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Abstract

The G2/M checkpoint inhibits mitotic entry upon DNA damage thereby preventing segregation of
broken chromosomes and preserving genome stability. The tumor suppressor proteins BRCAL,
PALB2 and BRCAZ2 constitute a BRCA1-PALB2-BRCAZ2 axis that is essential for homologous
recombination (HR)-based DNA double strand break repair. Besides HR, BRCA1 has been
implicated in both the initial activation and the maintenance of the G2/M checkpoint, while
BRCAZ2 and PALB2 have been shown to be critical for its maintenance. Here we show that all 3
proteins can play a significant role in both checkpoint activation and checkpoint maintenance,
depending on cell type and context, and that PALB2 links BRCAL and BRCAZ2 in checkpoint
response. The BRCA1-PALB?2 interaction can be important for checkpoint activation, whereas the
PALB2-BRCA2 complex formation appears to be more critical for checkpoint maintenance.
Interestingly, the function of PALB2 in checkpoint response appears to be independent of CHK1
and CHK2 phosphorylation. Following ionizing radiation, cells with disengaged BRCA1-PALB2
interaction show greatly increased chromosomal abnormalities due apparently to combined defects
in HR and checkpoint control. These findings provide new insights into DNA damage checkpoint
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control and further underscore the critical importance of the proper cooperation of the BRCA and
PALB2 proteins in genome maintenance.
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Introduction

Upon genotoxic insults, eukaryotic cells activate an elaborate DNA damage response
(DDR), which consists of DNA repair pathways that repair the lesions, as well as signaling
pathways that control cell cycle progression and gene expression’: 28, The DDR, owing to its
essential role in maintaining genome stability, is critical for tumor suppression” 1>, The
importance of the DDR for tumor suppression is exemplified by hereditary breast and
ovarian cancer (HBOC), for which over a dozen “susceptibility” genes, such as BRCAI and
BRCAZ have been identified, with most of them having a function in the repair of and/or
signaling in response to DNA damage, particularly DNA double strand breaks (DSBs)!: 9 36,

BRCA1and BRCAZencode very large proteins that play critical roles in the faithful repair
of DSBs by homologous recombination (HR)24 29. 35, |n addition to breast and ovarian
cancer, germline mutations in the two genes may also cause increased risks of developing
pancreatic, prostate and stomach cancers®. PALB2 was discovered as a major BRCA2
binding protein that controls its intra-nuclear localization and stability, tethers it to the
chromatin, recruits it to DNA damage sites and enables its function in HR37. Importantly,
PALB?2 also directly binds BRCAL1 and links BRCAL1 and BRCA2 in the HR

pathway32: 4445 Consistent with its ‘BRCA3’-like molecular functions, PALB2 has been
established as a BRCA-type tumor suppressor that is also mutated in breast, ovarian,
pancreatic, prostate and stomach cancers?1: 34. 36,

As part of the DDR, normal cells activate cell cycle checkpoints to slow down or halt cell
cycle progression. The G2/M checkpoint, conserved from yeast to mammals, arrests cells in
the G2 phase after DNA damage and minimizes segregation of damaged chromosomes into
daughter cells20. BRCA1 has long been implicated in both the activation and the
maintenance of this checkpoint under various settings® 30: 39,41 ‘and BRCA2 and PALB2
were more recently found to be among the most critical factors that maintain the checkpoint
following DNA damage induced by ionizing radiation (IR)8: 23, However, it is currently
unclear whether BRCA2 and PALB2 can also function in checkpoint activation under certain
conditions, whether the three proteins function together in checkpoint control and, if so, how
they work together. In this study, we analyzed the checkpoint function of these proteins in
multiple cell types and assessed the importance of the BRCA1-PALB2 and PALB2-BRCA?2
interactions in checkpoint activation and maintenance in different contexts. We also assessed
the extent of genome instability induced by IR in cells with disengaged endogenous
BRCAL1-PALB?2 interaction.
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Results

