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KSR1 (kinase suppressor of Ras 1) is a molecular scaffold and
positive regulator of the Raf/MEK/ERK phosphorylation cas-
cade. KSR1 is required for maximal ERK activation induced by
growth factors and by some cytotoxic agents. We show here that
KSR1 is also required for maximal ERK activation induced by
UV light, ionizing radiation, or the DNA interstrand cross-link-
ing agent mitomycin C (MMC). We further demonstrate a role
for KSR1 in the reinitiation of the cell cycle and proliferation
following cell cycle arrest induced by MMC. Cells lacking KSR1
underwent but did not recover from MMC-induced G,/M
arrest. Expression of KSR1 allowed KSR1™/~ cells to re-enter
the cell cycle following MMC treatment. However, cells express-
ing a mutated form of KSR1 unable to bind ERK did not recover
from MMC-induced cell cycle arrest, demonstrating the
requirement for the KSR1-ERK interaction. In addition, consti-
tutive activation of ERK was not sufficient to promote cell cycle
reinitiation in MMC-treated KSR1~/~ cells. Only cells express-
ing KSR1 recovered from MMC-induced cell cycle arrest.
Importantly, MMC-induced DNA damage was repaired in
KSR17/~ cells, as determined by resolution of y-H2AX-contain-
ing foci. These data indicate that cell cycle reinitiation is not
actively signaled in the absence of KSR1, even when DNA dam-
age has been resolved. These data reveal a specific role for the
molecular scaffold KSR1 and KSR1-mediated ERK signaling in
the cellular response to DNA interstrand cross-links.

Maintenance of genomic integrity is critical to cell survival.
To prevent potentially damaging DNA mutations, which may
lead to either cell death or carcinogenesis, cells employ specific
damage-sensing pathways that sense and respond to different
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types of DNA damage (1). Cells must halt proliferation until the
damage is repaired to prevent passing damaged or mutated
DNA to daughter cells. These cellular mechanisms respond to
both mutations incurred by endogenous causes, such as DNA
replication, and damage induced by ectopic agents.

DNA damage sensors, such as ATM (ataxia telangiectasia
mutated) and ATR (ATM and Rad3 related), detect damage
caused by genotoxic agents and trigger signal transduction
pathways in which MAPK® pathways play a prominent role (2,
3). The evolutionarily conserved Raf/MEK/ERK MAPK cas-
cade mediates signaling downstream of the proto-oncogene
Ras and promotes cell survival and proliferation (4—6). The
MAPKs ERK, p38, and JNK can be activated by mitogen stim-
ulation (7-9). However, p38 and JNK are primarily activated in
response to cellular stress (10, 11). In addition to mitogenic
stimulation, ERK is also activated in response to multiple types
of DNA damage including UV photoproducts induced by UV
irradiation (12), DNA interstrand cross-links (ICLs) generated
by cisplatin and MMC (13-15), and double strand breaks
(DSBs) introduced by IR, hydroxyurea, and etoposide (16 —18).
Depending on the cell type, the stimulus used, and the duration
of activation, ERK activation is able to promote a variety of
biological responses, such as proliferation, apoptosis, cell cycle
arrest, or differentiation (19-23).

Damage caused by ectopic agents can differentially stimulate
ERK signaling and may result in a variety of cellular outcomes.
For example, whereas JNK and p38 MAPK are transiently acti-
vated at early time points by DNA-damaging agents, biphasic or
sustained ERK activation is observed (3, 9). MMC has been
shown to activate JNK, p38, and ERK in corneal fibroblasts (14).
Similar to the response to IR, JNK, and p38 are activated within
minutes, whereas ERK is activated several hours following
MMC treatment. In response to different stimuli, ERK can
mediate both pro-survival and pro-apoptotic responses. ERK
activation is necessary for IR-induced G,/M arrest in MCEF-7
cells (24). Also, inhibition of ERK1/2 increases the sensitivity of
cells to DNA damage (18, 25). ERK activity enhances apoptosis

© The abbreviations used are: MAPK, mitogen-activated protein kinase; MEK,
mitogen-activated protein kinase/extracellular signal-regulated kinase
kinase; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal
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DSB, double strand break; GFP, green fluorescent protein; MEF, mouse
embryo fibroblast; CBPI, cytokinesis block proliferation index; YFP, yellow
fluorescent protein; PBS, phosphate-buffered saline; SAPK, stress-acti-
vated protein kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide; Gy, grays; WT, wild type; y-H2AX, phosphorylated histone
H2AX; MSCV, murine stem cell virus.
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caused by cytotoxic doses of cisplatin (13). ERK activation is
required for mitochondrial membrane depolarization, cyto-
chrome c release, and caspase 3 activation after cisplatin expo-
sure (13). These data demonstrate the wide array of biological
responses produced by MAPK signaling in response to different
types of DNA damage.

KSR1 (kinase suppressor of Ras 1) is a molecular scaffold for
the Raf/MEK/ERK phosphorylation cascade (19, 26, 27). KSR1
binds Raf, MEK, and ERK and positively regulates ERK activa-
tion (19, 26-30). Deletion of KSR1 results in impaired ERK
activation in both magnitude and duration in response to
growth factor stimulation (19). Deletion of KSR1 impairs pro-
liferation, differentiation into adipocytes, H-Ras“"?-induced
and replicative senescence, and H-Ras"'*-induced transforma-
tion (19, 20, 31, 32). Loss of KSR1 in mouse intestinal epithelial
cells and adult mouse colon cells increases tumor necrosis fac-
tor-a-mediated apoptosis (33, 34), and KSR1 is also critical for
the suppression of DNA damage-induced apoptosis mediated
by ERK in cortical neurons (35). In contrast, KSR1 enhances
cisplatin-induced ERK activation and cisplatin sensitivity (13).
Recently, McKay and Morrison (36) showed that KSR1 under-
goes caspase-dependent cleavage in apoptotic cells. As a result,
the cleaved C-terminal KSR1 product inhibits ERK activation
by preventing the KSR1-ERK scaffolding interaction (36).
These data demonstrate that KSR1 is a potent regulator of DNA
damage-induced signaling and survival.

