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Artemis is a phospho-protein that has been shown to have roles in V(D)J recombination, nonhomologous
end-joining of double-strand breaks, and regulation of the DNA damage-induced G,/M cell cycle checkpoint.
Here, we have identified four sites in Artemis that are phosphorylated in response to ionizing radiation (IR)
and show that ATM is the major kinase responsible for these modifications. Two of the sites, S534 and S538,
show rapid phosphorylation and dephosphorylation, and the other two sites, S516 and S645, exhibit rapid and
prolonged phosphorylation. Mutation of both of these latter two residues results in defective recovery from the
G,/M cell cycle checkpoint. This defective recovery is due to promotion by mutant Artemis of an enhanced
interaction between unphosphorylated cyclin B and Cdkl1, which in turn promotes inhibitory phosphorylation
of Cdkl by the Weel kinase. In addition, we show that mutant Artemis prevents Cdkl-cyclin B activation by
causing its retention in the centrosome and inhibition of its nuclear import during prophase. These findings
show that ATM regulates G,/M checkpoint recovery through inhibitory phosphorylations of Artemis that occur
soon after DNA damage, thus setting a molecular switch that, hours later upon completion of DNA repair,
allows activation of the Cdkl-cyclin B complex. These findings thus establish a novel function of Artemis as a
regulator of the cell cycle in response to DNA damage.

The cellular response to DNA damage results in a pleiotro-
pic activation of numerous pathways including cell cycle check-
points, DNA repair, transcription, and apoptosis. In eukaryotic
cells these responses are mediated to a large degree by a family
of phosphatidylinositol-3-OH kinase-like kinases (PIKKs)
that include DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), ATM, and ATR (reviewed in references 1, 6, 34,
and 44). In particular, ATM and ATR are well established as
upstream initiators of the checkpoint response emanating from
various types of DNA lesions. Although these two kinases may
have some overlap in function, ATM primarily responds to
DNA double-strand breaks (DSBs) while ATR is activated in
response to agents such as UV and blocks to DNA replication
forks as well as ionizing radiation (IR). In addition, it has also
been shown that ATM can be activated by alterations to chro-
matin structure such as occur under hypotonic conditions or
after exposure to inhibitors of histone deacetylation (2). Nu-
merous downstream targets of ATM and/or ATR have been
identified including p53, Brcal, Nbsl, Smcl, Chkl, Chk2,
53BP1, Mdcl, Radl7, and Artemis. These proteins are in-
volved in transducing or mediating checkpoint signals and may
in some cases also play a direct role in the repair of DNA
damage. On the other hand, DNA-PKcs has no identified role
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in mediating cell cycle checkpoints but, rather, has a well-
described function in the repair of DSBs mediated by the
nonhomologous end-joining (NHEJ) pathway.

Artemis is a member of the SNM1 gene family, all members
of which contain conserved metallo-B-lactamase and B-CASP
domains but are otherwise distinct (3, 5, 9, 21, 32). Artemis is
a known substrate of PIKKs and has been shown to be a
phosphorylation target of DNA-PKcs, ATM, and ATR in vitro
and in vivo (4, 18, 19, 28, 29, 41, 43). This modification is
dependent upon the nature of the DNA damaging agent as IR
induces phosphorylation of Artemis by both DNA-PKcs and
ATM, and UV induces phosphorylation by ATR (43). Artemis
appears to play multiple roles in cells. Its original character-
ization was based on the finding that mutations in Artemis lead
to a human severe combined immunodeficiency syndrome due
to a defect in V(D)J recombination (21, 22). In addition, Ar-
temis-deficient cells were shown to be radiosensitive, leading to
the designation of the complete phenotype as radiosensitive
severe combined immunodeficiency syndrome (23, 24). The
inability of Artemis-deficient cells to complete V(D)J recom-
bination is caused by a failure to open hairpins that occur at
coding joints in a step that is required for subsequent end-
joining by NHEJ (19). The hairpin opening activity of Artemis
is mediated by an endonuclease that is activated in the pres-
ence of DNA-PKcs (19, 26). Artemis has also been reported to
be required in NHEJ for the repair of DSBs that possess
damaged termini, and this function has been shown to require
activation by either ATM (29) and/or DNA-PK (19). In addi-
tion, we have previously reported that Artemis plays a role in
the cell cycle since a defect was observed in the maintenance or
recovery of the G,/M checkpoint upon DNA damage in human
cancer cell lines depleted of Artemis (43).

L)

Check for
updates

1sanb AQ Tz0oz ‘2 YdJeN uo /Bio wse qowy/:dny woly papeojumod



https://crossmark.crossref.org/dialog/?doi=10.1128/MCB.02072-06&domain=pdf&date_stamp=2007-04-01
http://mcb.asm.org/

2626 GENG ET AL.

The resumption of the cell cycle or recovery from DNA
damage-induced arrest is an area of investigation not well
understood. In mammalian cells recovery from the G,/M
checkpoint has been shown to be mediated by Polo-like ki-
nase-1 (Plk1) in that, upon completion of DNA repair, Plkl
causes destruction of the Weel kinase, a negative regulator of
Cdkl (39). This same study showed that Cdc25B, but not
Cdc25A or Cdc25C, was required for resumption of the cell
cycle from the G,/M checkpoint. In addition, a number of
genes have been implicated in checkpoint recovery in the bud-
ding yeast Saccharomyces cerevisiae including Srs2, Ptc2, Ptc3,
and Pph3 (12, 14, 40). Ptc2 and Ptc3 were shown to act by
dephosphorylating the checkpoint kinase Rad53, and Pph3 was
shown to dephosphorylate y-H2AX in a step required for ef-
ficient recovery from the G,/M checkpoint.

