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ATM activation following DNA damage is a critical event which is required for efficient DNA repair and cell survival,
yet signaling mechanisms controlling its activation are incompletely understood. The RhoGEF Net1 has previously been
reported to control Rho GTPase activation and downstream cell survival outcomes following double strand DNA
damage. However the role of Net1 isoforms in controlling ATM-dependent cell signaling has not been assessed. In the
present work we show that expression of the Net1A isoform is specifically required for efficient activation of ATM but
not the related kinase DNA-PK after ionizing radiation. Surprisingly Net1A overexpression also potently suppresses ATM
activation and phosphorylation of its substrate H2AX. This effect does not require catalytic activity towards RhoA or
RhoB, and neither Rho GTPase affects ATM activation, on its own. Consistent with a role in controlling ATM activation,
Net1A knockdown also impairs DNA repair and cell survival. Taken together these data indicate that Net1A plays a plays
a previously unrecognized, Rho GTPase-independent role in controlling ATM activity and downstream signaling after
DNA damage to impact cell survival.

Introduction

Maintenance of genomic integrity is fundamental to cell sur-
vival. Thus organisms have evolved many mechanisms to recog-
nize and repair damaged DNA. A particularly deleterious form
of DNA damage are double strand breaks (DSBs), which trigger
signaling cascades that establish cell cycle arrest and allow time
for DNA repair.1-3 Ataxia-telangiectasia mutated (ATM) and
DNA-dependent protein kinase (DNA-PK) are related kinases
that phosphorylate distinct but overlapping sets of substrates and
whose activation is essential for cells to respond to DNA DSBs.4

Although they display significant homology in their kinase
domains, ATM and DNA-PK are structurally unique and have
distinct activation mechanisms. In the absence of DNA DSBs,
ATM exists as an inactive dimer. However, following DNA dam-
age, ATM is recruited to DNA breaks by the MRN complex,
where it undergoes autophosphorylation at S1981 to stimulate
its kinase activity.5,6 DNA-PK is recruited to DNA DSBs by
binding to its accessory proteins Ku70 and Ku80, which leads to
its activation by autophosphorylation on S2056 and the T2609
cluster.7-9 Although these mechanisms constitute the essential
basis for activation of ATM and DNA-PK, it is clear that addi-
tional mechanisms modulate the activation state and downstream
signaling capabilities of both kinases.3,4,10

The neuroepithelial transforming gene 1 (Net1) is a Rho gua-
nine nucleotide exchange factor that was originally identified as a

transforming gene in NIH3T3 cells.11 Two isoforms of Net1
exist in most cells, Net1 and Net1A, which differ in their N-
terminal regulatory domains. These different regulatory domains
confer distinct functions on Net1 proteins. For example, the lon-
ger Net1 isoform uniquely regulates mitotic progression while
the shorter Net1A isoform contributes to cell adhesion, motility
and extracellular matrix invasion.12-15 Growing evidence indi-
cates that Net1 proteins also control cell survival following the
induction of DNA DSBs.16-18 This function of Net1 isoforms is
not well defined, as Net1 has been shown to control both cell sur-
vival and pro-apoptotic signaling pathways. Moreover, the signal-
ing mechanisms by which Net1 proteins impact DNA damage
responses are not well understood.

To better understand the role of Net1 in DNA damage
responses, we investigated whether Net1 proteins control sig-
naling pathways commonly activated by DNA DSBs. We
observed that Net1 isoforms regulate the efficiency of ATM
activation following ionizing radiation (IR)-induced DNA
DSBs. We found that ATM activation was dependent on the
Net1A isoform, and that ectopic expression of Net1A
potently suppressed ATM activation and H2AX phosphoryla-
tion. The catalytic activity of Net1A towards its substrates
RhoA and RhoB was not necessary for repression of H2AX
phosphorylation by overexpressed Net1A. Importantly,
Net1A expression was required for efficient DNA repair and
cell survival. These results indicate that Net1A plays a Rho
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GTPase-independent role in modulating ATM-dependent sig-
naling to control cell survival following DNA damage.