ICLs are highly toxic to mammalian cells (37, 38). ICLs, such
as those induced by cisplatin, MMC, or psoralen, covalently
link the two strands of DNA and inhibit the strand separation
required for replication and transcription (37, 38). As such,
DNA cross-linking agents are potent chemotherapeutic agents
for certain types of cancers. ICLs are sensed primarily in the S
phase during DNA replication (1, 39, 40). The replication
machinery stalls upon encountering an ICL, resulting in
recruitment of the sensor protein ATR to the site of damage.
ATR phosphorylates and activates the effector kinase Chk1 (38,
40). Chk1 then phosphorylates and inactivates the phosphatase
Cdc25 to cause cell cycle arrest (41, 42). Cdc25 proteins nor-
mally dephosphorylate and activate cyclin‘Cdk complexes to
promote cell cycle progression (38, 43). The arrest in cell cycle
progression provides time for repair of the ICLs by a mecha-
nism that requires XPF-ERCC1 (1, 38, 44 —47). However, the
mechanism by which cell cycle arrest is lifted and the cells re-
enter the cell cycle following the repair of damaged DNA has
not been well characterized.

Here we present data that KSR1-mediated ERK activation is
required for the efficient reinitiation of the cell cycle following
induction of ICLs. Fibroblasts deficient in expression of KSR1
are impaired in cell cycle reinitiation and proliferation follow-
ing treatment with the DNA cross-linking agent MMC. These
data couple a mitogenic signaling cascade to the release from
cell cycle arrest following DNA damage.

EXPERIMENTAL PROCEDURES

Cell Culture and Generation of Stable Cell Lines—Mouse
embryo fibroblasts (MEFs) were generated from day 13.5
embryos from KSR1 ™/~ and KSR1"/* mice on a DBA1/Lac]
background and were immortalized by a 3T9 protocol (26).
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MEFs were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (Tissue Culture
Biologicals), 1% penicillin/streptomycin (Invitrogen), 100 nm
minimum Eagle’s medium nonessential amino acids (Invitro-
gen), and 2 mM L-glutamine (Mediatech, Inc.) and were incu-
bated at 37 °C in a 6% CO, atmosphere.

To re-express KSR1 in KSR1~/~ MEFs (19), KSR1~/~ MEFs
were transduced with the MSCV bicistronic retrovirus encod-
ing green fluorescent protein and KSR1 separated by an inter-
nal ribosomal entry site (a generous gift of Dr. Eric Gosink, St.
Jude Children’s Research Hospital). GFP-expressing cells were
isolated by fluorescence-activated cell sorting. The cells were
excited at 488 nm and separated at 530/30 nm using a FACStar
or FACSAria (BD Biosciences), with base-line fluorescence of
uninfected cells having a mean intensity of 6 * 0.5 (range
0-15). Post-sorted cells were assessed by fluorescence-acti-
vated cell sorter. Expression of ectopic KSR1 was detected by
Western blot (19). The average expression of ectopic KSR1 was
within 3-fold of endogenous KSR1 expression in KSR1"/*
MEFs. KSR1.AAAP cells were generated similarly and as
described previously (31).

The constitutively activated MEK-ERK fusion protein
(ERK2-MEK1-LA, a generous gift of Dr. Melanie Cobb, Univer-
sity of Texas Southwestern Medical Center) (48) was digested
from the pCMV5 vector and ligated into the pPGEMT TA shut-
tle vector. Xhol restriction sites were added using polymerase
chain reaction, and MEK-ERK was ligated into MSCV-IRES-
YEP at Xhol restriction digest sites. MSCV-[MEK-ERK]-IRES-
YFP was transfected alone or with MSCV-KSR1-IRES-GFP and
an ecotropic packaging vector into 293T cells. Retroviral super-
natant was collected and filtered 48 and 72 h post-transfection
and was used to infect KSR1~/~ MEFs. YFP positive and GFP/
YEP double positive cells were isolated by flow cytometry using
a FACSAria. The cells were excited at 488 nm, and GFP and
YEP signals were discriminated with 505- and 535-nm long pass
dichroic filters, respectively. Cells demonstrating the appropri-
ate levels of fluorescence through both 513/30 nm (GFP) and
560/40 nm (YFP) were collected.

Western Blotting—The cells were lysed in buffer containing
20 mm Tris-HCI (pH 8.0), 137 mm NaCl, 10% glycerol, 1% Igepal
(Sigma), 1 mm phenylmethylsulfonyl fluoride, 5 mm sodium
vanadate, 5 ug/ml aprotinin, and 10 ug/ml leupeptin (49).
Alternatively, some cells were lysed in 1X Laemmli sample
buffer (48.75 mm Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 0.1 M
dithiothreitol) and were sonicated three times for 5 s each. For
Western blot analysis, the lysates were resolved on SDS-PAGE
gels. The proteins were transferred to nitrocellulose mem-
branes, and the membranes were blocked with Odyssey block-
ing buffer (LI-COR, 1:1 with PBS). The membranes were
probed with primary antibodies diluted in Odyssey blocking
buffer (1:1 with PBS). Chkl (Santa Cruz Biotechnology),
ERK1/2, phospho-ERK Thr?°?/Tyr***, phospho-Chk1 Ser®** or
Ser®'?, p38, phospho-p38 Thr'®/Try'®?, SAPK/JNK, phospho-
SAPK/JNK Thr'®3/Try'®> (Cell Signaling Technology), and
KSR1 (BD Biosciences) were used as primary antibodies. The
membranes were probed with secondary antibodies diluted in
Odyssey blocking buffer (1:1 with PBS) containing 0.1% Tween
20. Secondary antibodies used were anti-rabbit or anti-mouse
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IgG AlexaFluor 680 (Molecular Probes) and anti-mouse or anti-
rabbit IgG IRDye 800 (Rockland Immunochemicals). Blots
were scanned using the Odyssey system (LI-COR). Immunore-
active proteins were quantified using Odyssey software and
analyzed using Microsoft Excel.

Mitogenic Stimulation—MEFs were serum-starved for 4 h
and treated with 100 ng/ml epidermal growth factor in Dulbec-
co’s modified Eagle’s medium containing 0.5% bovine serum
albumin for the indicated times. The cells were lysed, and West-
ern blot analysis was performed.

DNA-damaging Agents—MEFs were treated with 0.5 ug/ml
MMC (Sigma) for 2 h. MMC was washed out four times with
PBS, and fresh medium was replaced for the indicated times.
The cells were treated with UV-C irradiation (254 nm) at a dose
of 5 J/m? using a Spectroline ENF-280C irradiator. The cells
were treated with IR at a dose of 8 Gy using a Mark I 68A
irradiator and an X-2 attenuator.

