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Abstract

Checkpoint kinase 2 (CHK?) is a major effector of the DNA damage response pathway and
although its mechanism of activation has been well studied, the attenuation of its activity
following DNA damage has not been explored. Here, we identify the B’ o subunit of protein
phosphatase 2A (PP2A) as a CHK2 binding partner and show that their interaction is modulated
by DNA damage. B’a binds to the SQ/TQ repeat region of CHK2, which is a target of ATM
phosphorylation. The induction of DNA double-strand breaks by gamma irradiation as well as
treatment with doxorubicin causes dissociation of the B’o and CHK2 proteins. This dissociation
correlates with an increase in the ATM-dependent phosphorylation of CHK2 at serines 33 and 35
in the SQ/TQ region. Indeed, mutating these sites to mimic phosphorylation increases the
dissociation after irradiation. PP2A negatively regulates CHK2 phosphorylation at multiple sites,
as well as its kinase activity. These data reveal a novel mechanism for PP2A to keep CHK?2
inactive under normal conditions while also allowing for a rapid release from this regulation
immediately following DNA damage. This is followed by a subsequent reconstitution of the
PP2A/CHK2 complex in later time points after damage, which may help to attenuate the signal.
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Introduction

Maintenance of genomic integrity is an essential part of cellular physiology. Genotoxic
insults that induce DNA breaks must be repaired in order to prevent the propagation of
mutations that can contribute to malignant transformation. The primary role of the DNA
damage response pathway is to induce cell cycle arrest, repair the incurred DNA damage, or,
in cases where the extent of damage is beyond repair, signal for the initiation of apoptosis.!

The CHK1 and CHK2 kinases, the main effectors of the DNA damage response pathway,
are activated after genotoxic insults by the ataxia telangiectasia mutated (ATM) and ATM-
Rad3-related (ATR) kinases.2 CHK2 contains three major domains (Fig. 1A): an SQ/TQ
region (amino acid residues 19-69), an FHA domain (amino acid residues 112-175), and a
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kinase domain (amino acid residues 220-486), all of which play a role in the activation of
CHK2. In response to DNA damage, ATM phosphorylates CHK?2 on threonine 68 in the
SQ/TQ region.3"5 The FHA domain of one molecule of CHK2 binds to the phosphorylated
threonine 68 of another, allowing autophosphorylation of threonines 383 and 387 within the
kinase domain,6:7 as well as serine 516.8 CHK2 then dissociates into active monomers® and
phosphorylates a number of downstream targets including BRCA1, p53, E2F1 and Cdc25,10
which work to arrest the cell cycle and activate factors required for the proper repair of the
DNA breaks. CHK2 is also phosphorylated at serines 19, 33 and 35 in the SQ/TQ region by
ATM11:12 3nd these phosphorylation events enhance CHK?2 activity.13

Mutations in CHEK2, the gene encoding human CHK2, have been found in various cancers.
The first mutation found in CHEK?2 was 1100delC, originally identified in families with Li-
Fraumeni syndrome that did not have mutations in TP53.14 Later, this mutation was also
found to be significantly associated with breast cancer in familial cases without a BRCA1 or
BRCA2 mutation.1® This CHEK?2 allele seems to act as a low-penetrance tumor suppressor
genel and may be an adverse indicator of prognosis.1” Other CHK2 mutations have been
discovered as well which cause mislocalization of the protein, diminished kinase activity, or
inability to interact with substrates.18:19

Protein Phosphatase 2A (PP2A) is one of the major phosphatases of the cell and it
participates in diverse cellular processes such as differentiation, cell cycle regulation and
signal transduction.20 It is comprised of three subunits: the structural A subunit (PR65), the
catalytic C subunit, and one of many regulatory B subunits that confer to PP2A its
functional specificity.21 The B subunits can be divided into four major families: the B
(PR55), B’ (PR61/B56), B” (PR72) and B’ (PR93/PR110). These regulatory subunits are
transcribed from 15 genes that encode at least 26 differentially spliced isoforms.22 The
crystal structure of the holoenzyme containing PP2A A, C and B’y1 was solved, revealing
the active enzyme structure as well as binding sites between the three subunits.23:24

Several independent lines of evidence suggest a role for the PP2A holoenzyme as a tumor
suppressor. The SV40 small T antigen can bind to the PP2A A-C complex, inhibiting PP2A
activity,2%26 and this interaction is required for SV40-mediated transformation.2’ Okadaic
acid, a known PP2A inhibitor, was found to promote tumor formation.28 Interestingly, the
PP2A A subunit was found to be mutated in primary lung and colon tumors, as well as in
lung cancer cell lines.2? Mutations in PP2A A that prevent binding to the B’ or B and C
subunits have been found in breast cancer tissue and cell lines.3%:31 These data indicate the
importance of inhibiting PP2A function in cellular transformation.

While much is currently known about the induction of the DNA damage response, there still
remain questions about the negative regulation of the pathways when there is no damage
present as well as the recovery from the checkpoint when the DNA breaks are resolved. In
this paper, we present a novel mechanism for the negative regulation of CHK2 via PP2A in
the absence of DNA damage as well as attenuation of the signal after damage.

CHKZ2 interacts with the B'a subunit of PP2A

In order to identify novel interacting proteins of CHK2, we screened a human mammary
gland cDNA library using full length CHK2 as bait in the yeast two-hybrid system. We
identified two independent clones of the B’a regulatory subunit of PP2A (data not shown),
also known as B56a and PR61a (official symbol: PPP2R5A). The B’ family was originally
cloned in 1995 and is comprised of five genes,32 two of which are differentially spliced to
form three isoforms each. In this screening we also identified MUS81, a DNA damage
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tolerance protein, and karyopherin KPNAZ2, that were previously described as interactors to
CHK2,33:34 indicating that our CHK2 construct was properly folded.

