fig. 8C).
These results support our model that Ect2 activation of
Racl in the nucleus is a key component of its transforming
function.

on its actions at non-nuclear locations. For example, the
most prominent role for Ect2 in normal cells is its require-
ment during cytokinesis, when the nucleus is not intact and
Ect2 activates RhoA at the cleavage furrow and mid-
body.”'%!"*>37 Byt the function of Ect2 in cytokinesis of
normal cells can be uncoupled from its role in promoting
transformed growth of tumor cells,'"'*** leaving the mech-
anisms whereby it promotes transformation less
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well understood. One model suggests that Ect2 must be
cytoplasmically mislocalized to drive transformation.*'* In
contrast, our study indicates a prominent role for a nuclear
pool of Ect2 in the transformed phenotype of ovarian cancer
cells. Furthermore, we have identified a requirement for
Ect2 to act as a RhoGEF within the nucleus to promote
growth transformation in ovarian cancer cells.

In both ovarian cancer patient tumor tissues and estab-
lished cell lines, we found that Ect2 protein was expressed
robustly, consistent with its published genomic amplifica-
tion and mRNA overexpression in ovarian tumors.”>**%
Ect2 was predominantly localized to the nucleus, particu-
larly in advanced disease. Interestingly, we did not observe
significant Ect2 localization to the cytoplasm in advanced
tumors; instead, benign ovarian cysts had the most promi-
nent cytoplasmic staining. Although Ect2 was reported to
be strongly mislocalized from the nucleus to the cytoplasm
in non—small cell lung cancers (NSCLC) compared to nor-
mal lung," our observations of increased nuclear expres-
sion in ovarian cancers are more consistent with other
reports where inspection of the data shows that Ect2
increases globally on tumor progression, with extensive
increases in nuclear expression and less dramatic increases
in cytoplasmic Ect2.****% We show here that both Ect2
nuclear localization and its RhoGEF activity are required
for Ect2-driven anchorage-independent growth of ovarian
cancer cells, suggesting that Ect2 acts as a GEF from within
the nucleus to drive transformation. Indeed, our observa-
tions that cytoplasmic Ect2 localization was inversely cor-
related with advanced disease, and that a cytoplasmically
localized Ect2 NLS-mutant reduced anchorage-independent
growth, indicate that mislocalization of Ect2 to the cyto-
plasm does not drive ovarian transformation but rather
might oppose the effect of nuclear Ect2. That this NLS-
mutant Ect2 was able to act as a GEF to increase RhoA-
GTP and promote stress fiber formation suggest the
intriguing possibility that Ect2 activation of RhoA in the
cytoplasm might even counteract its actions in the nucleus.

In NSCLC cell lines, transformed growth can be driven
by Ect2-induced activation of Racl."” Racl activation was
proposed to occur in the cytoplasm, although this was not
tested directly.'™*® Since the BRCT domains of Ect2 can
auto-inhibit its activity,**”*' nuclear Ect2 was proposed to
be auto-inhibited and sequestered from Rho GTPases.®
Here, we found that active Ect2 was present in the nucleus.
There has been almost no prior investigation of the subcel-
lular distribution of active Ect2, but one study did identify
active Ect2 in the nucleus of HEK293 cells.*®

While Rho GTPases are described as cytoplasmic pro-
teins,’ this is not the entire story. In particular, Rac1**** and,
to a lesser extent, RhoA™?° and Cdc42® have all been
detected within the nucleus. We were able to detect both
endogenous Rac and some endogenous RhoA in the nucleus
of OVCARS cells; therefore, both are available in the

nucleus as substrates for Ect2 RhoGEF activity. Our work
also provides further evidence for nuclear activation of Rho
GTPases. Although early reports simply described nucleo-
cytoplasmic shuttling,**** there are recent reports that RhoA
can be activated from within the nucleus in some
contexts.”>

We observed that Ect2 preferentially activates Rac in the
nucleus. We also identified at least 2 likely contributors to
this finding: (a) the presence of more Rac than RhoA in the
nuclear compartment and (b) an intrinsic substrate specific-
ity, such that nuclear Ect2 preferentially binds to Racl
whereas cytoplasmic Ect2 preferentially binds to RhoA.
Consistent with the latter, the NLS-mutant, which is defec-
tive for nuclear localization and is distributed well into the
cytoplasm, robustly activated RhoA but not Rac.