To determine cell viability and survival, MTT assays, Trypan
blue staining, and colony forming assays were performed. For
the MTT assay, the cells were plated in 96-well plates at 1.5 X
10° cells/well and were allowed to incubate for 24 h prior to
treatment. The cells were treated with the indicated concentra-
tions of MMC and incubated for 5 days. On day 5, MTT was
added to each well and incubated for 4 h at 37 °C. MMC and
MTT were removed, and Me,SO was added. Absorbance at 570
nm was determined by spectrometry. Cytotoxicity was
expressed as the percentage of A, of treated cells relative to
untreated cells. For Trypan blue staining, MEFs were seeded at
low density in 12-well plates. After 24 h, the cells were treated
with MMC (0.5 pug/ml) for 2 h. MMC was removed by washing
four times with PBS, and normal culture medium was replaced.
After 3 days the cells and medium supernatant were collected,
and the cells were counted in the presence of Trypan blue. The
number of Trypan blue-positive (dead) cells was divided by the
total number of cells to determine the percentage of cell death.

For the colony forming assay, MEFs were seeded at 4.0 X 10°
cells/10-cm dish 24 h prior to treatment. The cells were then
treated with 0.5 ug/ml MMC for 2 h. MMC was removed by
washing cells with PBS four times, and normal culture medium
was replaced. The cells were stained using Giemsa stain after 1
week. Three fields per plate were analyzed by phase contrast
microscopy, and individual colonies were evaluated for the
number of cells present.

To assess Chkl phosphorylation, MEFs were treated with
varying concentrations of MMC (0.5-50 ug/ml) for 8 h. The
increased dose and time of treatment were necessary to detect
Chk1 activation in our pool of asynchronous cells.

Cell Cycle Analysis—Cell cycle analysis was performed by
propidium iodide staining and flow cytometry. The cells were
treated with MMC (0.5 ng/ml) for 6 h or IR (8 Gy). Treatment
for 6 h with MMC was necessary to detect cell cycle arrest by
flow cytometry. MMC was removed by washing four times with
PBS, and fresh medium was replaced. The cells were harvested
using trypsin 0 —48 h post-treatment, fixed in cold 70% ethanol,
and stained for DNA content using Telford reagent. DNA was
analyzed by flow cytometry (FACSCalibur).

The cytokinesis block proliferation index (CBPI) checkpoint
assay was used to assess cell cycle arrest in S or G, phase by
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scoring cells as mono- or binucleated (50, 51). The cells were
plated on coverslips at very low density. After 24 h, the cells
were treated with either MMC (0.5 ug/ml for 2 h), UV (5J/m?),
IR (8 Gy), or left untreated. MMC was removed by washing four
times with PBS. The cells were then fed with fresh medium
containing the actin inhibitor cytochalasin B (5 pg/ml) to
inhibit cytokinesis. After 0, 24, or 48 h of cytochalasin B treat-
ment, the cells were swollen with 75 mm KCI for 10 min and
were fixed with cold methanol:acetone (1:1) at —20 °C for 30
min. The cells were treated with 0.5% Triton X-100 for 2 min at
room temperature, and the nuclei were stained using Hoechst
dye 33258. The cells were analyzed using phase contrast and
fluorescent microscopy (filter set UV-2E/C; excitation 330 —
380 nm, dichromatic mirror 400, barrier filter emission 435—
485 nm) and were scored as having one or two nuclei. Binucle-
ated cells were those that had entered mitosis and were arrested
prior to cytokinesis by cytochalasin B. Mononucleated cells
were those that had arrested in the cell cycle because of treat-
ment with exogenous agents and had not yet entered mitosis.
The percentage of binucleated cells was determined for each
condition.

H2AX Detection—The formation of nuclear foci containing
phosphorylated histone H2AX was assessed by immunofluo-
rescence. The cells were seeded at low density on coverslips.
After 24 h the cells were treated with MMC (0.5 pg/ml) for 2 h.
MMC was removed by washing four times with PBS, and fresh
medium was replaced. The coverslips were processed 0, 2, 24,
or 48 h after MMC treatment. The cells were fixed in 2%
paraformaldehyde for 15 min and then washed twice with PBS.
The cells were permeabilized with 0.1% Triton X-100, and non-
specific binding was blocked with 50% Odyssey blocking buffer
in PBS for 1 h at room temperature. The cells were probed with
an anti-y-H2AX primary antibody (Upstate) and an anti-goat-
Cy3 secondary antibody. The nuclei were counterstained using
Hoechst dye 33258. The nuclei were visualized by fluorescence
microscopy using the appropriate filters, and photomicro-
graphs were obtained using IPLab software. The number of foci
per nucleus was determined in at least 100 cells/condition.

Proliferation Studies—The cells were seeded at 4.0 X 10*
cells/35-mm-diameter dish. Triplicate dishes were counted
every 48 h for total cell number on a Beckman Coulter counter.

Transformation Assay—To assess lack of contact-inhibited
growth, MEFs were seeded at 10° cells/10-cm-diameter dish.
The medium was changed every 2—-3 days. The photomicro-
graphs were taken after 1 week.

Statistical Analysis—The data are presented as the means =
standard deviation. Statistical analyses were performed using a
Student’s ¢ test where p < 0.05 was considered significant.

RESULTS

KSR1 Is Required for ERK Activation Induced by Genotoxic
Stress—ERK activation is a critical step in the cellular response
to treatment with genotoxic agents, regulating apoptosis, sur-
vival, and proliferation. The activation of ERK has been dem-
onstrated following UV, IR, MMC, and cisplatin treatment
(12-14, 16). KSR1 is required for maximal ERK activation
induced by growth factor stimulation and cisplatin treatment
(7, 13). We assessed whether KSR1 was required for ERK acti-
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FIGURE 1. KSR1 is required for DNA damage-induced ERK phosphorylation. KSR1~/~ or KSR1~/~ MEFs
expressing ectopic KSR1 were treated with MMC (0.5 ng/ml) for 2 h followed by incubation for the indicated
times (A4), UV radiation (5 J/m?) (B), or IR (8 Gy) (C) and lysed at the indicated times following treatment. D, for
comparison, KSR1~/~ and KSR1~/~ MEFs expressing ectopic KSR1 were serum-starved for 4 h and treated with
epidermal growth factor (100 ng/ml) for the indicated times. Total ERK and phospho-ERK were detected by
Western blotting. E, KSR1 is not required for p38 or JNK MAPK activation in response to MMC. KSR1~/~ or
KSR1~/~ MEFs expressing ectopic KSR1 were treated with MMC (0.5 ug/ml for 2 h), washed with PBS, and
incubated for the indicated times. The cells were lysed, and total and phopsho-p38 and JNK were detected by

duced JNK or p38 phosphorylation
and suggest that ERK is the primary
MAPK regulated by KSR1 following
MMC treatment.