To further investigate the interaction between B’o and CHK2, we mapped the B’
interacting domain in CHK2. Multiple deletion constructs of CHK2 were constructed and
each was co-transformed with the full length B’a. Binding was determined using the yeast-
two hybrid system. The minimal CHK2 fragment that bound to full length B’a was
comprised of amino acid residues 1-107. This region contains the entire SQ/TQ region (Fig.
1A), an important site of ATM phosphorylation.

To determine the CHK?2 binding region in B’a, multiple deletion constructs were
constructed of B’a and each was co-expressed with full length CHK2. Binding was
determined using the yeast-two hybrid system. The minimal binding region in B’a was
found to contain amino acid residues 89-322 (Fig. 1B). Although this region spans almost
half of the protein, the crystal structure of the PP2A holoenzyme containing B’y1, which is
closely related to B’a, reveals unique features of this enzyme.23:24 B’y1 contains eighteen o
helices which form eight HEAT-like repeats and the interaction to the A and C subunits is
mediated by many residues scattered throughout the B’y1 protein,23 as noted in Figure 1B.
Therefore, it is probable that there are select residues within this span of amino acid residues
89-322 that are particularly important for the interaction to CHK2.

We next wanted to verify the binding of B’a and CHK2 in a mammalian system. 293T cells
were transiently transfected to express FLAG-B’a. Whole cell extracts were
immunoprecipitated using a FLAG antibody and immunoblotted for endogenous CHK2,
demonstrating that B’a and CHK?2 interact in vivo (Fig. 1C). Immunoblotting also detected
the endogenous PP2A A and C subunits, indicating that FLAG-B’« is able to function as a
member of the heterotrimeric PP2A complex.

B'a and CHK2 dissociate upon DNA damage

Since CHK2 is activated upon DNA damage, we examined the binding between CHK2 and
B’ for any changes upon the induction of DNA double strand breaks (DSBs) by exposure
to irradiation (IR). Whole cell extracts of 293T cells transiently expressing FLAG-B’o were
immunoprecipitated using a FLAG antibody and immunoblotted for endogenous CHK?2,
PP2A A and PP2A C (Fig. 2A). Interestingly, when cells were exposed to 20 Gy IR and
incubated for 1 h, this markedly reduced the binding of CHK2 to B’a without affecting the
binding of B’ to the PP2A A and C subunits. Phosphorylation of CHK2 serine 33 and
serine 35 is recognized by the same antibody and therefore we will refer to them as serines
33/35. Immunoblotting of the lysate input verifies that IR causes phosphorylation of CHK2
at serine 19, serines 33/35 and threonine 68 as previously described.3-5:13

CHK2 binds to many members of the B’ family

We have determined that CHK2 binds to one member of the PP2A B’ family, namely B’a.
The B’ family of regulatory subunits is comprised of at least nine members encoded from
five genes. To determine the specificity of CHK2 for additional B’ proteins, HA-tagged B’a,
B’B, B’3, B’e and B’y3 proteins were transiently expressed in 293T cells. Endogenous
CHK2 was efficiently immunoprecipitated by all of the B’ proteins tested (Fig. 2B), in
agreement with a previous study that demonstrated CHK2’s ability to bind to B’ proteins
using an in vitro binding assay.3° In our study, CHK2 had the strongest interaction to B’y3
and the weakest to B, with binding to B’a, B’5 and B’ residing within this range.
Additionally, the CHK2-B’ complexes were dissociated after the cells were exposed to IR. It
should be noted that the ability of the B’ protein to bind to the PP2A A and C subunits was
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compromised compared to the other B’ proteins, suggesting there may be a problem with the
conformation of this overexpressed B’p.

In order to determine whether CHK2 can bind to an active PP2A complex, we
immunoprecipitated CHK2 from whole cell lysates of 293T cells and immunoblotted for the
PP2A C catalytic subunit (Fig. 2C). Indeed, they were found to bind, suggesting that CHK2
can associate with an active PP2A complex through one of the B’ regulatory subunits. After
irradiating the cells, the binding between CHK?2 and PP2A C is severely diminished as was
seen with the B’ subunits.

B’a and CHK2 are dissociated after DNA damage caused by ionizing radiation and
doxorubicin, but not B’a and CHK1

CHK2 can also be activated by other types of DNA damage in addition to that caused by IR.
Therefore, other DNA damaging agents were also tested for any effects on CHK2 and B’
binding. 293T cells transiently expressing FLAG-B’a were exposed to IR, UV, hydroxyurea
(HU), mitomycin C (MMC), or doxorubicin (Dox). FLAG-B’a was immunoprecipitated and
immunoblotted for endogenous CHK2, PP2A A and PP2A C. In a different case from the
one observed with IR, treatment with UV, HU or MMC did not have any effect on the
ability of CHK2 to bind to FLAG-B’a (Fig. 2D). However, treatment with Dox did decrease
the binding between the two proteins, but not to the extent that IR did. By examining the
phosphorylation of CHK2 in the lysate input via immunoblotting, it can be seen that the
pattern of phosphorylation was different after each treatment. After IR and Dox, serine 19,
serines 33/35 and threonine 68 were all phosphorylated; after UV and MMC, threonine 68
was primarily phosphorylated and serine 19 was weakly phosphorylated; and after HU,
serine 19 and threonine 68 were phosphorylated. The dissociation between CHK2 and B’a
occurs after IR and Dox: the only conditions that resulted in serine 33/35 phosphorylation at
the time points studied.