Results

Depletion of Net1 proteins attenuates ATM-dependent
damage signaling after IR

To determine whether Net1 controls signaling pathways acti-
vated immediately after induction of DNA DSBs, we tested
whether knockdown of both Net1 isoforms in breast cancer cells
affected the activation of ATM or DNA-PK. MCF7 cells were
transfected with control siRNA or an siRNA targeting both Net1
isoforms, treated with IR, and tested for phosphorylation of
ATM and its substrate H2AX (gH2AX). In control siRNA trans-
fected cells we observed robust ATM phosphorylation on its acti-
vating site S1981, as well as phosphorylation of its downstream
target H2AX 30 minutes after IR. However, knockdown of both
Net1 isoforms significantly attenuated ATM phosphorylation
after IR (Fig. 1A and B). We also observed a trend towards
reduced phosphorylation of H2AX in these cells (Fig. 1A and
C). Because DNA-PK can also phosphorylate H2AX in response
to IR, we tested the effect of Net1 knockdown on its activation.
Importantly, we observed that DNA-PK phosphorylation on its
activating site S2056 was not significantly affected by Net1
knockdown, prior to and following IR exposure (Fig. 1D). Thus,
DNA-PK activation is not compromised by loss of Net1 expres-
sion and may compensate for the loss of ATM activity in Net1
knockdown cells. To determine whether other cancer cells
require Net1 for efficient ATM activation, U2OS and BT474
cells were transfected with control or Net1 siRNAs and tested for
IR-induced ATM activation. Similar to MCF7 cells, loss of Net1
expression compromised ATM activation in both of these cell
lines (Fig. 1E and F). These results indicate that Net1 isoforms
contribute to IR-induced ATM activation in multiple cancer cell
types.

The Net1A isoform is specifically required for ATM
activation

Two isoforms of Net1 exist in most cells, Net1 and Net1A,
which are predominantly localized in the nucleus. The Net1 iso-
form has been shown to control mitotic progression while Net1A
mainly regulates RhoA-dependent cell motility.12-14 To test
whether specific isoforms of Net1 contributed to ATM activa-
tion, MCF7 cells were transfected with control or Net1 isoform
specific siRNAs,13 exposed to IR and tested for ATM activation.
We observed that knockdown of Net1A, but not Net1, signifi-
cantly reduced the activation of ATM activation following IR
(Fig. 2A and B). Interestingly, knockdown of the Net1 isoform
resulted in a slight increase in ATM activation in non-irradiated
cells (Fig. 2B), which is consistent with DNA damage occurring
due to disruption of mitotic progression.14 Because ATM activa-
tion is attenuated during mitosis,19,20 we assessed whether knock-
down of Net1 isoforms inhibited ATM activation secondary to
effects on the cell cycle. However, we observed that loss of expres-
sion of individual Net1 isoforms did not affect cell cycle

distribution, indicating that the requirement for Net1A in ATM
activation is not a secondary consequence of cells accumulating
in G2/M (Fig. 2C and D).

Net1A overexpression suppresses ATM and gH2AX foci
formation independent of Rho GTPase activation

Since Net1A knockdown blocked efficient ATM activation in
MCF7 cells, we investigated whether Net1A overexpression also
affected ATM signaling. For these experiments we measured the
localization of phosphorylated ATM (pATM) or H2AX
(gH2AX) to IR induced nuclear foci (IRIF). Surprisingly, we
observed that overexpression of Net1A, but not the control pro-
tein b-galactosidase containing a nuclear targeting signal (NLS-
b-Gal), dramatically inhibited the formation of pATM IRIF
(Fig. 3A and B). This was unlikely to be due to direct interaction
of Net1A with ATM, as ATM did not co-immunoprecipitate
with transfected Net1A (Fig. 3C).