KSRI1 Is Required for the Reinitia-
tion of the Cell Cycle in Response to

Western blotting.

vation induced by different types of DNA-damaging agents. To
assess KSR1 function, we compared MEFs from KSR1™/~ mice
to KSR17/~ MEFs in which ectopic KSR1 had been
re-expressed.

KSR1™/~ or KSR1 ™/~ MEFs expressing KSR1 at levels that
recapitulate the responsiveness of wild type MEFs (19) were
treated with UV irradiation (5 J/m?), IR (8 Gy), or the DNA
cross-linking agent MMC (for 2 h, 0.5 pg/ml). These doses were
chosen because they were sufficient to induce DNA damage
and cell cycle arrest without causing significant cell death. The
cells were lysed 0— 48 h after treatment, and ERK activation was
assessed by Western blot. ERK phosphorylation was detected
following treatment with all of the genotoxic agents tested in
KSR1-expressing cells. MEFs expressing ectopic KSR1 demon-
strated ERK phosphorylation within 8 h following MMC treat-
ment, within 1 h following UV irradiation, and within 1 h fol-
lowing IR (Fig. 1, A-C). However, KSR1~/~ MEFs exhibited
markedly decreased ERK activation following treatment with
MMC, UV irradiation, or IR. Similar results were obtained with
higher doses of UV (10 J/m?) or IR (12 Gy) treatment (data not
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ICLs—Because KSR1 is required for

ERK activation following genotoxic
stress, we tested whether KSR1 is required for the cellular
response to treatment with DNA-damaging agents. To investi-
gate whether KSR1 is required for cell cycle arrest following
DNA damage, we performed a CBPI assay (51). We used this
assay to assess the ability of cells to undergo cell cycle arrest
following DNA damage, as well as to recover from DNA dam-
age and resume cell cycle progression. The CBPI assay utilizes
the actin inhibitor cytochalasin B to monitor the accumulation
of cells at cytokinesis. Normally, cells treated with cytochalasin
B to block actin polymerization will undergo cell cycle arrest at
cytokinesis and will become binucleated. However, cytochala-
sin B-treated cells that have undergone cell cycle arrest at an
earlier stage of the cell cycle (e.g. because of DNA damage) and
have not yet replicated their nuclei will have one nucleus (Fig.
2A). We tested KSR1 ™/~ MEFs and KSR1~/~ MEFs expressing
ectopic KSR1, as well as MEFs generated from KSR1*/" mice,
to assess the requirement for KSR1 on cell cycle arrest and
re-entry. KSR1™/~, KSR1*/*, or KSR1~/~ MEFs expressing
KSR1 were treated with UV irradiation (5 J/m?), IR (8 Gy), or
MMC (0.5 ug/ml for 2 h). Following treatment, the cells were
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FIGURE 2. KSR1 is required for cell cycle re-entry following MMC treat-
ment. A, diagram representing cell cycle arrest and the CBPI assay. The cells
that complete mitosis and undergo cell cycle arrest at cytokinesis because of
cytochalasin B treatment are binucleated. The cells that have undergone
arrest earlier in the cell cycle and have not yet completed mitosis are mono-
nucleated. KSR1™/~, KSR1*/*, or KSR1~/~ MEFs expressing ectopic KSR1
were treated with DNA-damaging agents (light gray bars) or left untreated
(dark gray bars). The cells were treated with 0.5 ug/ml MMC for 2 h (B), 5 J/m?
UV radiation (C), or 8 Gy IR (D). Following treatment, the cells were incubated
with cytochalasin B for the indicated times and analyzed by CBPI assay. The
percentage of binucleated cells is indicated. The values are the averages =
standard deviations of at least three independent experiments.
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fed with fresh medium containing cytochalasin B to inhibit
cytokinesis. After 0, 24, or 48 h, the number of nuclei was scored
in each cell. Untreated cells contained predominantly two
nuclei, indicating that these cells had undergone mitosis but
had then been arrested by cytochalasin B before completion of
cytokinesis. In contrast, cells treated with UV, IR, or MMC were
predominantly mononucleated after 24 h, suggesting that cell
cycle progression had been halted prior to mitosis because of
DNA damage (Fig. 2, B-D). The cell cycle checkpoint was intact
in KSR1~/~, KSR1*/", and KSR1~/~ MEFs expressing KSR1,
because all three displayed a decreased number of binucleated
cells following treatment with the DNA-damaging agents.

We also used the CBPI assay to assess resumption of the cell
cycle following DNA damage-induced cell cycle arrest. Forty-
eight hours after MMC treatment, the number of binucleated
cells increased, indicating that the cells were recovering from
the damage-induced arrest and had reinitiated the cell cycle to
enter mitosis. Compared with KSR1~/~ MEFs, the percentage
of binucleated cells was ~5-fold higher in KSR1"/* MEFs and
KSR1~/~ MEFs expressing KSR1 48 h after MMC treatment
(Fig. 2B). These data indicate that KSR1~/~ MEFs had impaired
or delayed cell cycle re-entry following MMC treatment.

KCSR1 deletion did not impair cell cycle re-entry in response
to treatment with UV or IR at levels that activate ERK (Fig. 2, C
and D, left panels). UV irradiation causes UV photoproducts
(DNA intrastrand cross-links), whereas IR causes DNA double
strand breaks (1, 52, 53). In contrast, MMC causes ICLs (1, 37,
38, 54). These data indicate that KSR1 is not required for
resumption of the cell cycle following arrest because of UV
photoproducts (DNA intrastrand cross-links) or DSBs but that
KSR1 specifically regulates the response to ICLs.