Artemis is well established as a phospho-protein that is mod-
ified in response to genotoxic agents; however, the functional
significance of these phosphorylations has not been elucidated.
Here, we report on the identification of four serine residues in
Artemis that are subject to phosphorylation after exposure of
cells to IR in vivo. We show that after a 3-Gy dose of IR,
phosphorylation at these sites is almost solely dependent on
ATM, while at a 10-Gy dose of IR it is dependent upon both
ATM and DNA-PK. Phosphorylation and dephosphorylation
at subsets of these sites have distinct kinetic profiles. We there-
fore examined one of these subsets and showed that phosphor-
ylation at these sites is required for normal recovery from
G,/M cell cycle arrest via regulation of the cyclin B-Cdk1
activation and nuclear import. This finding shows that ATM
regulates checkpoint recovery through modifications of Arte-
mis that occur soon after DNA damage, thus setting a molec-
ular switch that acts upon completion of DNA repair. These
studies define a novel function for Artemis as a cell cycle
regulator after exposure of cells to DNA damage.

MATERIALS AND METHODS

Construction of plasmids. The coding region of human Artemis was intro-
duced into the Gateway pENTR11 vector (Invitrogen), and mammalian expres-
sion plasmids pDEST12.2-Artemis and pDEST27-Artemis were subsequently
constructed by interplasmid recombination. To prepare an Artemis construct
resistant to small interfering RNA (siRNA; termed pDEST12.2-Artemis-R),
three silent mutations were introduced at the sites 1129 (A to C), 1131 (A to C),
and 1134 (T to A) using a QuickChange site-directed mutagenesis kit (Strat-
agene). Other Artemis plasmids expressing mutant versions of the protein were
prepared by the same methods.

Cell culture and DNA transfection. HCT116 and HEK293 cells were cultured
in Dulbecco’s modified Eagle’s medium plus 10% fetal calf serum. Stable cell
lines were established by transfection of HEK293 cells with plasmid DNA using
FuGENE 6 (Roche), selected in medium containing 400 wg/ml neomycin, and
subsequently maintained in 200 wg/ml neomycin. siRNAs were transfected into
cells using Oligofectamine reagent (Invitrogen).

GST-Artemis expression and purification. HEK293 cells stably expressing
glutathione S-transferase (GST)—Artemis were washed twice with ice-cold phos-
phate-buffered saline (PBS) and lysed in 1X EBC buffer, 10 mM sodium fluoride,
and 5 mM dithiothreitol. The lysate was spun for 15 min at 10,000 rpm, and the
supernatant was transferred and mixed with 100 .l of a 50% slurry of GST beads
previously well equilibrated with PBS. After incubation for 2 h with rotation at
4°C, the beads were spun down and washed three times with 10 volumes of PBS.
GST-Artemis was eluted by adding sodium dodecyl sulfate sample buffer, and
subsequently separated from contaminating proteins by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Gels were stained with Coomassie blue, and
the band containing GST-Artemis was excised for subsequent mass spectrometry
analysis.
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Antibodies and siRNA. Artemis polyclonal antibodies were developed as de-
scribed previously (43). Antibodies for other proteins were obtained from com-
mercial sources: ATM (2c-1; GeneTex), ATR (Ab-2; Oncogene), DNA-PKcs
(Ab-4; NeoMarkers), phospho-histone H3 (Ser10; Cell Signaling), Cdc25C
(Ser216 and 63F9; Cell Signaling), and y-H2AX (Ser139; Upstate). Antibodies
for Cdk1 (C-19), cyclin B (sc-245), Weel (B11), Cdc25A (F6), Cdc25C (H-6),
and actin (I19) were obtained from Santa Cruz. Antibodies for lamin B (101-B7)
and glyceraldehyde-3-phosphate dehydrogenase (6¢-5) were from Calbiochem. A
monoclonal antibody for bromodeoxyuridine (BrdU; B44) was obtained from
Becton Dickinson. Affinity-purified antibody against cyclin B1-pS126 was pur-
chased from Rockland.

Phospho-specific peptide antibodies for Artemis were prepared by Bethyl
Laboratories. The peptide sequences synthesized for S516, S534, S538, and S645
were TVAGGS(p)QSPKLFS, CGESTHISS(p)QNSS, CHISSQNSS(p)QSTHI,
and CLSTNADS(p)QSSSD, respectively (p indicates phosphorylation site).

siRNA oligonucleotides were synthesized by Dharmacon. The sequence of the
coding strand of ATR siRNA was CCUCCGUGAUGUUGCUUGA and as
described previously for Artemis, ATM, and DNA-PKcs (43).