Since CHK1 is functionally related to CHK?2, we also tested whether CHK1 could bind to
PP2A B’a, and whether this binding was disrupted by DNA damage (Fig. 2D). CHK1 was
able to bind to B’a, but this binding was not disrupted by treatment with IR, UV, HU, MMC
or Dox. CHK1 was highly phosphorylated at serine 317 after IR, UV and HU, which is in
agreement with previous studies.36:37 This demonstrates that the modulation of the
interaction by DNA damage is specific to the CHK2-B’a complex.

Dissociation is an early event and occurs in a dose-dependent manner

Since we have observed that IR causes the most dissociation of B’a and CHK2, we next
ascertained which doses of IR provide maximal dissociation. 293T cells transiently
expressing FLAG-B’a were exposed to 2, 5, 10, 20 or 50 Gy, and FLAG-B’a was
immunoprecipitated and immunoblotted (Fig. 3A). Maximal dissociation of endogenous
CHK?2 and B’a reached a peak after exposure to 10 Gy IR. By examining the
phosphorylation of CHK2 in the lysate input, it can be seen that serine 19 phosphorylation
increased with the increasing doses of IR. Threonine 68 phosphorylation was maximal after
2 and 5 Gy, and then decreased with the increasing IR doses. However, we observed the
phosphorylation of serines 33/35 to be maximal after 10 Gy of IR. This corresponds to the
IR dose that induces maximal dissociation between CHK2 and B’a.

In order to determine the precise timing of B’a and CHK2 dissociation after irradiation,
293T cells transiently expressing FLAG-B’a were irradiated with 20 Gy IR and collected
after different time points. FLAG-B’a was immunoprecipitated and it was found that CHK2
binding was minimal 0.5 h after IR, and the binding was slightly restored over the remainder
of the time course (2.5 h) (Fig. 3B). Significantly, the dissociation at 0.5 h correlated with
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maximal phosphorylation of CHK2 at serines 33/35, but did not correlate with
phosphorylation of serine 19 or threonine 68.

Re-association of CHK2 and B’a does not correlate with resolution of DNA damage

CHK2 plays an important role in activating cell cycle checkpoints after DNA damage.?
Since we have established that PP2A B’a and CHK2 dissociate after IR, we investigated
whether re-association at a later time was correlated to the resolution of DNA damage. We
used two different doses of IR for comparison. First, we exposed cells to a sub-lethal dose of
6 Gy, the lowest dose after which we could detect a significant dissociation between CHK?2
and B’a and which would also allow for recovery. We also exposed the cells to 50 Gy,
which is considered lethal. 293T cells expressing FLAG-B’a were collected at different time
points 1 h—12 h after exposure to both doses of IR (Fig. 3C and D). Interestingly, the
kinetics of dissociation after 50 Gy was similar to that after 6 Gy. CHK2 was dissociated
from B’ after 1 h and began to re-associate approximately 4 h after IR with a subsequent
increase through the remaining time points. After both doses, the phosphorylation of serine
19, serines 33/35 and threonine 68 followed similar patterns. Serines 33/35 had maximal
phosphorylation after 1 h, again correlating with the most dissociation between CHK?2 and
B’a. There does seem to be some difference in CHK2 phosphorylation between the two
doses, since after 6 Gy IR, the CHK2 that was bound to B’a after 4-12 h existed as a
doublet, suggesting the existence of hyper and hypophosphorylated forms (Fig. 3C).

In order to assess how dissociation and re-association correlated with the resolution of DNA
damage, we determined the levels of histone H2AX phosphorylated at serine 139, also
known as y-H2AX, which is a well characterized marker of DSBs.38 Thus, higher levels of
v-H2AX denote the presence of DSBs. When the breaks are repaired, y-H2AX levels return
to levels found before DNA damage (in some cases it can no longer be detected by western
blot or immunofluorescence). In our experiments, after 6 Gy IR, the maximal amount of y-
H2AX appeared after 4 h, returning to pre-damage levels by 12 h (Fig. 3C). On the other
hand, after 50 Gy IR, maximal levels of y-H2AX were detected after 1 h and did not decline
throughout the remainder of the time points (Fig. 3D). Since B’a and CHK2 were shown to
re-associate throughout the time course, and DNA DSBs were present during these times as
shown by the presence of y-H2AX, the re-association does not correlate with the resolution
of the DSBs.

In summary, dissociation of CHK2 and B’a is induced in a dose-dependent manner and is an
early event after IR. CHK2 and B’a re-association after DNA damage does not require
resolution of the DNA damage. Moreover, dissociation and re-association correlate with
phosphorylation of serines 33/35 of CHK2.

The activity of ATM, but not PP2A, is necessary for the dissociation of CHK2 and B'a