Comparative analysis of BRCA1, PALB2 and BRCAZ2 in the G2/M checkpoint response

Although BRCA1, BRCA2 and PALB2 have all been reported to play a role in the G2/M
checkpoint, a comparative analysis of all 3 proteins in checkpoint response has not been
conducted. To understand their relative importance in this aspect, we used siRNAs to deplete
the 3 proteins in parallel in U20S cells and compared the effects on the checkpoint response
following two different doses of IR, 3 and 10 Gy, by measuring the number of cells that
stained positive for phospho-histone H3 (ser10), a marker of condensed chromosomes in
mitotic cells1’: 39, As shown in Fig. 1A, following 3 Gy of IR, control siRNA-treated cells
showed an almost complete loss of mitotic cells at 1 hr after IR. The checkpoint was
maintained for at least 6 hr, and by 24 hr after IR, mitosis had largely resumed, indicative of
checkpoint recovery. After 10 Gy of IR, an even stronger checkpoint response was observed,
as the cells had barely started to recover even at 24 hr. Compared with control siRNA-treated
cells, cells depleted of each of the 3 proteins showed equally efficient checkpoint activation
in response to each dose of IR; however, these cells all showed earlier recovery from the
checkpoint. Specifically, after 3 Gy of IR, mitosis started to resume within 3 hr in BRCA2-
and PALB2-depleted cells and within 6 hr in BRCA1-depleted cells; after 10 Gy of IR,
mitotic entry started within 6 hr in BRCA2- and PALB2-depleted cells and well within 24 hr
in BRCA1-depleted cells. These results are consistent with previous reports that all 3
proteins are dispensable for the activation but required for the maintenance of the checkpoint
in U20S cells® 23, Depletion of PALB2 led to a substantial loss of BRCA2 (Fig. 1B),
consistent with our previous report that PALB2 stabilizes BRCA237.

Checkpoint response in Brcal, Brca2 and Palb2-deficient mouse mammary tumor cells

To better understand the function of these proteins in checkpoint control, we analyzed the
checkpoint response in a panel of mouse mammary tumor cell lines that are deficient in p53
alone, p53 and PALB2, or p53 and BRCA2, which were derived from mammary tumors
from Trp53, Palb2l Trp53, and Brea2l Tro53 conditional knockout (CKO) micel4 16, Co-
deletion of 7rp53greatly facilitates mammary tumor development in Pa/b2and Brca? CKO
mouse models and subsequent generation of tumor-derived cell lines. The cells were treated
with the more therapeutically relevant dose of IR (3 Gy), and checkpoint responses were
analyzed 1 and 6 hr after treatment. As shown in Fig. 1C, while the 3 77p537~ (control) cell
lines showed 78-92% reductions in the number of mitotic cells at 1 hr after IR, mitotic
activity was only reduced by 17-34% in the 3 Palb2™~; Trp537~ cell lines and by 27-40% in
the 2 BrcaZ™~; Trp53~~ cell lines, suggesting a possible defect in checkpoint activation. By
6 hr after IR, mitotic activity had largely recovered to pre-IR levels in the 770537 cells,
while Palb27~; Trp537~ cells showed a further increase and Brca2=; Trp537~ cells
remained approximately at the 1 hr levels.

To rule out the possibility that checkpoint activation in the double null cells was extremely
transient and had significantly recovered by 1 hr after IR, we further measured mitotic
activity in these as well as 2 newly generated Brcal™=; Trp537~ cell lines at 20, 40 and 60
min after IR. Our results showed that for all of the cells lines, it took approximately 40-60
min for mitotic index to reach their respective lowest points, and all of the double null cells
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showed much higher mitotic activity than that of control cells at 40 min and, again, 60 min
after IR (Fig. 1C). These observations suggest that not only BRCA1 but also PALB2 and
BRCAZ2 can also play an important role in checkpoint activation and that the precise role of
BRCA and PALB?2 proteins in G2/M checkpoint response may be cell type or context
dependent.

Roles of p53 and MLH1 in the G2/M checkpoint

p53 is a critical cell cycle regulator that has been implicated in G2/M checkpoint control33,
Given the observed difference in checkpoint activation in U20S (p53-wt) and the mouse
tumor cells (p53-null), we asked if p53 status would dictate the consequences of BRCAL/2
and PALB?2 deficiency in the G2/M checkpoint. To this end, we used siRNAs to deplete each
of the proteins in an isogenic pair of p53-wt and p53-null HCT116 colon cancer cells® and
measured checkpoint activation after 3 Gy of IR. Notably, even in the p53-wt cells, loss of
each of the three proteins led to a significant defect in checkpoint activation (Fig. 2A). Thus,
the role of BRCA1, BRCA2 and PALB?2 in promoting G2/M checkpoint activation is not
restricted to only mouse cells or p53-null cells. In addition, either in the presence or absence
of BRCA1/2 or PALB2, the checkpoint activation defect was more pronounced in the p53-
null cells than p53-wt cells, suggesting that p53 indeed contributes to checkpoint activation
in HCT116 cells and that the checkpoint-promoting activities of p53 and BRCA/PALB2
proteins may be additive.

Since HCT116 cells are deficient in the mismatch repair protein MLH1, which also has been
implicated in G2/M checkpoint controlll, we asked whether the lack of MLH1 sensitizes
HCT116 cells to the loss of BRCAL/2 and PALB2 with respect to checkpoint activation.
Checkpoint activation was analyzed in naive (p53-wt) HCT116 cells and genetically-
matched, MLH1-reconstituted HCT116:3-6 cells!! after knockdown of each of the three
genes. Consistent with the previous report, re-expression of MLH1 led to more effective
checkpoint activation in cells treated with control siRNA (Fig. 2B). However, this effect was
not observed when BRCA2 or PALB2 were depleted. Therefore, BRCA2 and PALB2
proteins promote G2/M checkpoint activation in HCT116 cells in a manner that is largely
independent of p53 and MLH1.