Immunoprecipitation, BrdU labeling, cell cycle analysis and phospho-histone
H3 staining. Immunoprecipitation, cell cycle analysis, and phospho-histone H3
staining were performed as described previously (43).

For BrdU labeling, cells were pulse-labeled with BrdU at a concentration of 10
M for 15 min, and then cells were irradiated with 3 Gy of IR or mock treated.
Immediately after treatment, cells were washed twice with PBS and harvested at
various time points for cell cycle analysis by flow cytometry.

Small-scale biochemical fractionation. Approximately 1.5 X 107 cells were
scraped into an Eppendorf tube, and 600 ul of cold PBS was added to resuspend
the cells. The cells were pelleted by centrifugation at 1,000 rpm at 4°C for 2 min
and were subsequently washed twice with 500 pl of PBS. The pellet was resus-
pended in 200 pl of fractionation buffer containing 10 mM HEPES (pH 7.9), 10
mM KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol, 10
mM NaF, 100 pM Na;VO,, 1X protease inhibitor cocktail, and 0.1% Triton
X-100. The suspensions were left on ice for 8 min and subsequently centrifuged
for 5 min at 1,300 X g at 4°C. The supernatants were then clarified by centri-
fugation at 20,000 X g at 4°C for 15 min, and an equal volume of 2X sample buffer
was added to the supernatants to form the cytosolic fraction. The pellet was
further washed twice with PBS, and a volume of 1X sample buffer equal to the
cytosolic fraction was added to form the nuclear fraction.

Immunofluorescence. HEK293 cells stably transfected with wild-type Artemis
or its mutants were harvested and fixed with ethanol. The fixed cells were
permeabilized with blocking solution consisting of 4% bovine serum albumin and
0.15% Triton X-100 in PBS for 1 h. Cells were subsequently incubated with
primary antibody in blocking solution for 1 h and then washed with blocking
buffer. Cells were incubated with either fluorescein isothiocyanate or Alexa Fluor
555 conjugated immunoglobulin G for 30 min and then washed with PBS. DNA
was stained with 0.5 ug/ml of 4’,6'-diamidino-2-phenylindole and then observed
by fluorescence microscopy.

RESULTS

Identification of sites of phosphorylation in Artemis and the
responsible kinases. ATM, ATR, and DNA-PKcs have been
shown to have a preference for phosphorylation of proteins at
(S/T)Q motifs (13). As shown in Fig. 1A, Artemis contains nine
of these motifs that are conserved between mice and humans.
One each of these motifs is located in the metallo-B-lactamase
and B-CASP domains, and the other seven are clustered to-
gether in the carboxy-terminal half of the protein. Such a
cluster of these (S/T)Q motifs is referred to as an (S/T)Q
cluster domain (SCD) and has been shown to be preferred
sites of phosphorylation by ATM, ATR, and DNA-PK (13, 38).
We along with others have shown previously that Artemis
undergoes a gel mobility shift after exposure of cells to IR and
UV and that this shift is due to phosphorylation (4, 28, 29, 41,
43). In addition to IR and UV, mitomycin C and hydroxyurea
also induced this shift (data not shown). These results indicate
that Artemis modification is responsive to a broad range of
genotoxic agents that induce different types of DNA damage.
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FIG. 1. The role of ATM and DNA-PK in the phosphorylation of Artemis at specific SQ sites after IR treatment is dose dependent.
(A) Schematic of Artemis showing (S/T)Q motifs conserved between human and mouse proteins. (B) Specificity of Artemis phospho-specific
peptide antibodies to pS516, pS534, pS538, and pS645 as shown by immunoblot analysis. GST fusions of wild-type and the indicated Artemis S-to-A
mutants (GST-Artemis mt) were stably expressed in HEK293 cells and exposed to either IR or UV. Rows A, D, G, and J show the signal detected
from wild-type and mutant Artemis using the phospho-specific antibodies; rows B, E, H, and K show the lack of signal when the phospho-specific
antibodies were preincubated with the appropriate phospho-peptide; and rows C, F, I, and L were probed with an Artemis polyclonal antibody.
(C) Phospho-specific antibodies were used to probe the modification of Artemis at either low-dose (2 Gy) or high-dose (10 Gy) IR in the presence
or absence of caffeine or wortmannin (wort). (D) Cells were depleted of ATM or ATM and ATR by siRNA treatment, and lysates were probed
with the indicated antibodies. (E) Cells were depleted of DNA-PKcs by siRNA treatment and exposed to either low-dose or high-dose IR. Cell
lysates were subsequently probed with the indicated antibodies. UT, untreated cells.

To identify specific phosphorylated residues in Artemis,
we initiated an analysis by mass spectroscopy. GST-Artemis
was overexpressed in HEK293 cells, and GST fusion pro-
teins were purified with or without exposure to IR. This
analysis indicated with a high probability that the S516 res-

idue was phosphorylated upon exposure of cells to IR (re-
sults not shown). This residue has been previously reported
to be a site of phosphorylation in Artemis (18, 36). No other
phosphorylated (S/T)Q sites were identified by this analysis.
Since it is common for more than one site to be phosphor-
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ylated in an SCD, we used gel mobility shift analysis to
identify additional sites.