We next investigated the importance of PP2A activity on the binding and dissociation of
CHK?2 and B’a. Okadaic acid (OA) is a phosphatase inhibitor that, when used at a specific
concentration, blocks the PP2A catalytic subunit’s activity without affecting protein
phosphatase 1.39 293T cells transiently expressing FLAG-B’a were treated with OA prior to
IR exposure. FLAG-B’a was immunoprecipitated using an antibody to the FLAG tag and
immunoblot analysis was performed (Fig. 4A). In the mock treated cells, CHK2 was able to
bind to FLAG-B’«, and this binding was unaffected by OA treatment alone. After IR, CHK2
and B’a dissociated and the presence of OA did not affect the dissociation. The inhibition of
PP2A by OA also had no effect on the ability of FLAG-B’a to bind to the PP2A A and C
subunits, indicating that it can still form the holoenzyme complex. Therefore, PP2A activity
is not required for B’a binding to, or dissociation from, CHK2.
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As we have seen thus far, the most pronounced dissociation between CHK2 and B’a occurs
when CHK?2 is phosphorylated on serines 33/35, which are phosphorylated in an ATM-
dependent manner.11713 ATM belongs to the phosphoinositide 3-kinase related kinase
(PIBKK) family along with the other DNA damage response proteins ATR and DNA-PK.
To determine whether the CHK2-B’a dissociation is a PI3KK-dependent event as is the
phosphorylation of CHK2 serines 33/35, the PI3KK inhibitor wortmannin was utilized at a
concentration that inhibits ATM and DNA-PK, but not ATR activity in vivo.40 293T cells
transiently expressing FLAG-B’a were incubated with wortmannin prior to exposure to IR.
FLAG-B’a was immunoprecipitated using a FLAG antibody and immunoblot analysis was
performed (Fig. 4B). Pre-incubation with wortmannin prevented the dissociation of CHK2
from FLAG-B’«a after IR. This treatment also inhibited the phosphorylation of serines 19
and 33/35, indicating that the phosphorylation of CHK2 is required for the dissociation of
CHK2 and B’a.

Mutation of CHK2 serines 33 and 35 affects binding to B'a

To further investigate the importance of the phosphorylation of CHK2 serines 33/35 on the
binding and dissociation between CHK2 and B’a, we made two CHK2 mutants. The first
substituted alanines for serines 33/35 to prevent phosphorylation (S33/35A) and the second
substituted glutamic acids to mimic phosphorylation (S33/35E). Wild-type CHK2 (CHK2
WT), S33/35A and S33/35E were co-transfected along with FLAG-B’a into HCT116
CHK27/~ cells, which were then mock-irradiated or irradiated with 20 Gy. FLAG-B’a was
immunoprecipitated and immunoblot analysis was performed (Fig. 4C). In mock treated
cells, we saw an increase in S33/35A binding to B’o and a decrease in S33/35E binding as
compared to CHK2 WT. Alternatively, after irradiation, CHK2 WT and S33/35A bound at
the same levels as mock treated CHK2 WT, however, S33/35E binding is completely
abrogated.

CHK2 can phosphorylate B'a in vitro, yet PP2A activity is unaffected by irradiation and is
not influenced by CHK2

Since CHK?2 is a kinase that is activated after irradiation, we determined whether B’a, could
be used as a substrate for CHK2 in an in vitro kinase assay. 293T cells were irradiated to
activate CHK2 which was then immunoprecipitated and incubated in a kinase reaction with
GST-B’a (Suppl. Fig. 1A). Indeed, phosphorylated B’a was detected, indicating that in an in
vitro system, CHK2 can phosphorylate B’a.

Since CHK?2 was able to phosphorylate B’a in vitro, we next determined if this had an effect
on PP2A localization. Immunoblot analysis of the cytoplasm, nucleoplasm and chromatin
fractions of 293T cells shows that CHK2, PP2A C and PP2A A are located in the cytoplasm
and nucleoplasm. FLAG-B’« is located in all three cellular compartments. Cells were also
exposed to IR to activate CHK2; however, this did not change the localization of CHK2 or
any of the PP2A subunits (data not shown).

If CHK2 is indeed able to phosphorylate B’a. in vivo, it may have an effect on PP2A
activity. We first examined the total PP2A activity in the cell. The C subunit is responsible
for all of the PP2A catalytic activity in the cell, regardless of which regulatory subunit is
bound to the complex. Therefore, 293T cells were either exposed to IR or mock treated and
immunoprecipitated using an antibody to the C subunit to assess total PP2A activity.
Phosphatase activity of the immunoprecipitates was measured using an in vitro phosphatase
assay (Suppl. Fig. 1B). The levels of PP2A activity were not changed by exposure to IR.

Next, the activity of the PP2A complexes specifically containing FLAG-B’a was
determined. 293T cells transiently expressing FLAG-B’a were either exposed to IR or mock
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treated and immunoprecipitated using a FLAG antibody to measure only the activity of
PP2A complexes containing B’a. Phosphatase activity was measured using an in vitro
phosphatase assay and was unaffected by exposure to IR (Suppl. Fig. 1C). Since the assay
measures activity against a small peptide, this may not accurately reflect changes in
phosphatase activity toward specific substrates, however, it is a measure of the total activity
of PP2A containing the B’a subunit.

In order to determine whether CHK2 has an effect on PP2A activity, the HCT116 wild-type
(WT) cells and the isogenic HCT116 CHK2~/~ cell lines were utilized. Both cell lines were
either exposed to IR or mock treated and immunoprecipitated using an antibody for the
PP2A C subunit to measure total PP2A activity (Suppl. Fig. 1D). The in vitro phosphatase
assay revealed no difference in PP2A activity in the mock treated or irradiated samples in
either cell line. Also, there was no difference observed between the HCT116 WT or
CHK2~/~ cell lines, suggesting that CHK2 has no effect on PP2A activity under these
conditions. Taken together, this data indicates that PP2A activity is not affected by IR
exposure or by CHK2.

Changes in CHK2 phosphorylation due to irradiation

In order to determine the extent to which PP2A has an effect on the phosphorylation of
CHKZ2, the PP2A inhibitor OA was utilized. 293T cells were treated with OA in the presence
and absence of irradiation, and the amount of phosphorylation of CHK?2 at specific sites was
measured via immunoblotting (Fig. 5A). Pre-treatment with OA increased the
phosphorylation of CHK2 after IR, primarily at serine 19, although there were also slight
increases in the phosphorylation of serines 33/35 and threonine 68, demonstrating that PP2A
can dephosphorylate CHK?2 at multiple sites.