To further test the role of KSR1 in cell cycle re-entry, we
performed cell cycle analysis of MMC-treated cells by flow
cytometry. KSR1~/~, KSR1"/*,and KSR1~/~ MEFs expressing
ectopic KSR1 were treated with 0.5 ug/ml MMC for 6 h. MMC
was removed, the cells were washed with PBS and fed with fresh
medium and were incubated for 24—48 h. The cells were col-

lected, and DNA was stained with
propidium iodide for flow cytomet-
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indicating that these cells were
reinitiating the cell cycle. However,
mG! the G,/M arrest persisted in cells
oam  deficient for KSR1 (Fig. 34, left
panel). These data are consistent
with the results of the CBPI assay
(Fig. 2), suggesting that KSRI is

FIGURE 3. Deletion of KSR1 sustains MMC-induced G,/M cell cycle arrest. KSR1~/~, KSR1*/*, or KSR1 ™/~
MEFs expressing ectopic KSR1 were treated with MMC (0.5 wg/ml) for 6 h (A) or IR (8 Gy) (B) and were analyzed
by propidium iodide staining and flow cytometry at the indicated times after treatment. The percentage of
cells in G, phase (black bars), S phase (gray bars), or G,/M phases of the cell cycle (white bars) are shown. The
values are the averages = standard deviations of three independent trials.
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required for cell cycle re-entry fol-
lowing MMC-induced arrest.

To ensure that KSR1 was
responding specifically to ICLs, we
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FIGURE 4. KSR1 is not required for survival following MMC treatment. A, proliferation following MMC
treatment is decreased in KSR1™/~ MEFs.KSR1~/~,KSR1"/*, and KSR1~/~ MEFs expressing ectopic KSR1 were
seeded at low density in a colony formation assay and were treated with 0.5 ug/ml MMC for 2 h. After 1 week,
the number of cells/colony was determined. The values are the averages * the standard deviation of three
fields/dish. The results are representative of two independent experiments. B, cell viability following MMC
treatment is not altered by loss of KSR1. KSR1~/~, KSR1™/*, and KSR1~/~ MEFs expressing ectopic KSR1 were
left untreated (dark gray bars) or treated with MMC (0.5 wg/ml, light gray bars) for 2 h. Cell survival was deter-
mined by counting with Trypan blue after 3 days of incubation in fresh medium. The values are the averages =
the standard deviations of three trials. C, KSR1~/~ (open circles) and KSR1*/* MEFs (closed circles) were treated
with the indicated doses of MMC and assayed by colorimetric MTT assay to measure cell viability as described
under “Experimental Procedures.” The asterisks represent statistical significance (**, p < 0.01; ***, p < 0.001).

also performed cell cycle analysis following IR. KSR17/7,
KSR1"/", and KSR1 ™/~ MEFs expressing ectopic KSR1 were
treated with IR (at 8 Gy), fresh medium was added, and the cells
were incubated for 8, 24, or 48 h. Within 8 h following IR, all
three cell lines showed an increase in the number of cells at
G,/M, indicating an arrest at this checkpoint (Fig. 3B). By 24 h,
all of the cell lines had recovered from IR-induced G,/M arrest
and demonstrated an increase in the G, population, indicating
they had re-entered the cell cycle. These data indicate that cell
cycle re-entry following IR is not dependent on KSR1. ERK is
activated by IR within 1 h, as compared with 8 h following
MMC treatment (Fig. 1). This rapid activation of ERK may
explain why cells recover more rapidly from IR rather than
MMC-induced damage. Nonetheless, these data demonstrate
that KSR1 specifically mediates reinitiation of the cell cycle fol-
lowing damage by ICLs. Therefore, we focused on the role of
KSR1 in response to MMC.

KSR1 1Is Required for Proliferation Following MMC
Treatment—To determine whether KSR1 is required for sur-
vival following MMC treatment, we performed a colony forma-
tion assay. KSR1~/~, KSR1*/*, or KSR1~/~ MEFs expressing
KSR1 were seeded at low density and were treated with MMC
(0.5 pg/ml) for 2 h. MMC was removed, and the cells were
incubated for 1 week in normal growth medium. Untreated
cells formed large colonies within 1 week, whereas cells treated
with MMC formed small colonies comprised of very few cells.
The rate of cell survival could not be quantified in this assay
because of the small size of the colonies in the MMC-treated
cells. However, the number of cells per colony was determined
to assess the proliferative potential of MMC-treated cells. Col-
onies of KSR1™/~ MEFs treated with MMC were predomi-
nantly single cells (Fig. 4A4). In contrast, the majority of colonies
of KSR1-expressing MEFs were multicellular, indicating that
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cell death were low (6% or less) and
did not vary significantly among the
cell lines (Fig. 4B). However, we also
performed an MTT assay to assess
cell viability following 5 days of con-
tinuous MMC treatment at various
doses. Under these conditions,
KSR1*/* MEFs exhibited enhanced
viability compared with KSR1 ™/~
MEFs near the concentrations of
MMC used in these studies (0.5 ug/ml), likely because of the
impaired ability of the KSR1~/~ MEFs to move through the cell
cycle (Fig. 4C). These data indicate that cells expressing KSR1
retain mitotic potential following treatment with MMC.

KSR1 Does Not Affect Cell Cycle Arrest or Repair of ICLs—To
test whether KSR1 was required for the activation of cellular
pathways leading to cell cycle arrest following MMC treatment,
we examined the effects of KSR1 disruption on the activation of
Chk1 (Fig. 5). Chk1 is phosphorylated and activated by ATM/
ATR following DNA damage (55). In turn, Chkl phosphoryl-
ates the phosphatase Cdc25, which promotes its cytoplasmic
sequestration, prevents CDK activation, and inhibits cell cycle
progression (42, 56). We treated KSR1"/*, KSR1™/~, and
KSR1™/~ MEFs expressing KSR1 with varying concentrations
of MMC (0.5, 5, and 50 ug/ml) for 8 h and assessed Chk1 phos-
phorylation by Western blot. We could not detect Chkl phos-
phorylation in cells treated with MMC at concentrations less
than 50 pg/ml (data not shown). Chkl was phosphorylated fol-
lowing treatment with 50 wg/ml MMC in KSR1™/~ and
KSR1™/~ MEFs expressing KSR1, indicating that KSR1 is not
required for Chk1 activation (Fig. 5). These data are consistent
with the results of the CBPI assay (Fig. 2) and flow cytometric
analysis (Fig. 3) and suggest that KSR1 is not required for the
immediate sensing of DNA damage and induction of cell cycle
arrest.