This analysis identified three additional sites: S534, S538,
and S645 (data not shown). It should be noted that other
investigators have also reported a change in the gel mobility of
Artemis after mutation of S645 (4, 28, 36). The S534 and S538
sites have also previously been shown to be phosphorylated in
vitro by DNA-PK (36). Taken together, these results suggested
that S516, S534, S538, and S645 were candidate sites for phos-
phorylation in Artemis in vivo after DNA damage.

In order to further analyze these four candidate sites, we
prepared affinity purified phospho-specific peptide antibodies
for each site. These antibodies were then examined for speci-
ficity by immunoblot analysis against either GST-Artemis wild-
type protein or the appropriate S-to-A mutant. As shown (Fig.
1B), all four antibodies were able to detect wild-type Artemis
but not the mutant protein. As a further control, the antibodies
were preincubated with the appropriate phospho-peptide prior
to incubation on the membrane, and in each case the signal
against wild-type Artemis was ablated (Fig. 1B). These exper-
iments indicated that all four antibodies were specific for phos-
phorylation at the targeted site and that the reactivity of the
antibodies increased after exposure of cells to IR or UV. We
have noted in previous experiments (43) that overexpression of
GST-Artemis usually results in a noticeable constitutive level
of phosphorylation that is not observed for endogenous Arte-
mis. This presumably accounts for the signal detected against
GST-Artemis derived from untreated cells.

To determine the kinase(s) responsible for IR-induced
phosphorylation at each of the four identified sites, we used the
PIKK inhibitors caffeine and wortmannin. Caffeine is an inhib-
itor of ATM and ATR but not DNA-PK, while wortmannin
inhibits all three enzymes (10, 33). For these experiments we
examined the phosphorylation of endogenous Artemis. Inter-
estingly, at a relatively low dose of IR (2 Gy), caffeine and
wortmannin inhibited phosphorylation at each site to approx-
imately the same degree, while at a high dose of IR (10 Gy)
wortmannin was the more potent inhibitor (Fig. 1C). These
results suggest that at the lower dose of IR, the phosphoryla-
tion is primarily carried out by ATM/ATR, while at the higher
dose of IR, DNA-PK may play a significant role. To further
examine this issue, we used siRNA transfection to deplete
ATM, ATR, or DNA-PKcs and then examined phosphoryla-
tion at each site. At the low-dose IR, siRNA-mediated knock-
down of ATM significantly reduced the level of phosphoryla-
tion at each site (Fig. 1D). A knock-down of ATM and ATR
together showed that there was no additional reduction in
phosphorylation at any of the four sites, indicating that ATR
does not measurably contribute to the phosphorylation at these
four sites after low-dose IR (Fig. 1D). The residual phosphor-
ylation at each of the sites may have been due to incomplete
knock-down of ATM or to phosphorylation by another kinase
such as DNA-PK. To examine the role of DNA-PKcs, we
depleted the protein by siRNA and analyzed phosphorylation
at each of the four sites at both low- and high-dose IR (Fig.
1E). Knock-down of DNA-PKcs at low-dose IR had little or no
effect on the phosphorylation at any of the four sites, while at
high-dose IR a significant decrease in signal was observed at all
four sites. Taken together, these findings indicate that ATM is
the principal kinase that modifies Artemis at these sites after
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the lower and more physiologically relevant induction of DSBs,
while at high levels of DNA damage, Artemis also becomes a
substrate for DNA-PK. This conclusion is also consistent with
the recent report that an Artemis mutant defective in interac-
tion with DNA-PKcs is, nevertheless, proficient in the joining
of DSBs created during V(D)J recombination (36). To elimi-
nate any confounding effects of phosphorylation of Artemis by
multiple kinases, all of the IR experiments to be described
below were carried out using a 3-Gy dose.

Mutation of S516 and S645 results in prolonged G,/M ar-
rest. We examined the kinetics of phosphorylation at each of
the four SQ sites after IR treatment. As shown (Fig. 2A),
phosphorylation at S534 and S538 showed rapid phosphoryla-
tion that was readily apparent by 30 min; however, this phos-
phorylation was highly transient and had disappeared by 2 h. In
other experiments (not shown) we have observed dephosphor-
ylation at S534 and S538 as early as 1 h after irradiation. On
the other hand, phosphorylation at S516 and S645 was observ-
able at 30 min, remained strong until 6 h, and then slowly
declined up to 24 h. It should also be noted that in our prior
work we showed that phosphorylation of Artemis, as observed
by altered gel migration, could be observed as early as 5 min
after IR treatment (43). These findings indicate that residues
S516 and S645 have a different kinetic signature of IR-induced
phosphorylation and dephosphorylation compared to the S534
and S538 residues.