Since we have shown that mutation of serines 33/35 can influence the binding between B’
and CHKZ2, this led us to investigate any effect phosphorylation at these sites has on CHK2
function. Therefore, we examined the ability of the S33/35A and S33/35E mutants to be
phosphorylated at other CHK2 sites. HCT15 cells (which lack functional CHK?2) transiently
expressing myc-tagged CHK?2 wild-type (WT), kinase dead (D347A), S33/35A or S33/35E
were either exposed to IR or mock treated. The phosphorylation status of each CHK?2
protein was determined via immunaoblotting (Fig. 5B). In the mock treated samples, CHK2
WT and S33/35A showed a very faint phosphorylation of serine 19. However, S33/35E
displayed a much stronger phosphorylation, even in the absence of DNA damage. After
exposure to IR, CHK2 WT was phosphorylated on serine 19, with levels comparable to the
mock treated S33/35E. The phosphorylation of S33/35A at serine 19 was slightly
compromised. Threonine 68 phosphorylation was slightly higher in the S33/35A and
S33/35E in both conditions as compared to CHK2 WT. Therefore, the S33/35 mutations
primarily affect serine 19 phosphorylation, the same site that was affected most by PP2A
inhibition.

Changes in CHK2 kinase activity

To directly measure the effect of PP2A on CHK?2 activity, we transfected 293T cells with
FLAG-B’a and measured CHK2 kinase activity using an in vitro kinase assay with GST-
Cdc25C (amino acid residues 200-256) as a substrate (Fig. 6A and B). Cells were either
mock treated or irradiated, CHK2 was immunoprecipitated, and the kinase activity was
measured. In the mock treated samples, B’ did not have any effect on CHK2 kinase
activity. However, after irradiation, overexpression of B’a prevented the full activation of
CHK2.
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Since mutation of serines 33/35 to glutamic acid positively affects CHK2 phosphorylation
primarily on serine 19, the effect on CHK2 kinase activity was also examined since
phosphorylation of this site has been shown to enhance CHK2 activity.13 HCT15 cells
expressing CHK2 WT, S33/35A or S33/35E were mock treated and cells expressing CHK2
WT were also irradiated to use as a measure of the full activation of CHK2. CHK?2 activity
was determined using an in vitro kinase assay with GST-Cdc25C (amino acid residues 200—
256) as a substrate. Figure 6D displays five independent experiments with the medians noted
and these experiments are also shown individually in Supplemental Figure 2. By comparing
the medians in Figure 6D, it can be seen that in the mock treated samples, S33/35E had
higher kinase activity than CHK2 WT, whereas S33/35A had lower kinase activity. In fact,
the S33/35E mutant had similar kinase activity to CHK2 WT after IR. Figure 6C shows a
representative experimentv. These data suggest that phosphorylation of serines 33/35 is
important for CHK2 activity and that mimicking this phosphorylation can increase CHK?2
activity even in the absence of DNA damage.

Discussion

After DNA damage, the cell must activate cell cycle checkpoints to allow time to repair the
breaks, or if the damage is too extensive, trigger apoptosis signaling.! ATM phosphorylates
CHK2 on multiple sites in the SQ/TQ domain,3-5:11-13 |eading to full CHK?2 activation.6:”
Here we propose a novel mechanism for CHK2 regulation in which ATM phosphorylation
causes a dissociation of PP2A from CHKZ2, thus allowing CHK2 activation. PP2A can then
bind to CHK2 hours later, providing a mechanism for CHK2 downregulation after DNA
damage.

We have identified the B’a subunit of PP2A as a CHK2-interacting protein via a yeast two-
hybrid screen and have confirmed the interaction in mammalian cells. Full length CHK2
was found to bind to B’a amino acids 89-322. Our inability to further narrow down the
interacting region suggests that residues that mediate the interaction are scattered within this
region. Interestingly, the structure of the PP2A holoenzyme indicates that the majority of
interactions between the B’ subunit and the A and C subunits are mediated by amino acid
residues located at intervening loops between the 18 alpha helices.23:24 Thus, it is likely that
this may also be the case for the interaction with CHK2. Identification of these residues
could reveal the basis for substrate specificity of PP2A enzymes containing different B’
subunits. This large portion of B’a that binds to CHK2 is a highly conserved region between
the B’ family members.22 Indeed, when we tested the specificity of CHK2 for the B’ family,
we found that CHK2 could bind to B’3, B’3, B’ and B’y3 as well and all of the interactions
were dissociated upon exposure to irradiation.

In mammalian cells, binding between B’a and CHK2 is markedly decreased by exposure to
IR. However, other types of damage caused by UV, hydroxyurea or mitomycin C did not
disrupt binding. Doxorubicin had an effect, but not to the extent to which IR did although
comparisons of agents with different mechanisms of action are challenging. B’a can also
bind CHK1, though the interaction is not disrupted by any of the DNA damage-inducing
agents tested. This demonstrates a unique aspect of the relationship between CHK?2 and B’ a::
there is binding under normal conditions, but this is disrupted only after DSB induced by IR,
when serines 33/35 are phosphorylated. CHK2 and B’a are able to re-associate hours after
IR, and this correlates with the dephosphorylation of serines 33/35, but not with repair of the
bulk of damaged DNA as measured by phosphorylation of histone H2AX.