The cellular activity of Net1A has hitherto been shown to be
dependent on its ability to stimulate the activity of RhoA or
RhoB. However, because both knockdown and overexpression of
Net1A suppressed ATM activation, we hypothesized that Net1A
may play a scaffolding role to control ATM activation. To test
this, MCF7 cells were transfected with NLS-b-Gal, wild type
Net1A, catalytically-inactive Net1A (L267E), or an N-terminally
truncated form of Net1A that constitutively activates RhoA
(Net1DN).21 ATM signaling after IR exposure was then assessed
by staining cells for phosphorylated H2AX (gH2AX). In these
assays we observed that expression of both wild type and
catalytically-inactive Net1A (Net1A L267E) efficiently repressed
gH2AX IRIF formation, while expression of constitutively active
Net1DN was without effect (Fig. 3D and E). These experiments
indicate that the ability of Net1A to suppress DNA damage sig-
naling was not dependent on its ability to activate RhoA or
RhoB, which are the only 2 GTPase substrates of Net1A.18,21 To
confirm that Rho protein signaling did not affect ATM activa-
tion, we tested whether expression of constitutively active RhoA
(L63RhoA) or RhoB (V14RhoB) suppressed gH2AX IRIF forma-
tion. We observed that gH2AX IRIF formation was not sup-
pressed by expression of active forms of either Rho GTPase,
indicating that RhoA and RhoB do not control H2AX phosphor-
ylation (Fig. 3F and G). Taken together, these data indicate that
overexpressed Net1A suppresses ATM activation and phosphory-
lation of its downstream substrate H2AX independent of its abil-
ity to activate RhoA or RhoB.

Net1A is required for DNA double strand break repair
and cell survival

As ATM activation is required for efficient DNA repair, we
measured the extent of DNA damage occurring in Net1A
depleted cells by neutral comet assay, before and after IR. We
observed that loss of Net1A expression resulted in an increase in
the amount of damaged DNA in non-irradiated cells, as well as
in cells four hours after irradiation (Figs. 4A-C). These data sug-
gest that Net1A expression is required for efficient DSB repair.

Failure to repair DNA DSBs results in reduced cell survival,
and it is clear that defects in ATM signaling are associated with
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increased sensitivity to radiation induced cell death.22-24 Thus,
we tested the functional importance of Net1A in cell survival
after exposure to IR by colony formation assay. We observed that
knockdown of Net1A decreased cell survival in response to IR
(Fig. 4D–F). These data indicate that loss Net1A expression
adversely impacts cell survival, most likely by reducing ATM acti-
vation and DNA repair.

Discussion

In the present work we have found that the Net1A isoform
controls ATM activation, DNA repair and cell survival after

gamma irradiation. Importantly, we observed that Net1A con-
trols ATM signaling in a Rho GTPase-independent manner, as
catalytically-inactive Net1A suppressed H2AX phosphorylation
as efficiently as wild type Net1A, and expression of constitutively
active Net1A or its substrates RhoA and RhoB did not suppress
H2AX phosphorylation. These findings are reminiscent of the
role of the longer Net1 isoform in mitotic control, as it also did
not require Rho GTPase activation to promote mitotic progres-
sion.14 This work also suggests that Rho GTPase-independent
functions of Net1 isoforms may be more common than previ-
ously thought.

The ultimate role of Net1 proteins in DNA damage signaling
has been somewhat unclear. Previously we found that