Since the S516 and S645 residues displayed similar kinetics
of phosphorylation and dephosphorylation after DNA damage,
we prepared a double mutant in which both residues were
changed to alanine (S516A and S645A). We will refer to this
double mutant as S516/645A. Since we have previously shown
that siRNA-mediated knock-down of Artemis affected the reg-
ulation of the G,/M checkpoint (43), we examined the effects
of the S516/645A mutant on this checkpoint. For these exper-
iments we prepared HEK293 cells representing a population
that stably expressed this mutant protein and control cells that
overexpressed wild-type Artemis (Fig. 2B). The sequence of
each of the constructs used to express these proteins was mod-
ified to render them resistant to a siRNA-mediated knock-
down of Artemis. Interestingly, cells expressing the S516/645A
mutant showed an accumulation of cells in G,/M that was
readily detected between 12 and 24 h after IR treatment com-
pared to cells expressing wild-type Artemis (Fig. 2C and D). In
addition, expression of a mutant Artemis in which the serines
at 516 and 645 were mutated to aspartic acid residues (S516/
645D) in order to mimic phosphorylation resulted in a wild-
type phenotype (Fig. 2C and D). This latter result confirms
that the observed effect on the G,/M arrest is due to the
inability to phosphorylate the S516 and S645 residues after IR.
Also, a vector-only control showed that overexpression of Ar-
temis per se did not perturb the cell cycle (Fig. 2D). To deter-
mine if the accumulation observed with the S516/645A mutant
was due to an effect on the G,/M checkpoint, we examined
phospho-H3 staining in each of the three cell lines. As shown
(Fig. 2E), the transition from G, to M phase is delayed in the
S516/645A mutant as opposed to cells expressing wild-type
Artemis or the S516/645D mutant. The experiments shown in
Fig. 2C to E were conducted with knock-down of endogenous
Artemis with siRNA (43); however, the prolonged G, delay
was observed whether or not endogenous Artemis was de-
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FIG. 2. Mutation of the S516 and S645 phosphorylation sites in Artemis causes a prolonged G,/M delay after IR. (A) Immunoblot showing
kinetics of phosphorylation and dephosphorylation of GST-Artemis at the indicated sites after exposure to IR. (B) Immunoblot showing expression
of the indicated Artemis wild-type and mutant proteins in HEK293 cells. (C) Cell cycle analysis after IR of HEK293 cells stably expressing wild-type
Artemis or the S516/645A or S516/645D mutant. (D) Graphical analysis of results shown in panel C. (E) Phospho-histone H3 (P-H3) staining
analysis of wild-type and mutant Artemis cell lines after exposure to IR. (F) Cell cycle analysis of Artemis-expressing cells pulse-labeled with BrdU
and immediately exposed to IR. WT, wild type; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

pleted, suggesting that the S516/645A mutant is dominant to
wild-type Artemis. Also, as we have shown previously with
knock-down of Artemis (43), the initial enforcement of the
checkpoint is unaffected by the S516/645A mutant.

To ensure that the accumulation in G, observed after IR
treatment was not the result of effects in earlier stages of the
cell cycle, we labeled cells with BrdU, removed the label, and
then immediately treated cells with IR. As shown (Fig. 2F),
labeled cells expressing the S516/645D mutant were found to
transit into G, as early as 9 h after IR treatment, while G,
phase cells were not observed in the S516/645A-expressing

cells even at 12 h after IR, thus confirming the prolonged G,
delay induced by this mutant of Artemis.

We also examined whether the observed G, accumulation in
cells expressing the S516/645A mutant required alteration of
both serine residues. Interestingly, cells expressing either the
S516A or S645A mutant and exposed to IR did not exhibit the
accumulation phenotype (results not shown). Thus, mutation
of both serine residues is required for the observed delay in the
transition from G, to M phase after IR treatment.

Finally, we also prepared a double mutant at the S534 and
S538 sites, which, as shown above, exhibited transient phos-
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FIG. 3. The effects of Artemis dysfunction on the G,/M checkpoint are not due to a failure to repair DSBs. (A) Cell cycle analysis of HEK293
cells after exposure to IR upon depletion of Artemis by siRNA. (B) Immunoblot showing knockdown of Artemis in HEK293 cells by siRNA.
(C) Cell cycle analysis of cells depleted of Artemis by siRNA, pulse-labeled with BrdU, and exposed to IR. (D) Phospho-histone H3 (P-H3)
staining analysis of cells depleted of Artemis by siRNA and exposed to IR. (E and F) Levels of y-H2AX after IR in HEK293 cells were determined
in cells depleted of Artemis by siRNA or stably expressing the S516/645A or S516/645D mutants. WT, wild type; GAPDH, glyceraldehyde-3-

phosphate dehydrogenase.

phorylation after IR exposure; however, this mutant did not
exhibit any detectable defects in recovery from the G,/M
checkpoint after DNA damage.

The prolonged arrest in the S516/645A mutant is not due to
a failure to repair. There are at least two plausible explana-
tions for the observed prolonged delay in the G, phase in cells
expressing the S516/645A Artemis mutant. Such cells may have
a reduced ability to repair DSBs and, thus, a prolonged check-
point or may be defective in recovery or release from the
checkpoint. As discussed above, several previous studies have