Modulation of intrinsic substrate specificity may be
complex. Phosphorylation is required to optimally activate
Rac both in vitro” and in cells.”® We have observed that bac-
terially expressed, that is, unphosphorylated Ect2 can acti-
vate RhoA but not Rac1 in vitro.”” It is tempting to speculate
that nuclear Ect2 is appropriately phosphorylated; however,
despite repeated attempts we have not observed mobility
differences between nuclear and cytoplasmic Ect2 (as
observed previously for phosphorylated versus unphos-
phorylated Ect2”'?). Alternatively, as-yet-undefined pro-
tein-protein interactions that occur in the nucleus may
promote interaction with Rac, perhaps involving the Ect2
C-terminus, which is required to activate Rac in cells.**
Similarly, cytoplasmic scaffolding may promote RhoA but
not Rac activation. Protein-protein interactions have been
speculated to explain reports of varying Ect2 specificity
throughout cytokinesis/mitosis.®> Regardless of the mecha-
nism, to our knowledge, this study is the first to demon-
strate altered specificity of a RhoGEF based on its
subcellular localization.

Our work is also the first to show that active Racl is
capable of driving transformation when concentrated in the
nucleus (and excluded from the plasma membrane). The
precise function of nuclear Rac in these cells is unknown.
Forced expression of a constitutively active but unprenyl-
ated Racl mutant in the nucleus of NIH3T3 cells acceler-
ated cell cycle progression.’* However, this mutant did not
induce lamellipodia formation, a primary function of cyto-
plasmic Racl,* suggesting that nuclear and cytoplasmic
functions of active Rac may be distinct. Similarly, although
overexpression of Ect2 was capable of recruiting the RBD
of Rac effectors to the nucleus, we did not observe an
increase in lamellipodia or membrane ruffling on expres-
sion of Ect2. Still, negative regulators®®®’” and downstream
signaling molecules®’® of Rac can be detected in the
nucleus, suggesting that some cytoplasmic signaling path-
ways could remain intact there, albeit with distinct stoichi-
ometry. Some Rac effectors directly regulate transcription
from the nucleus,”®”" but we did not observe Ect2-mediated
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alterations in transcriptional activation (data not shown).
The speckled pattern of Ect2 localization in the nucleus
suggests that Ect2 localizes to distinct subnuclear struc-
tures. Nuclear speckles regulate mRNA splicing,” and Ect2
interacts with the SNRNP200 gene product, a component of
the spliceosome,” so it is possible that Ect2 signaling to
Rac plays a role in this process.

In conclusion, here we identified Ect2 as necessary for
cellular transformation in ovarian tumor cells. We also iden-
tified a novel mechanism through which Ect2 can drive cel-
lular transformation by acting as a GEF from within the
nucleus, in a manner distinct from its actions in the cyto-
plasm. We showed that Ect2 preferentially activates Rac in
the nucleus of ovarian cancer cells and RhoA in the cyto-
plasm. In addition to Ect2, the RhoGEFs Netl, LARG, and
Vav3 have also been identified in the nucleus.””” It would
be interesting to determine if subcellular localization also
alters the specificity of these and other RhoGEFs. Our
results suggest that nuclear Racl activity is biologically rel-
evant for transformed growth and implicate activation of
nuclear Rac as a mediator of Ect2-driven transformation. In
the future it may become possible to selectively ablate Ect2-
activated nuclear Rac. If so, this would allow more rigorous
testing of a requirement for nuclear Rac activity in Ect2-
driven ovarian cancer cell transformation. As physiologi-
cally relevant substrates of nuclear Ect2 and Racl are
identified, it will also be interesting to uncover their roles in
transformation.

Materials and Methods

Molecular constructs and transfections. Short hairpin RNA
(shRNA) against human Ect2, non-targeting (NT) shRNA,
and shRNA-insensitive full length Ect2 were generously
provided by Alan Fields (Mayo Clinic, FL)." Quikchange
II site-directed mutagenesis kit (Stratagene, Santa Clara,
CA) was used to create NLS- and DH-mutant Ect2 from
shRNA-insensitive full length Ect2 (primers, Suppl. Fig.
S6). NLS-Racl-SAAX mutants were generated using PCR
(primers, Suppl. Fig. S6) to amplify Racl F28L° and Racl
G12V (gift of Peter Hordijk, Sanquin). All Ect2 and Racl
expression constructs were cloned into pFugW-HA-blas-
ticidin (gift of Jeran Stratford, UNC-CH). Viral psPAX2
(packaging) and pMDG.2 (envelope) vectors were from
Addgene. pGEX-2T and RBD constructs™’®” were gifts
from Keith Burridge (UNC-CH). Transfections were per-
formed using TransIT-LTI (Mirus, Madison, WI) according
to the manufacturer’s instructions.

Cell culture, lentiviral infection, and generation of stable trans-
fectants. Human ovarian epithelial cancer cell lines were
grown in RPMI-1640 with 10% fetal bovine serum (FBS;
Sigma, St. Louis, MO). 293T cells were grown in DMEM-
H + 10% FBS. Lentiviruses were generated as described,*

except virus was collected 24 and 48 hours posttransfec-
tion. Lentivirus-infected cells®” were selected in puromycin
(1 pg/mL, Cellgro, Manassas, VA) or blasticidin (10 pg/mL,
Invitrogen, Grand Island, NY).