We have found that maximal dissociation between CHK?2 and B’ correlates with maximal
phosphorylation of CHK2 serines 33/35, which are phosphorylated in an ATM-dependent
manner.13 When we inhibited ATM with wortmannin, the phosphorylation of serines 33/35
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was prevented as well as the dissociation between CHK2 and B’a. The region in CHK2 that
binds to B’a is comprised of amino acids 1-107, which contains the entire SQ/TQ domain.
Serines 33/35 are located in this domain, suggesting that the phosphorylation of these sites
could directly contribute to the dissociation of the two proteins. We therefore mutated
CHK?2 serines 33/35 to alanine to prevent phosphorylation (S33/35A) or to glutamic acid to
mimic phosphorylation (S33/35E) and tested the effects on binding to B’a. Our data
indicates that phosphorylation at serines 33/35 is necessary for the dissociation of B’a and
CHKZ2, but it is not sufficient on its own; other phosphorylation sites are probably involved
as well. Interestingly, wild-type CHK2 did not dissociate from B’ after IR when they were
both overexpressed. This may be because when CHK2 is overexpressed, it can become
activated without DNA damage,*6 allowing for dissociation in the absence of DNA
damage.

In mock treated cells, S33/35E had a level of phosphorylation at serine 19 that was
comparable to CHK2 WT after IR. Pharmacologic PP2A inhibition with OA also increases
phosphorylation at serine 19. Alternatively, the S33/35A mutant had slightly less
phosphorylation after IR compared to CHK2 WT. The S33/35E mutant also had increased
kinase activity in mock treated conditions compared to CHK2 WT, whereas, the S33/35A
mutant had decreased kinase activity, in agreement with a previous study.13 CHK2 kinase
activity is decreased when B’a is overexpressed as well.

PP2A has already been demonstrated to negatively regulate other DNA damage response
proteins under various conditions, including ATM,39 CHK1,41:42 p53 43 ATM and ATR,
44,45 and H2AX, %6 signifying the importance of PP2A in the DNA damage response
pathway. In addition, two previous papers have implicated a role for PP2A in regulating
CHK2. It was demonstrated that CHK2 can phosphorylate B’y in vitro, increasing PP2A
activity towards CHK2 in vitro.35 In an in vitro kinase assay, we found that CHK2 could
phosphorylate B’a, however this did not have an effect on PP2A activity or localization. It
has also been revealed that treating cells with okadaic acid or incubating CHK2 protein with
PP2A affected CHK2 phosphorylation at threonine 68,47 in agreement with our results.

Another mode of CHK2 regulation has been characterized. The Wip1 phosphatase has been
shown to dephosphorylate threonine 68 of CHK2 which leads to a decrease in its kinase
activity and ability to induce apoptosis.*8:49 Interestingly, Wip1 binding to CHK2 is
enhanced by DNA damage,*® in opposition to the relationship between PP2A and CHK2,
which are dissociated after IR. Interestingly, both Wipl and PP2A B’a bind to the SQ/TQ
domain of CHK2.50

Negative regulation of the DNA damage response pathway is important for the cell to
prevent inappropriate checkpoint signaling and to return the cell to the cell cycle after the
damage is repaired. Indeed, the fact that two different phosphatases regulate CHK2 may
highlight the importance of these processes.

Materials and Methods

Cloning

CHEK?2 (the gene encoding CHK?2) was cloned into the pGBKT7 vector via PCR of a
human mammary gland cDNA library (CLONTECH Laboratories). PCR was used to
generate B’a fragments containing amino acid residues 1-486 (full length), 1-195, 1-322,
176-322, 176-486, 304-486, 44-322, 89-322, 133-322, 1-282 and 1-195 from the clone
that was identified in the yeast-two hybrid to bind to CHK2. These fragments were all
cloned into the pACT2 vector and the full-length was cloned into pCMV2-FLAG. PCR was
also used to generate fragments of CHK2 containing amino acid residues 1-303, 1-194, 1
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107, 89-194, 143-390, 195-336, 217-543 and 304-543. These were cloned into the
pGBKT?7 vector. Full length CHK2 was subcloned into the pCMV-Tag3B vector. The
D347A, S33/35A and S33/35E mutant forms of CHK2 were constructed via site-directed
mutagenesis and cloned into the pPCMV-Tag3B and pcDNA3 vectors.

Yeast two-hybrid

Cell culture,

The yeast-two hybrid was performed via the MATCHMAKER Two-Hybrid System 3
(CLONTECH Laboratories), briefly described here. First, full length CHEK2 in pGBKT7
was transformed into AH109 yeast and selection was made on SD-Trp media. Next, the
human mammary gland library (CLONTECH Laboratories) in the pACT2 vector was
transformed into the same yeast and selection was made on SD-Leu-Trp-Ade-His minimal
media to verify binding between CHK2 and any prey from the library. For the deletion
fragment analysis, the full length gene encoding B’a in pACT2 was co-transformed with
each CHEK2 fragment in pGBKT?7 or full length CHEK?2 in pGBKT?7 was transformed with
each B’a gene fragment in pACT2 into AH109 yeast and selection was made on minimal
media.

transfection and reagents

293T cells were grown in DMEM media (Sigma) supplemented with 7.5% Fetal Bovine
Serum (SAFC), 1% Penicillin Streptomycin (Gibco), and 0.5% Amphotericin-B (Sigma).
HCT15 cells were grown in RMPI media (Gibco; Sigma) supplemented with 10% Fetal
Bovine Serum, 1% Penicillin Streptomycin and 0.5% Amphotericin-B. HCT116 wild type
(WT) and HCT116 CHK2~/~ cells were a gift from Bert \Vogelstein and they were
maintained in McCoy’s 5A media (Gibco) supplemented with 10% Fetal Bovine Serum, 1%
Penicillin Streptomycin and 0.5% Amphotericin-B. 293T cells were transfected using
Fugene 6 (Roche) and the HCT15 and HCT116 CHK2 ™~ cells were transfected using
Lipofectamine 2000 (Invitrogen). When indicated, cells were treated with wortmannin,
okadaic acid, hydroxyurea, mitomycin C or doxorubicin (all from Sigma) at the indicated
concentrations.