It is possible that ICLs caused by MMC are not efficiently
repaired in KSR1™/" cells. As a protective mechanism against
genomic instability, cells with unrepaired ICLs would not be
released from cell cycle arrest. To assess DNA repair, we used
immunofluorescence to detect the presence of nuclear foci
containing phosphorylated histone H2AX (y-H2AX). y-H2AX
has been used as a specific marker for the presence of DSBs.
Following DNA damage, histone H2AX is phosphorylated by
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FIGURE 5. KSR1 is not required for Chk1 phosphorylation. KSR1~/,
KSR1*/*, or KSR1™/~ MEFs expressing ectopic KSR1 were treated with 50
ug/ml MMC for 8 h or were untreated. The lysates were analyzed by Western
blot using antibodies against Chk1 or phospho-Chk1 (Ser***).

ATM/ATR and localizes at sites of DSBs until repair is com-
plete (57, 58). Because DSBs are generated as an intermediate
during repair of ICLs, the appearance and disappearance of
v-H2AX foci can quantitatively reflect the repair of ICLs (59 —
61). We treated KSR1 ™/~ and KSR1 ™/~ MEFs expressing KSR1
with MMC (0.5 pg/ml for 2 h) and used an anti-y-H2AX anti-
body to detect nuclear foci 0, 2, 24, or 48 h after treatment.
MMC treatment caused the formation of y-H2AX foci within
2 h in both KSR1 ™/~ and KSR1 /~ MEFs expressing KSR1,
demonstrating the presence of DNA damage (Fig. 6). Forty-
eight hours after MMC treatment, the percentage of cells with
v-H2AX foci was significantly decreased in both KSR1 ™/~ and
KSR1-expressing cell lines, indicating that the DNA damage
did not persist in the absence of KSR1. These data indicate that
KSR1 is not required for the repair of ICLs.

KSR1 Regulates Cell Cycle Reinitiation through ERK—ERK
activation is an important step in the cellular response to geno-
toxic stress. KSR1 is required for maximal ERK activation fol-
lowing MMC-induced DNA damage (Fig. 1). Therefore, we
hypothesized that KSR1 regulates cell cycle reinitiation follow-
ing MMC treatment in an ERK-dependent manner. KSR1 con-
tains a consensus ERK-binding sequence (residues 471-474,
ESFP). Mutation of the ERK binding domain on KSR1
(KSR1.AAAP) results in decreased ERK activation and
impaired H-Ras"'*-induced senescence and transformation
(31). Consequently, the KSR1-ERK interaction optimizes the
biological effects of ERK activation. To determine whether the
KSR1-ERK interaction was required for KSR1 to promote cell
cycle re-entry, KSR1.AAAP was expressed in KSR1~/~ MEFs at
levels comparable with the KSR1~/~ MEFs stably expressing
KSR1 (Fig. 7A). We assessed phospho-ERK levels in KSR1 ™/~
MEFs expressing WT KSR1 or KSR1.AAAP. Expression of
KSR1.AAAP did not restore MMC-induced ERK activation,
demonstrating that this construct does not promote KSR1-
scaffolded ERK activation (Fig. 7B).

KSR1~/~ MEFs and KSR1~'~ MEFs expressing WT KSR1 or
KSR1.AAAP were evaluated by CBPI assay. Treatment with
MMC caused a decrease in the percentage of binucleated cells
within 24 h of cytochalasin B treatment, demonstrating that the
KSR1-ERK interaction is not required for cell cycle arrest in
response to MMC (Fig. 7C). Similar to the results seen with the
KSR1™/~ MEFs (compare with Fig. 2B), the percentage of
binucleated cells did not increase within 48 h of cytochalasin B
treatment in cells expressing KSR1.AAAP. These data indicate
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FIGURE 6. KSR1 is not required for repair of interstrand cross-links.
KSR1™/~ or KSR1™/~ MEFs expressing ectopic KSR1 were treated with MMC
(0.5 ng/ml) for 2 h and were fixed at the indicated time points following MMC
treatment. The cells were assessed for DNA damage-containing foci by immu-
nostaining for y-H2AX. The nuclei were counterstained with Hoechst 33258.
Photomicrographs (top) and quantification of the number of y-H2AX foci/cell
(bottom) are shown.

that the KSR1-ERK interaction is required for cell cycle reini-
tiation following MMC treatment and suggest that KSR1 func-
tions in an ERK-dependent manner to reinitiate the cell cycle
following repair of ICLs.