Figure 1. Net1 proteins regulate ATM-mediated DNA damage signaling. (A) Net1 isoform expression is required for ATM activation. MCF7 cells were
transfected with the indicated siRNAs and treated with 5 Gy IR. Thirty minutes after recovery the cells were lysed and tested by Western blotting using
indicated antibodies. (B, C) Quantification of ATM (B) and H2AX (C) phosphorylation. Data shown are from 8 independent experiments. Bars are median
values. Significance was determined by Student’s T-test; * D P < 0.05. (D) MCF7 cells were transfected with control or Net1 targeting siRNAs. After 72 h
the cells were irradiated and tested by Western blotting for phosphorylated and total DNA-PKcs. Data shown are the average of 3 independent experi-
ments. Errors indicate standard error of the mean (SEM). (E) BT474 cells transfected with control or Net1 targeting siRNAs were treated with IR and then
tested for ATM phosphorylation by Western blotting. Data shown are the average of 3 independent experiments. Errors are SEM; * D P < 0.05. (F) U2OS
cells were transfected with control or Net1 targeting siRNAs and tested for phosphorylation of ATM after IR treatment. Data shown are the average of 3
independent experiments. Errors are SEM; ** D P< 0.005.
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simultaneous knockdown of both Net1 isoforms in HeLa cells
caused increased cell death after DNA DSBs caused by IR or bac-
terial cytolethal distending toxin.17 However, others have
observed that Net1 controls RhoB activation after IR to promote
cell death.18 In the present work we have found that Net1 iso-
forms contribute to ATM activation in multiple cell types. We
also observed that Net1A knockdown resulted in a reduced rate
of DNA repair and impaired survival after gamma irradiation.
Based on these data and previously published work, we suggest
that Net1A controls both pro-survival (ATM and p38 MAPK/
MAPKAP2) and apoptotic (RhoB) pathways in response to IR,
and that the balance between these signaling pathways will ulti-
mately determine the survival outcome for the cell. Further work
will be required to assess whether this model is correct.

Treatment with IR is an important therapeutic approach in
breast cancer, and resistance to IR induced cell death allows for
cancer recurrence. Net1 isoforms have been reported to be overex-
pressed in many human cancers, including breast cancer.15,25-27

As Net1A controls ATM activation in the absence of activity

towards Rho GTPases, these data
suggest that relatively modest
changes in the level of Net1A
expression may have a profound
effect on the response of cancer
cells to DNA damage caused by
IR or other cancer therapeutics.
Interestingly, Rac1 has recently
been shown to control DNA
damage responses.28 Since Rac1
also controls Net1A function, it
may be that Net1A mediates Rac1
effects on DNA damage signaling.
Delineation of the mechanism by
which Net1A controls ATM
activity may therefore provide
novel avenues to sensitize cancer
cells to DNA damaging agents
such as IR.

Materials and Methods

Cell culture and transfection
MCF7 breast cancer cells and

U2OS osteosarcoma cells were
maintained in Dulbecco’s modi-
fied Eagle medium (DMEM)
(Sigma) supplemented with 10%
fetal bovine serum (FBS), 100 U/
ml penicillin, and 100 mg/ml
streptomycin (Invitrogen). BT474
cells were grown in Roswell Park
Memorial Institute (RPMI)
medium plus 10% FBS, 100 U/
ml penicillin, and 100 mg/ml
streptomycin. All cells were grown

in a humidified 10% CO2 incubator. Cells were irradiated with
gamma rays from a cesium source (JL Shepherd and Associates), at
the indicated doses. For plasmid transfections, cells were seeded in
6-cm dishes 1 day before transfection. Cells were transfected with
DNA using deacetylated polyethylenimine (PEI) 2200 reagent
(provided by Dr. Guangwei Du, UT-HSC). For siRNA transfec-
tions, cells were transfected with 20 nM of siRNA duplexes using
INTERFERin (Polyplus) according to the manufacturer’s instruc-
tions. The siRNA target sequences used were described previ-
ously.13 Analyses were performed 24–48 h after transfection of
plasmids and 72 h after siRNA transfection.