indicated a role for Artemis in NHEJ (17, 19, 29), although this
role is apparently limited to the repair of a small fraction of
DSBs that have incompatible ends. If the observed G, accu-
mulation in cells expressing the S516/645A mutant is due to a
defect in a pathway of repair of DSBs that requires Artemis,
then absence of Artemis should give rise to the same pheno-
type. However, depletion of Artemis by siRNA (Fig. 3B) ac-
tually gave rise to an accelerated transition from G, to M phase
after IR treatment as determined by both cell cycle (Fig. 3A,
compare the 12-h time points) and phospho-H3 staining (Fig.
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FIG. 4. Artemis affects Cdk1 inhibitory phosphorylation through regulation of cyclin B after IR. (A) Immunoblot analysis showing Cdk1 isoforms in
HEK?293 cells stably expressing the S516/645A mutant compared to cells expressing wild-type Artemis or the S516/645D mutant. (B) Immunoblot showing
Cdk1 and cyclin B after depletion of Artemis by siRNA. (C) Immunoprecipitations (IP) of cyclin B from the indicated cell lysates were blotted with
antibodies to Cdk1 and Weel. (D) Lysates from the indicated cell lines were fractionated into cytoplasmic (C) or nuclear (N) fractions and probed with
antibodies to the indicated proteins. Cyclin B-P indicates the phosphorylated protein. (E) Immunoprecipitations of Artemis from the indicated cell lysates
were blotted with cyclin B antibody. WT, wild type; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

3D), which is contrary to the result obtained with cells express-
ing the S516/645A mutant (Fig. 2). We also pulse-labeled cells
with BrdU and observed that depletion of Artemis by siRNA
led to a more rapid entry into the G, phase than in control cells
(Fig. 3C). To further confirm that the observed prolonged G,
arrest with the S516/645A mutant is not due to a DNA repair
defect, we examined y-H2AX levels after IR treatment. The
levels of y-H2AX are an indicator of the levels of DSBs (30, 31).
As shown (Fig. 3E), levels of yv-H2AX higher than in control cells
were not sustained during the 12- to 24-h time period after IR in
cells depleted of Artemis. Similarly, cells expressing the S516/
645A mutant did not show an extended duration of H2AX phos-
phorylation compared to cells expressing Artemis wild type or the
$516/645D mutant (Fig. 3F). These results indicate that although

the S516/645A mutant induces a prolonged G, arrest, the cause is
not due to a failure to repair DSBs.

Artemis is a regulator of Cdkl-cyclin B during IR-induced
G,/M arrest. The ultimate target of the G,/M checkpoint is the
cyclin-dependent kinase Cdk1 (7, 16). Cdkl activity is subject
to inhibition by the Weel and Myt1 kinases that phosphorylate
Cdk1 at residues T14 and Y15 (20, 25). These inhibitory phos-
phorylations are readily detected by shifts in gel migration. To
substantiate our cell cycle data, we examined the phosphory-
lation status of Cdk1 after IR in cells expressing the S516/645A
mutant and observed an extended duration of phosphorylation
of this kinase compared to cells expressing wild-type Artemis
or the S516/645D mutant, particularly at the 12- to 24-h time
period (Fig. 4A). We also examined Cdkl phosphorylation
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FIG. 5. Artemis regulates the nuclear import of Cdkl-cyclin B from the centrosome. Shown are immunohistochemical analyses of cells
expressing wild-type Artemis or the S516/645A and S516/645D mutants using the indicated antibodies. All cells were fixed 18 h after IR exposure.

Arrowheads indicate centrosomes in panels C and D.

status after knock-down of Artemis by siRNA and found that
the phosphorylated forms were greatly reduced compared to
control cells (Fig. 4B), consistent with the accelerated transi-
tion from G, to M described above (Fig. 3). Thus, both of these
results validate the cell cycle data shown above and suggest
that Artemis is a regulator of Cdkl after exposure of cells to
DNA damage.

There are a number of direct regulators of Cdkl including
the aforementioned kinases Weel and Myt1 and the opposing
phosphatases Cdc25A, Cdc25B, and Cdc25C. We examined a
number of these proteins in cells expressing the S516/645A
mutant and found that either no changes in the levels occurred
or the changes that did occur were not in the direction pre-
dicted by an extended G, delay (data not shown). A similar
result was observed with Plkl (data not shown) which is an
effector of G,/M checkpoint recovery by mediating degrada-
tion of Weel (39).

Cyclin B is the principal cyclin that regulates Cdk1 activity
during the transition from G, to M, and we noted in the
experiments shown in Fig. 4A and B that Artemis status had a
significant impact on the levels of this protein. This observation
is particularly apparent in the siRNA knock-down experiment
but is also noticeable at the 24-h time points shown in Fig. 4A,
where cyclin B was stabilized in cells expressing the S516/645A
mutant. Unphosphorylated cyclin B has previously been shown
to bind to Cdk1 and to promote the inhibitory phosphorylation
at residues T14 and Y15, resulting in an inactive cyclin B-Cdk1
complex (20, 35). Phosphorylation of cyclin B at its cytoplasmic
retention sequence allows nuclear accumulation of cyclin B-
Cdk1 (8), subsequent dephosphorylation of Cdkl by Cdc25,
and activation of the complex. To determine if Artemis status
has an effect on the cyclin B-Cdk1 interaction, we performed
reciprocal coimmunoprecipitation experiments. As shown (Fig.
4C, upper right and left blots), expression of the S516/645A

1sanb Aq T20zZ ‘2 ydJeN uo /6o wse qow//:dny woll papeojumod


http://mcb.asm.org/

Vou. 27, 2007

Cc v -tubulin GST-Artemis Merged + DAPI

-

GST-Artemis

S516-645A

o

cyclin B1-P-5126

FIG. 5—Continued.