To further examine the role of KSR1-scaffolded ERK activa-
tion in cell cycle reinitiation, cell cycle analysis was performed
by flow cytometry. KSR1~/~ MEFs and KSR1 /= MEFs
expressing WT KSR1 or KSR1.AAAP were treated with 0.5
pg/ml MMC for 6 h. Cells were washed with PBS to remove
MMC, fed with fresh medium, and incubated for 24 —48 h. The
cells were collected and DNA was stained with propidium
iodide for flow cytometric analysis. Within 24 h following
MMC treatment, KSR1~/~ MEFs expressing KSR1.AAAP
showed an increase in the number of cells in G,/M phase, indi-
cating an arrest in the cell cycle at this checkpoint (Fig. 7D). In
contrast to cells expressing WT KSR1, the percent of
KSR1.AAAP cells arrested in G,/M phase remained high 48 h
following MMC treatment (compare with Fig. 34), These data
are similar to the sustained MMC-induced G,/M arrest that
was observed in KSR1™/~ MEFs (Fig. 3A). Thus, disruption of
the KSR1-ERK interaction (KSR1.AAAP) and blocking MMC-
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FIGURE 7. The KSR1-ERK interaction is required for cell cycle reinitiation. A, KSR1~/~ or KSR1~/~ MEFs expressing KSR1, MEK-ERK, MEK-ERK+KSR1, or
KSR1.AAAP were lysed and subjected to Western blotting for the indicated proteins using an anti-KSR1 (top panel) or anti-ERK1/2 antibody (bottom two panels).
B,KSR17/~ orKSR1~/~ MEFs expressing either WT KSR1 or KSR1.AAAP were assessed for MMC-induced ERK activation. MEFs were treated with 0.5 wg/ml MMC
for 2 h, washed with PBS, and incubated for the indicated times in fresh medium. Total and phospho-ERK were assessed by Western blotting. C, KSR1~/~ MEFs
expressing KSR1.AAAP were treated with 0.5 ug/ml MMC for 2 h (light gray bars) or left untreated (dark gray bars). Following MMC treatment, the cells were
incubated with cytochalasin B for the indicated times and analyzed by CBPI assay. The percentage of binucleated cells is indicated. The values are the
averages = standard deviations of three trials. Control KSR1~/~ and KSR1~/~ MEFs expressing ectopic KSR1 are shown in Fig. 2. D, KSR1~/~ MEFs expressing
KSR1.AAAP were treated with MMC (0.5 png/ml) for 6 h and were analyzed by propidium iodide staining and flow cytometry at the indicated times after
treatment. The percent of cells in G, phase (black bars), S phase ( /gray bars), or G,/M phases of the cell cycle (white bars) are shown. The values are the averages =
standard deviations of three independent trials. Control KSR1 and KSR1 ~/~ MEFs expressing ectopic KSR1 are shown in Fig. 3. £, KSR1~/~ MEFs (diamonds)
orKSR1~/~ MEFs expressing either KSR1 (squares), MEK-ERK (triangles), or MEK-ERK+KSR1 (circles) were seeded at 4 X 10* cells/35-mm-diameter dish. Triplicate
dishes were assessed for cell number every 48 h on a Beckman Coulter counter. Focus formation assays were performed as described under “Experimental
Procedures.” Representative photomicrographs are shown (right panel). F and G, KSR1~/~ MEFs expressing MEK-ERK or MEK-ERK+KSR1 were analyzed by CBPI
assay (F) or flow cytometry (G) as described above.
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induced ERK phosphorylation prohibits cells from re-entering
the cell cycle following MMC-induced arrest.

If the sole function of KSR1 in promoting cell cycle reinitia-
tion is to regulate ERK activation, then expression of a consti-
tutively active form of ERK should rescue the cell cycle defects
in KSR1~/~ MEFs. A form of ERK fused to its upstream activa-
tor kinase MEK is constitutively active, localizes to the nucleus,
and promotes cell transformation (48). We generated KSR1 ™/~
MEFs stably expressing this MEK-ERK fusion protein either
alone or with ectopic KSR1 and performed Western blot anal-
ysis to show protein expression (Fig. 7A). We further demon-
strated that the MEK-ERK fusion protein was in fact active.
Constitutive activation of the Ras/Raf/MEK/ERK pathway
leads to transformation of MEFs (48); therefore we examined
whether KSR1 was required for the transforming potential of
the MEK-ERK construct. To study transformation, KSR1~/~ or
KSR1™/~ MEFs expressing KSR1, MEK-ERK, or MEK-
ERK+KSR1 were assessed for proliferation rate and loss of con-
tact-inhibited growth. As our laboratory has shown previously,
KSR1~/~ and KSR1~/~ MEFs expressing KSR1 grow at similar
rates and exhibit contact-inhibited growth (19). As expected,
MEFs expressing MEK-ERK+KSR1 grow considerably faster
than null control cells and induce focus formation (Fig. 7E).
Surprisingly, KSR1~/~ MEFs expressing the MEK-ERK fusion
protein alone do not have increased proliferation or form foci
(Fig. 7E). These data demonstrate that the MEK-ERK fusion
protein is active in KSR1™/~ MEFs but requires the scaffold
protein KSR1 for its biological functions.

To study the role of activated ERK in cell cycle recovery fol-
lowing MMC, a CBPI assay was performed. KSR1~/~ MEFs
expressing MEK-ERK or MEK-ERK+KSR1 were treated with
MMC for 2 h followed by treatment with cytochalasin B for
24—48 h. KSR1~/~ MEFs expressing a MEK-ERK fusion pro-
tein were primarily mononucleated following MMC treatment,
indicating they had undergone cell cycle arrest (Fig. 7F, left
panel). The percentage of binucleated cells expressing the
MEK-ERK fusion protein did not increase within 48 h following
MMC treatment. However, expression of ectopic KSR1 in cells
also expressing the constitutively active ERK construct signifi-
cantly enhanced cell cycle recovery following MMC (Fig. 7F,
right panel). These data demonstrate that constitutive activa-
tion of ERK alone is not sufficient to promote cell cycle re-entry
after MMC treatment.

Cell cycle analysis was also performed by flow cytometry.
KSR1~/~ MEFs expressing MEK-ERK or MEK-ERK+KSR1
were treated with 0.5 ug/ml MMC for 6 h. The cells were
washed with PBS to remove MMC, fed with fresh medium, and
incubated for 24— 48 h. The cells were collected, and DNA was
stained with propidium iodide for flow cytometric analysis.
Within 24 h following MMC treatment, KSR1 /= MEFs
expressing a MEK-ERK fusion protein, both with and without
KSR1, showed an increase in the number of cells at G,/M (Fig.
7G). Similar to the results seen with the KSR1~/~ MEFs (Fig.
3A) and KSR1~/~ MEFs expressing KSR1.AAAP (Fig. 7D), con-
stitutive activation of ERK did not release cells from G,/M
arrest (Fig. 7G, left panel). Only cells expressing both KSR1 and
the MEK-ERK fusion protein were able to progress though the
cell cycle and into the G, phase (Fig. 7G). These data further
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demonstrate that KSR1 is not required for the initial cell cycle
arrest in response to DNA damage. Instead, KSR1 is required
for the release from cell cycle arrest or resumption of the cell
cycle following MMC-induced damage. We show here that
constitutive activation of ERK alone is not sufficient for reini-
tiation of the cell cycle following the cell response to ICLs.
Instead, KSR1-scaffolded ERK activation is required for cell
cycle recovery following MMC-induced G,/M arrest.

DISCUSSION

We demonstrate here that the molecular scaffold KSR1 is
required for cell cycle recovery from MMC-induced DNA dam-
age. Cells that lack KSR1 do not re-enter the cell cycle as effi-
ciently as KSR1-expressing cells following MMC treatment
(Figs. 2 and 3). This requirement was dependent on KSR1-me-
diated ERK signaling. Cells lacking KSR1 were defective in ERK
phosphorylation following MMC treatment (Fig. 1). In addi-
tion, expression of a mutated form of KSR1 unable to bind ERK
(KSR1.AAAP; Fig. 7) was unable to rescue the defects in ERK
phosphorylation or cell cycle recovery. Overexpression of a
constitutively active form of ERK was also insufficient to rescue
the cell cycle reinitiation defect in KSR1~/~ MEFs (Fig. 7).
These data reveal a novel coupling of a mitogenic scaffold pro-
tein to the repair and recovery from a specific type of DNA
damage.