Plasmids and antibodies
Wild type Net1A, Net1A L267E and Net1DN were as

described.29 NLS-b-Galactosidase was provided by Dr. Rebecca
Berdeaux (UT-HSC), and was subcloned into pCMV5M by
PCR. Myc-L63RhoA was described previously.30 V14RhoB
cDNA was obtained from Guthrie cDNA resource center. The
following primary antibodies were used: mouse anti-Net1

Figure 2. The Net1A isoform is specifically required for ATM activation. (A) Knockdown of Net1A, but not
Net1, compromises ATM activation. MCF7 cells were transfected with a control siRNA, or siRNAs specific for
individual Net1 isoforms. Three days later the cells were treated with IR. After 30 min the cells were harvested
for Western blotting using the indicated antibodies. (B) Quantification of ATM activation. Data shown are the
average of 3 independent experiments. Errors are SEM. * D P < 0.05. (C) Net1 isoform knockdown does not
affect cell cycle distribution. MCF7 cells were transfected with indicated siRNAs. After 3 days the cells were
collected, fixed, and analyzed for cell cycle distribution by flow cytometry. Shown is the average of 3 indepen-
dent experiments. Errors are SEM. (D) Representative Western blot of siRNA transfected cells used for flow
cytometry.
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Figure 3. Net1A overexpression suppresses H2AX-IRIF formation independent of Rho GTPase activation. (A) Net1A overexpression suppresses pATM
accumulation in irradiation induced nuclear foci (IRIF). MCF7 cells were transfected with Myc-epitope tagged NLS-b-Gal or HA epitope-tagged wild-type
Net1A. After 48 h, the cells were treated 10 Gy IR, fixed and stained for pATM. Shown are representative cells from 3 independent experiments. (B) Quan-
tification of pATM in transfected cells. pATM was measured for at least 100 cells/experiment. Data shown are the average of 3 independent experiments.
Errors are SEM. *** D P < 0.001. (C) ATM does not interact with HA-Net1A. MCF7 cells were transfected with HA-Net1A or HA-Net1DN, treated or not
with IR, and tested for interaction with endogenous ATM by co-immunoprecipitation. Shown is a representative experiment from 3 independent experi-
ments. (D) Catalytic activity is not required for gH2AX suppression by overexpressed Net1A. MCF7 cells were transfected with NLS-b-Gal, wild-type
Net1A, catalytically-inactive Net1A L267E, or constitutively active Net1A lacking the N-terminal domain (Net1DN). After 48 h, the cells were treated 10 Gy
IR, fixed and stained for gH2AX. Shown are representative cells from 3 independent experiments. (E) Quantification of suppression of gH2AX IRIF by
Net1A. gH2AX was measured for at least 100 cells per experiment. Data shown are the average of 3 independent experiments. Errors are SEM.
*** D P < 0.001. (F) MCF7 cells were transfected with NLS-b-Gal, wild type Net1A, constitutively active RhoA (L63RhoA), or constitutively active RhoB
(V14RhoB). After 48h the cells were treated 10 Gy IR, fixed and stained for gH2AX. Shown are representative cells from 3 independent experiments.
(G) Quantification of gH2AX in Rho GTPase transfected cells. gH2AX was measured for at least 100 cells per experiment. Data shown are the average of 3
independent experiments. Errors indicate SEM. *** D P < 0.001.

www.landesbioscience.com 2769Cell Cycle



(sc-50392), mouse anti-GAPDH (sc-27724), rabbit anti-Myc
(sc-789) Santa Cruz Biotechnologies; rabbit anti-HA (600-401-
384), Rockland Immunochemicals; mouse anti-gH2AX (S139)
(05-636), mouse anti-phospho-ATM (Ser1981) (05-740) Milli-
pore; mouse anti-DNA-PKcs (MS423-P1) Neomarkers; rabbit
anti-phospho-ATM (ab81292), phospho-DNA-PKcs (Ser2056)
(18192) Abcam; and rabbit anti-H2AX (2595) (Cell Signaling
Technologies).