Immunoprecipitations

For endogenous co-immunoprecipitations, 293T cells were lysed with RIPA buffer (10 mM
Tris pH 7.4, 150 mM NaCl, 5 mM EDTA pH 8.0, 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% SDS), incubated with an antibody to CHK2 and Protein A/G PLUS-
Agarose (Santa Cruz) in modified RIPA buffer (made without sodium deoxycholate and
SDS). Samples were eluted via boiling in sample buffer and analyzed by immunoblotting.
For co-immunoprecipitations with overexpressed proteins, 293T cells were transfected with
a pCEP-4HA plasmid containing B’a, B’B, B’3, B’¢ or B’y3 (obtained from Addgene;
originally deposited by D. Virshup), a pPCMV2-FLAG plasmid containing B’a, or co-
transfected with pCMV2-FLAG-B’a and wild-type CHK?2 or a mutated CHK2 construct in
pcDNAS3. For immunoprecipitations via the HA tag, cells were lysed with NETN buffer (20
mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 1X protease inhibitors (Sigma),
1 mM PMSF, 0.5 mM Sodium Vanadate, 0.5 mM Sodium Molybdate) and incubated
overnight with monoclonal anti-HA agarose conjugate (Clone HA-7; Sigma). Samples were
eluted via boiling in sample buffer and analyzed by immunoblotting. For
immunoprecipitations via the FLAG tag, lysates were incubated with anti-FLAG M2
Affinity Gel (Sigma). Samples were eluted with 150 ng/uL 3X FLAG peptide (Sigma) and
analyzed by immunaoblotting.
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Immunoblotting

Cell lysis was performed with NETN buffer. Samples were incubated on ice for 15 min and
then centrifuged for 20 min at 13,000 rpm at 4°C. Lysates were separated by SDS-PAGE gel
and transferred to PVDF membranes. Membranes were immunoblotted using the following
antibodies: CHK2 (Clone 7; Upstate), PP2A A (Clone H-300; Santa Cruz), PP2A C (Clone
1D6; Upstate), PP2A B’ (Upstate), CHK1 (Clone G4; Santa Cruz), CHK2 phospho-serine
19 (Cell Signaling), CHK2 phospho-serines 33/35 (Cell Signaling), CHK2 phospho-
threonine 68 (Cell Signaling), CHK1 phospho-serine 317 (Cell Signaling), Talin (Clone
TA205; Upstate), PARP (BD PharMingen), H2AX (Upstate), FLAG (M2, peroxidase
conjugate; Sigma), B-actin (Clone AC-74; Sigma), HA (Clone 3F10; Roche). Immobilon
western Chemiluminescent HRP Substrate (Millipore) or Amersham ECL Plus western
blotting Detection Reagent (GE Healthcare) was used for detection.

Kinase assays

293T cells, 293T cells transiently transfected with pPCMV2-FLAG empty vector or one
containing FLAG-B’a, or HCT15 cells transiently transfected with empty vector (pCMV-
Tag3B or pcDNA3) or one containing CHK2 WT, S33/35A or S33/35E were irradiated with
20 Gy IR or mock treated. Cells were lysed with NETN buffer and immunoprecipitated
using an antibody to CHK2 (H-300, Santa Cruz; Clone 7, Upstate) or the c-Myc tag (Clone
9E10, Santa Cruz) and Protein A/G PLUS-Agarose (Santa Cruz). Immunoprecipitates were
washed with NETN or RIPA followed by kinase assay buffer (50 mM Tris-HCI pH 7.5, 10
mM MgCl,, 2 mM dithiothreitol, 1X protease inhibitors (Sigma), 1 mM PMSF, 0.5 mM
sodium vanadate, 0.5 mM sodium molybdate). Kinase reactions were carried out at 30°C for
30 min in kinase assay buffer containing 25 uM ATP and 10 uCi [y-32P]JATP with either
GST-B’a or GST-Cdc25C (amino acids 200-256) as a substrate using equivalent amounts of
GST as a negative control. Reactions were stopped by addition of sample buffer, boiled and
separated by SDS-PAGE gels which were then immunoblotted for CHK2 and
autoradiographed. The plasmid containing GST-Cdc25C (amino acids 200-256) was a gift
from Larry Karnitz.5

PP2A phosphatase activity assay

Phosphatase activity was measured using the PP2A Immunoprecipitation Phosphatase Assay
Kit (Upstate) following the manufacturer’s instructions. Briefly, cells were lysed with
NETN buffer and immunoprecipitated with an antibody to PP2A C (for total PP2A activity)
or FLAG (for activity of PP2A containing FLAG-B’a). Immunoprecipitates were incubated
with a phosphopeptide for 10 min at 30°C and free phosphate was measured by addition of
Malachite Green Detection Solution and the absorbance levels were read at 650 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ATM ataxia telangiectasia mutated

ATR ATM-Rad3-related

CHK?2 checkpoint kinase 2

Dox doxorubicin

DSB DNA double-strand break

HU hydroxyurea

1B immunoblot

IP immunoprecipitation

IR ionizing radiation

MMC mitomycin C

OA okadaic acid

PP2A protein phosphatase 2A
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Figure 1.