Flow cytometry. Flow cytometry was performed exactly
as we have described previously.”’

Immunoblotting, immunofluorescence, phalloidin staining, and
microscopy. Immunoblotting was performed from RIPA cell
lysates by our standard methods.*> For immunofluorescence
and phalloidin staining, cells were plated on fibronectin,
fixed in paraformaldehyde, exposed to antibodies or to Alexa
Fluor568-conjugated phalloidin (Invitrogen), and confo-
cal microscopy imaging performed as we have done previ-
ously. ! A Nikon (Melville, NY) Eclipse TS100 microscope
was used to image cells and colonies in bright field.

Ovarian tumor tissue microarray (TMA) immunohistochem-
istry. A previously validated TMA,*** containing forma-
lin-fixed, paraffin-embedded primary epithelial ovarian
carcinomas or benign cysts, was stained for Ect2 by the
UNC-Translational Pathology Laboratory Core. We used a
standard method of scoring the TMA,” except each core
was scored separately for nuclear and cytoplasmic staining.
Each compartment was scored separately on a scale of 0 to
100 for percent cyst or tumor cells stained, and on a scale
of 0 to 3 for average intensity of staining, where 0 was no
staining and 3 was maximal staining. The score for each
compartment was the product of percent cells staining in
the nucleus/cytoplasm multiplied by the average intensity
of nuclear/cytoplasmic staining for each core.

Previously collected patient data®®*’ allowed us to clas-
sify the serous tumors by degree of malignancy (cysts,
serous borderline tumors, serous low-grade tumors, and
serous high-grade tumors). A Kruskal-Wallis test was per-
formed to compare both nuclear and cytoplasmic scores
among these groups; P < 0.05 was considered significant.
Institutional review board approval was through UNC-CH
IRB 08-0242.

Anchorage-dependent and -independent growth assays. Soft
agar assays to assess anchorage-independent growth were
performed and counted as we have described.*® A 2-tailed
Student’s f-test assuming unequal variance was performed
on colony counts. The P-values were adjusted for multiple
tests using the Bonferroni correction, and P < 0.05 was
considered significant. Standard MTT proliferation assays
were performed.*” Cells were normalized to the average
value for day 0 and growth curves were generated from the
average of all experiments. Slopes of the log-transformed
growth curves were compared using likelihood ratio tests
to determine statistical significance, and a Bonferroni cor-
rected P-value <0.05 was considered significant.
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Cell fractionation. Cell fractionation into nuclear and post-
nuclear compartments was performed by hypotonic swell-
ing, Dounce homogenization, centrifugation through 28.5%
iodixanol (Sigma), and sonication as described in detail
previously.*®

Pulldown and recruitment assays for active Ect2 and Rho
GTPases. Active Ect2 was assessed by incubating fraction-
ated cell lysates with nucleotide-free Rho GTPases isolated
from bacteria and bound to agarose beads, resolved on
SDS-PAGE, and immunoblotted for Ect2.***° Prior to per-
forming pulldowns, fractions were subjected to Bradford
analysis for total protein content. For some experiments
(Fig. 6A), equal amounts of total protein were added to the
beads. Alternatively (Fig. 6B), loading of fractionated cell
lysates was normalized for equal expression of Ect2. This
was done by comparing the distribution of Ect2 in nuclear
versus cytosolic fractions using densitometry of western
blots of the fractionated lysates, which showed that load-
ing 2.6x more of the cytosolic fraction resulted in approxi-
mately equal loading of Ect2 from each fraction. Loading of
Ect2 was examined by western blot following each of these
assays. Beads were blocked in 5% BSA for 30 minutes to
minimize nonspecific binding of Ect2 to GST. Equal load-
ing of the beads was confirmed by SDS-PAGE and Coo-
massie blue staining.

To determine levels of active, GTP-bound RhoA, Rac,
and Cdc42, pulldowns using GST-Rhotekin-RBD or -PAK-
PBD, respectively,”® were performed from whole cell
lysates. Densitometry on immunoblots was performed using
ImagelJ and normalized as described in the Results section.

Recruitment assays™>*® using GFP-tagged RBDs for
Rhotekin, POSH, and PAK were used to monitor changes in
the subcellular distribution of active endogenous Rho
GTPases. Fixed cells expressing HA-Ect2 in each specific
location (vector: diffuse; WT and DH-mutant: nucleus; NLS-
mutant: cytoplasm) that co-expressed GFP-RBD were scored
for GFP-RBD localization based on the following categories:
nuclear-excluded, plasma membrane-highlighted, diffuse
nuclear and cytoplasmic localization, nuclear-highlighted.
The average percentage of cells nuclear-highlighted out of
total cells counted is shown. Statistical significance was
determined as described for the soft agar assays.
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