Western blot analyses
Cells were washed with PBS and lysed in 2x Laemmi sample

buffer or SDS lysis buffer (2.0% SDS, 20 mM Tris-HCl
[pH 8.0], 100 mM NaCl, 80 mM b-glycerophosphate, 1 mM
Na3VO4, 20 mM NaF, 10 mg/ml leupeptin, 10 mg/ml pepstatin
A, 10 mg/ml aprotinin, 1 mM PMSF). Whole cell lysates were
sonicated and boiled in Laemmi sample buffer for 5 min. Equal
amounts of protein were resolved by SDS-PAGE, transferred to

Figure 4. Net1A is required for DNA repair and cell survival. (A) Net1A knockdown delays DNA repair after IR. MCF7 cells were transfected with control or
Net1A siRNAs. Three days later the cells were treated with 10 Gy IR. Four h later the cells were tested for DNA damage by comet assay. Shown is a repre-
sentative experiment from 3 independent experiments. (B) Quantification of comet assays. Results are the average of 3 independent experiments. At
least 100 cells were analyzed per sample. Errors are SEM; * D P < 0.05, ** D P < 0.005. (C) Representative Western blot of siRNA-transfected cells used
for comet assays. (D) Net1A knockdown reduces cell survival after IR. MCF7 cells were transfected with control or Net1A siRNAs. Three days later the cells
were treated with indicated doses of IR, replated and allowed to grow for 2 weeks. Shown are representative plates from 3 independent experiments. (E)
Quantification of survival fraction assays. Results are the average of 3 independent experiments. Errors are SEM; * D P < 0.05. (F) Representative
Western blot of siRNA-transfected cells used for survival assays.
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PVDF membrane (GE Healthcare), and incubated with the
appropriate primary antibodies. Band intensities were quantified
using ImageJ software (NIH).

Immunofluorescence microscopy
MCF7 cells were grown glass coverslips. Cells were fixed with

4% paraformaldehyde (Thermo Fisher Scientific) in PBS for
20 min at room temperature. Cells were then permeabilized in
0.5% Triton X-100 for 10 min, blocked with 5% bovine serum
albumin for 30 min, and incubated with primary antibody for
1h at 37�C. Cells were washed and incubated with Alexa-Fluor
488 anti-mouse or Alexafluor 594 anti-rabbit antibody (Molecu-
lar probes) plus DAPI (1 mg/ml) for 1h at room temperature,
and mounted onto glass slides with FluorSave reagent (EMD
Millipore). Cells were visualized using a Zeiss Axiophot epifluor-
escence microscope and images were captured using Axiovision
software (Carl Zeiss). Mean fluorescence image intensities were
quantified using Image J software.

Neutral Comet assays
MCF7 cells were transfected with siRNAs and then untreated

or treated with 10 Gy IR. Cells were harvested 4h after irradia-
tion. Comet assays were carried out using a Comet Assay Kit
(Trevigen) according to the manufacturer’s instructions. Briefly,
1 £ 105 cells were combined with LMAgarose at a ratio 1:10
(v/v). 50 ml of the mixture was pipetted onto a comet slide. The
slides were placed at 4�C for 10 min and then immersed in lysis
buffer at 4�C for 1h. Following electrophoresis, slides were
washed with 70% ethanol and air dried for 30 min. Samples
were then stained with SYBR green and images were captured
using 20£ magnification. Images were saved as bitmap files and
quantified using TriTek CometScoreTM Freeware v1.5.

Flow cytometry analysis
Cells were collected 72 h after siRNA transfection, washed

with PBS and fixed with 70% ethanol overnight at ¡20�C. Cells
were then washed 3 times with PBS and incubated with propi-
dium iodide (50 mg/ml) and RNase A (1 mg/ml) for 30 min at
room temperature. Cell cycle distributions were detected using
an LSR Fortessa cell analyzer system (BD Biosciences) and ana-
lyzed with BD FACSDiva software.

Clonogenic survival assays
MCF7 cells were treated with indicated doses of IR, 72h after

transfection of siRNAs. After 1 h recovery, the cells were replated
in triplicate into 6 well dishes and incubated for 10–14 days to
allow colony formation. Colonies were stained with 0.5% crystal
violet in 20% ethanol and colonies containing at least 50 cells
were counted.
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