CHK2 binds to the B’a regulatory subunit of pp2A. (A) the full length CHK2 protein is
shown with phosphorylation sites and domains highlighted. the SQ/TQ domain is displayed
in light gray, the FHA domain in dark gray, and the kinase domain in black. Using the yeast
two-hybrid system, deletion mutants of CHK2 were co-transformed into yeast with full-
length B’a. the minimal CHK2 binding region for B’a includes amino acid residues 1-107.
(B) Full length B’a is shown with the residues responsible for binding to the pp2A A subunit
in light gray and the C subunit in dark gray.23 Using the yeast two-hybrid system, deletion
mutants of B’a were co-transformed with full-length CHK2. the minimal B’a binding region
for CHK2 is comprised of amino acid residues 89-322. (C) Cell lysates of 293T cells
expressing FLAG-B’a were immunoprecipitated (IP) using the FLAG antibody and
immunoblotted (IB) for the indicated proteins. Cell lysates that were not expressing FLAG-
B’o were used as a negative control.
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Figure 2.

Binding between CHK2 and PP2A is dissociated by IR-induced DNA damage. (A) 293T
cells transiently transfected with FLAG-B’a or empty vector (FLAG) were irradiated with
20 Gy and incubated for 1 h. Whole cell lysates were immunoprecipitated using a FLAG
antibody and immunoblotted for the indicated proteins. (B) 293T cells transiently
transfected with HA-tagged B’a, B’, B’3, B’¢ or B’y3 were irradiated with 20 Gy and
incubated for 1 h. Whole cell lysates were immunoprecipitated with the HA antibody and
immunoblotted for the indicated proteins. (C) 293T cells were irradiated with 20 Gy and
incubated for 1 h. Whole cell lysates were immunoprecipitated with an antibody to CHK2
and immunoblotted for PP2A C. (D) 293T cells transiently transfected with FLAG-B’a were
exposed to either 20 Gy IR and incubated for 1 h, 50 J/m2 UV and incubated for 2 h, 2 mM
hydroxyurea (HU) for 24 h, 0.5 pg/mL mitomycin C (MMC) for 24 h, or 1 mM doxorubicin
(DoX) for 2 h. Whole cell lysates were immunoprecipitated using the FLAG antibody and
immunoblotted for the indicated proteins.
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Figure 3.

Kinetics of CHK2 and PP2A B’ dissociation after exposure to IR. 293T cells were
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transiently transfected with FLAG-B’a and (A) irradiated with 2, 5, 10, 20 or 50 Gy and
incubated for 1 h, (B) irradiated with 20 Gy and incubated for 0.5, 1.0, 1.5, 2.0 or 2.5 h, (C)
irradiated with 6 Gy and incubated for 1, 4, 8 or 12 h, and (D) irradiated with 50 Gy and
incubated for 1, 4, 8 or 12 h. Whole cell lysates were immunoprecipitated with the FLAG
antibody and immunoblotted for the indicated proteins.
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Figure 4.
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Dissociation of CHK2 and PP2A B’a is dependent on ATM activity, but not PP2A activity.
(A) 293T cells were transiently transfected with FLAG-B’a, treated with 0.5 pM oA for 1 h
and then irradiated with 20 Gy IR and incubated for 1 h. Whole cell lysates were
immunoprecipitated with the FLAG antibody and immunoblotted for the indicated proteins.
(B) 293T cells were transiently transfected with FLAG-B’q, treated with 20 uM wortmannin
for 1 h then irradiated with 10 Gy IR and incubated for 1 h. Whole cell lysates were
immunoprecipitated with the FLAG antibody and immunoblotted for the indicated proteins.
(C) HCT116 CHK2~/~ cells were transfected with FLAG-B’a and either wild-type CHK2 or
the S33/35A or S33/35E mutants. Whole cell lysates were immunoprecipitated with the
FLAG antibody and immunoblotted for CHK2.
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Effects of irradiation on CHK2 phosphorylation. (A) 293T cells were incubated with 0.5 uM

0A for 1 h then irradiated with 20 Gy and incubated for 1 h. Whole cell extracts were

examined for phosphorylation levels of CHK2 via immunoblot. (B) HCT15 cells transiently
transfected with pCMV-Tag3B empty vector (vector) or myc-tagged CHK2 WT, D347A,

S33/35A or S33/35E were exposed to 20 Gy IR or mock treated and incubated for 1 h.
Whole cell extracts were examined for CHK2 phosphorylation via immunoblot.
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Figure 6.

Effects of irradiation on CHK2 kinase activity. (A) 293T cells expressing FLAG-B’a or
FLAG (as a negative control) were irradiated with 20 Gy and incubated for 1 h. Whole cell
lysates were immunoprecipitated using a CHK?2 antibody and incubated in an in vitro kinase
assay using GST-Cdc25C (amino acids 200-256) as a substrate. (B) Autoradiographs in (A)
were normalized against the levels of CHK2 protein per sample and represented by graphs.
100% activity was defined by the amount in the negative control sample after IR. (C)
HCT15 cells were transiently transfected with empty vector (vector), CHK2 WT, S33/35A
or S33/35E and mock-irradiated or exposed to 20 Gy IR and incubated for 1 h. Cell lysates
were immunoprecipitated and incubated in an in vitro kinase assay using GST-Cdc25C
(amino acids 200-256) as a substrate. (D) Five experiments as done in (C) were plotted on a
single graph. Activity of 1 was defined as the activity in the CHK2 WT mock-treated
sample. The median of each set of data points is shown with a black bar.
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