Merged + DAPI

WT

S516-645A

mutant had a dramatic impact on the interaction between
these two mitotic regulators compared to the expression of
wild-type Artemis or the S516/645D mutant. This increased
interaction was not entirely due to increased levels of cyclin B
since these were modest (Fig. 4C, lower blots) compared to the
highly enhanced coimmunoprecipitation. Also note that cyclin
B appeared to interact with the phosphorylated form of Cdkl
in cells expressing the S516/645A mutant compared to cells
expressing the wild-type protein (Fig. 4C, long exposure). In
addition, the coimmunoprecipitation of Weel was enhanced
by expression of the S516/645A mutant (Fig. 4C), consistent
with previous results indicating that unphosphorylated cyclin B
promotes the inhibitory phosphorylation of Cdk1 by Weel (20,
35). Next, we examined the localization and phosphorylation
status of cyclin B after IR. Compared to cells expressing wild-
type Artemis, expression of the S516/645A mutant resulted in
a significant increase in cytoplasmic levels of cyclin B and a
decreased level of phosphorylation (Fig. 4D). Finally, immu-
noprecipitation of Artemis after exposure of cells to IR shows
that cyclin B weakly interacts with wild type or the S516/645D
mutant of Artemis but that this interaction is significantly
stronger in the presence of the S516/645A mutant (Fig. 4E).
Taken together, these results suggest that Artemis regulates
cyclin B by affecting its phosphorylation and cytoplasmic re-
tention and that the S516/645A mutant enhances the accumu-
lation of inactive cyclin B-Cdk1 complexes.

Cyclin B is located in the cytoplasm in an unphosphorylated
and inactive state during G,. In prophase cyclin B accumulates
in the centrosome, where it is activated by phosphorylation at
four different sites (11). The kinases responsible for this phos-
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phorylation have not been completely identified although Plk1
appears to phosphorylate at least one of the sites (11, 37).
Activation of cyclin B then promotes dephosphorylation and
activation of Cdkl and nuclear import. To determine if this
process is affected by mutation of Artemis, we used immuno-
fluorescence to examine the localization of cyclin B after ex-
posure to IR. For these experiments we used an antibody to
cyclin B and a phospho-specific antibody that recognizes phos-
pho-S126 of cyclin B, which is one of the sites required for
activation of cyclin B. As shown (Fig. 5A), activation and
nuclear import of cyclin B occurred normally in cells express-
ing wild-type Artemis and the S516/645D mutant, whereas the
phospho-S126 form of cyclin B appeared to be preferentially
localized to the centrosome in cells expressing the S516/645A
mutant. Gamma-tubulin staining was used to confirm the cen-
trosomal localization of phospho-S126-cyclin B (Fig. 5B). We
also stained for the presence of Artemis in the centrosome. In
wild-type-expressing cells the occurrence of Artemis in the
centrosome was rare but detectable (approximately 1%), while
significantly more cells exhibited this localization in cells ex-
pressing the S516/645A mutant (approximately 10%) (Fig.
5C). In addition, the colocalization of Artemis and phospho-
S126-cyclin B was significantly enhanced in the S516/645A
mutant-expressing cells compared to cells expressing wild-type
Artemis (Fig. 5D). This latter result may explain the signifi-
cantly enhanced coimmunoprecipitation between Artemis and
cyclin B observed in cells expressing the S516/645A mutant.
The low incidence of wild-type Artemis in the centrosome
suggests that, once phosphorylated at S516 and S645, it is
excluded from this organelle. Taken together, these results
indicate that the S516/645A mutant impedes the nuclear im-
port of cyclin B from the centrosome into the nucleus. This
finding thus explains the delayed activation of Cdkl-cyclin B
and the resulting extended G, arrest observed in these cells
after IR.

DISCUSSION

ATM is the major regulator of Artemis after IR. We have
shown here that four SQ sites, located in the Artemis SCD at
positions SQ516, SQ534, SQ538, and SQ645, are modified in
vivo in response to IR. These results were confirmed by the use
of phospho-specific peptide antibodies in immunoblotting ex-
periments. These experiments showed that at a relatively low
dose of IR, ATM is the primary kinase involved in the phos-
phorylation of Artemis at these four sites, while at a high dose
Artemis is also a substrate of DNA-PK. These findings suggest
that ATM rather than DNA-PK is the major or most important
regulator of Artemis function upon physiologically relevant
doses of IR, consistent with our previous findings and reports
from other investigators (28, 29, 41, 43).