UV, IR, and MMC induce different types of DNA damage,
thereby activating different cellular checkpoints and damage
responses. UV radiation primarily induces intrastrand DNA
cross-links, IR induces DSBs, and MMC induces ICLs (52—54).
The fact that KSR1 is required for cell cycle re-entry following
treatment specifically with MMC, but not UV or IR, suggests
that KSR1 is required to specifically regulate the cellular
response to ICLs. ICLs are primarily sensed during the S phase,
leading to cell cycle arrest in the late S or G, phase of the cell
cycle (1, 39, 40). KSR1 may be required for cell cycle reinitiation
from this specific type of cell cycle arrest.

We have also determined that KSR1 is required for ERK acti-
vation induced by both UV and IR (Fig. 1). KSR1 was not
required for the reinitiation of the cell cycle following UV or IR
treatment (Figs. 2 and 3). However, this does not exclude the
possibility that KSR1-mediated ERK activation is important in
regulating other aspects of the cellular responses to these types
of DNA damage. KSR1 enhances cell death induced by cisplatin
treatment (13) but, in contrast, promotes cell propagation in
cells treated with MMC by facilitating cell cycle progression
(Fig. 4C). This indicates that KSR1-mediated ERK signaling
may facilitate diverse cellular responses in different contexts.
Although both of these chemotherapeutics cause interstrand
cross-links, cisplatin has additional effects (62—64) that may
account for the difference in response to cells expressing KSR1.

It is not understood how cells release from cell cycle arrest
following repair of DNA damage. It may be that the magnitude
of the signal indicating damage and triggering arrest falls below
a threshold, and a cellular brake is released. Alternatively, the
cell may actively signal that damage has been repaired. Our data
support an active mechanism for the release from cell cycle
arrest. ICLs are efficiently repaired in both the presence and
absence of KSR1, as indicated by the resolution of y-H2AX-
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containing foci (Fig. 6). However, KSR1~/~ MEFs are deficient
in cell cycle re-entry following resolution of the damage. These
data indicate that the absence of persistent damage is not suf-
ficient to allow the resumption of the cell cycle. Rather, the
repair of DNA damage can be uncoupled from the reinitiation
of the cell cycle, suggesting that an active signaling process may
trigger cell cycle re-entry. Our data indicate that KSR1-medi-
ated ERK activation is required for this release from cell cycle
arrest.

We find that cells treated with MMC undergo G,/M arrest;
cells expressing KSR1 are able to reinitiate the cell cycle follow-
ing removal of MMC (Fig. 3). These data suggest that KSR1 may
be required for the release from a G,/M checkpoint. The G,/M
checkpoint is controlled by the cdc2-cyclin B complex (65). Sev-
eral studies suggest that the main target of the G,/M DNA
damage checkpoint is phosphorylation of cdc2 at Tyr'?, which
leads to its inactivation (66). Cdc2 can be phosphorylated on
Tyr'® by two mitotic kinases, Weel and, to a lesser extent,
Myt1, which prevent cells from entering into mitosis (67, 68).
To progress through the cell cycle, cdc2 must be dephosphoryl-
ated by the mitotic phosphatase Cdc25C (69). The activity of
Cdc25C can be either positively or negatively regulated by
phosphorylation on different sites. For instance, in response to
DNA damage, Chk1 phosphorylates Cdc25C on Ser?*¢, which
creates a 14-3-3 docking site that sequesters Cdc25C in
the cytoplasm where it cannot activate cdc2, thus resulting in
cell cycle arrest at G,/M (56). Recently, it has been shown that
ERK can bind to and phosphorylate Cdc25C on a number of
sites that are required for maximal phosphatase activity of
Cdc25C, further enhancing mitotic progression (70). It is pos-
sible that KSR1-mediated ERK activation may be required for
Cdc25C activation.

p42 MAPK activation is also required for release of G,/M
arrest in clam oocytes (71). Delayed p42 MAPK activation
results in inhibition of cell cycle re-entry following meiotic
stimulation with KCl and the phosphatase inhibitor molybdate
(71). These studies, as well as the data presented here, suggest
that KSR1-mediated ERK activation is required for the reinitia-
tion of the cell cycle.

KSR1 may also mediate cell cycle recovery following MMC
arrest through its interaction with other proteins. KSR1
interacts with proteins that regulate DNA repair and cell
cycle arrest. For instance, KSR1 interacts with the E3 ubiq-
uitin ligase IMP (72). IMP, also known as Brap2, was origi-
nally identified as a BRCAl-interacting protein (73).
Although the role of BRCA1 is not completely clear, it
appears to be important in regulating several steps of the
DNA damage response, ranging from sensing and signaling
DNA damage to arresting and repairing damage in cells (74).
Recently, Yan et al. (75) have shown an in vivo association
between BRCA1 and ERK1/2, and this association may be
important in regulating the cellular response to IR-induced
DNA damage in MCE-7 cells. KSR1 is also a substrate for the
kinase C-TAKI1 (49). C-TAK1 was originally identified as a
Cdc25C-associated kinase, and it phosphorylates Cdc25C on
the same residue as Chkl to inhibit cell cycle progression
(76). The interaction of KSR1 with C-TAK1 may regulate the
ability of C-TAK1 to phosphorylate Cdc25C in response to
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DNA damage. Consequently, KSR1 function may be linked
directly or indirectly to these different proteins.

These data reveal that the molecular scaffold KSR1 is
required for cell cycle reinitiation and recovery following arrest
caused by ICLs. Because DNA cross-linking agents are used as
chemotherapeutic agents for certain cancers, alterations in
KSR1 function may affect cell sensitivity to chemotherapeutic
agents. The function of KSR1 or KSR1-regulated signaling may
alter the efficacy of chemotherapy in specific patients. In sum-
mary, this study provides a novel link between the MAPK sig-
naling cascade and its involvement in the DNA damage
response.
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