Phosphorylation at S516 and S645 regulates recovery from
the G,/M cell cycle checkpoint. In our previous studies of
Artemis, we showed that knock-down of Artemis did not affect
the initial enforcement of the G,/M checkpoint but that there
was a failure to sustain the checkpoint (43). These results were
supported by our findings that Artemis does not function up-
stream or downstream of the Chk1/Chk2 kinases. We theo-
rized in that report that Artemis was therefore required for the
maintenance of the G,/M checkpoint. Our findings reported
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here, however, suggest a different conclusion: that Artemis is a
negative regulator of recovery from the G,/M checkpoint. This
conclusion is based on the following argument. Knock-down of
Artemis results in a phenotype in which we observed acceler-
ated release from the IR-induced G,/M checkpoint. This phe-
notype is consistent with Artemis as either a positive regulator
of checkpoint maintenance or a negative regulator of check-
point recovery. However, if Artemis is a positive regulator of
maintenance, then phosphorylation at S516 and S645 would
presumably activate Artemis for this function, and the S516/
645A mutant would be predicted to have the same phenotype
as observed with a lack of Artemis. In fact, the S516/645A
mutant has the exact opposite phenotype in that a prolonged
G,/M delay was observed. In addition, the dominant nature of
this mutant is not consistent with the maintenance model.
These observations are, however, consistent with a model in
which Artemis is a negative regulator of G,/M checkpoint
recovery and in which the phosphorylations at S516 and S645
inhibit Artemis function, allowing recovery from the G,/M
checkpoint to occur upon completion of DNA repair. Finally,
our findings have also shown that these observed phenotypes
are not likely due to a failure of DNA repair since knock-down
of Artemis showed accelerated recovery from G, after IR, and
v-H2AX levels were not affected by either Artemis knock-
down or expression of the S516/645A mutant.

A model of G,/M checkpoint recovery mediated by ATM and
Artemis. Previous findings have shown that Plk1 regulates re-
covery from the G,/M checkpoint by phosphorylation of Weel,
which induces polyubiquitination and degradation of this ki-
nase by the 26S proteosome (39). We were unable to find
evidence that Artemis was involved in this pathway in a man-
ner that would negatively regulate recovery. In fact, the S516/
645A mutant which exhibits a prolonged G,/M arrest paradox-
ically showed upregulation of Plk1. This result could be due to
a feedback or adaptation pathway that induces Plkl in re-
sponse to the inhibition of recovery caused by the S516/645A
mutant. Rather, we found that expression of the S516/645A
mutant caused disregulation of the activation of the Cdkl-
cyclin B complex. Inhibitory phosphorylation of Cdkl was
maintained for a longer time, accounting for the extended G,
arrest in cells expressing the S516/645A mutant. The extended
inhibitory phosphorylation of Cdkl appears to be due to de-
fective activation of cyclin B since in the inactive or unphos-
phorylated configuration, cyclin B promotes phosphorylation
of Cdk1l by Weel (20, 35). This conclusion is supported by our
finding that the normal activation of cyclin B that occurs in the
centrosome and the subsequent export to the nucleus were
defective upon expression of the S516/645A mutant. Two pos-
sible mechanisms come to mind for the observed abnormal
centrosomal retention of cyclin B. Artemis may bind directly to
Cdk1-cyclin B and affect it migration from the centrosome into
the nucleus, or it may regulate the activating phosphorylations
of cyclin B. Cyclin B is known to be phosphorylated on four
sites, all of which are required for full activation and nuclear
import (8, 11, 15, 27, 37, 42). Clearly, the phosphorylation of
the S126 site is not affected by expression of the S516/645A
mutant; however, it remains possible that phosphorylation at
one or more of the other sites is regulated by Artemis.

A model for the pathway by which ATM and Artemis me-
diate recovery from the G,/M checkpoint is shown schemati-
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FIG. 6. A schematic model depicting the role of Artemis in the
cellular response to IR. Dashed line indicates postulated pathway. See
the text for additional details.

cally in Fig. 6. Our model envisions that in response to DNA
damage ATM immediately phosphorylates Artemis on resi-
dues S516 and S645, thereby inhibiting its negative regulation
of Cdkl1-cyclin B activation. Whether or not this regulation of
Cdkl-cyclin B is coupled to completion of DNA repair is
unclear; however, it does suggest that Artemis likely has a role
in the regulation of Cdkl-cyclin B in the unperturbed cell
cycle. The inability to phosphorylate the S516 and S645 sites in
the Artemis mutant maintains Artemis in an active state,
thereby preventing timely activation of Cdkl-cyclin B in the
centrosome. This model thus proposes that ATM regulates
recovery from the G,/M checkpoint by an early or immediate
inhibitory phosphorylation of Artemis. This phosphorylation
essentially constitutes a molecular switch that manifests itself
hours later upon completion of DNA repair to allow normal
checkpoint recovery.

Functions of Artemis in response to IR. Previous reports
have described a role for Artemis in NHEJ-mediated repair of
DSBs and suggested that Artemis is regulated in this function
by either DNA-PKcs (19) or ATM (29). Artemis is proposed to
facilitate the repair of DSBs that possess incompatible termini
that constitute approximately 10% of all DSBs induced by IR
(29). Our findings do not directly address the issue of a role for
Artemis in NHEJ but do clearly indicate that Artemis has a
definitive role in regulating recovery from the G,/M check-
point that is independent of a role in DSB repair and that
ATM is the major regulatory kinase. Finally, Artemis phos-
phorylation is induced by agents other than IR including UV,
mitomycin C, and hydroxyurea and by other checkpoint ki-
nases such as ATR (41, 43). These findings indicate that Ar-
temis is a general stress-responsive protein whose modification
is induced by many forms of DNA damage.
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