PALB2 function in checkpoint activation is independent of CHK1 and CHK2 activation

In a separate approach to study the G2/M checkpoint function of PALB2, we tested
checkpoint activation in a previously described panel of SV40-transformed human
fibroblasts with various PALB2 statuses3®. These include FEN5280 (derived from a normal
individual with wt PALB2), EUFA1341 (derived from a Fanconi anemia patient with
biallelic germline mutations in PALB2), and EUFA1341 cells reconstituted with wt PALB2
(Fig. 3A). U20S cells were also used, as a reference. Similar to U20S cells depleted of
PALB?2 (Fig. 1B), EUFA1341 cells had reduced amount of BRCA2 as compared with either
FEN5280 or U20S cells. Upon expression of exogenous PALB2, the amount of BRCA2 was
restored, again demonstrating the key role of PALB2 in maintaining BRCAZ2 stability. At 1
hr after 3 Gy of IR, FEN5280 cells showed a 61% drop in mitotic index, whereas the drop
was 34% in EUFA1341 cells (Fig. 3A). Similar to FEN5280 cells, EUFA1341 cells
reconstituted with wt PALB2 displayed a 66% reduction of mitotic cells. These results again
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indicate that PALB2 plays a significant role in checkpoint activation at least in some
contexts. Both FEN5280 and the PALB2-reconsituted EUFA1341 cells showed less effective
checkpoint activation compared with U20S cells, which could be due to expression of the
SV40 large T antigen, which inactivates p53 and RB, both being regulators of the cell cycle.

The G2/M checkpoint response is commonly attributed to the activation of apical DNA
damage response kinases ATM and ATR, which phosphorylate and activate their
downstream checkpoint kinases CHK2 and CHK1, respectively, to inhibit cell cycle
progression3. To test whether the absence of PALB2 would lead to defective ATM/ATR
activation, we compared the phosphorylation status of CHK1 and CHK?2 in blank, vector-
harboring and PALB2-reconstituted EUFA1341 cells. As shown in Fig. 3B, both blank and
vector-harboring cells showed weak phosphorylation of CHK1-S317 and CHK2-T68 before
IR, suggesting weak but constitutive activation of ATM and ATR due presumably to
increased endogenous DNA damage as a result of PALB2 deficiency. Indeed, these
phosphorylation events were even weaker in PALB2-reconstituted cells, consistent with the
role of PALB2 in DNA damage repair and recovery of stalled DNA replication forks2>. One
hour after IR, CHK1 and CHK2 phosphorylation was induced in a dose-dependent manner
in all 3 cell lines. While CHK2 phosphorylation was comparable in all 3 lines, CHK1
phosphorylation varied, with the PALB2-reconstituted cells displaying the lowest level of
pS317- CHK following both low (3 Gy) and high (10 Gy) doses of radiation.

To gain a fuller understanding of the G2/M checkpoint response in these cells, we measured
the mitotic indexes of the blank and PALB2-reconstituted EUFA1341 cells at different time
points following 3 Gy of IR. As shown in Fig. 3C, mitotic activity of blank EUFA1341 cells
dropped to its lowest level at about 2 hr after IR and then started to recover, whereas the
reconstituted cells not only showed more robust checkpoint activation but also maintained
the checkpoint for at least 3 hr. Again, phosphorylation of CHK2 at T68 was comparable in
the two cells, whereas CHK1 phosphorylation at both S317 and S345 was weaker in the
reconstituted cells (Fig. 3D), despite the stronger checkpoint response in them. These results
suggest that the role of PALB2 in the G2/M checkpoint is likely independent of CHK1 and
CHK?2 phosphorylation.

Requirements of BRCA1-PALB2 and PALB2-BRCAZ2 interactions for effective checkpoint
response in human cells

PALB2 directly interacts with BRCA1 via its N-terminal coiled-coil (CC) motif and with
BRCAZ2 through its C-terminal WD repeat domain, thereby linking the two BRCA proteins
in HR32. 45 Based on the crystal structure of the PALB2 WD repeat domain, an artificially
generated mutation (A1025R) was identified to severely impair BRCA2 binding to
PALB225, Recently, we also identified a breast cancer-associated missense mutation in
PALB?2 (L35P) that disrupts its binding to BRCA1 and completely abrogates HR activity3.
To test whether the interactions between PALB2 and BRCA1 or BRCA2 are required for a
checkpoint response, we generated EUFA1341 cells stably expressing L35P and A1025R
mutants of PALB2 (Fig. 4A). As a control, we re-generated cells expressing the wt protein in
parallel. These cells were subjected to 3 Gy of IR along with blank EUFA1341 cells, and
their mitotic indexes were measured at different time points (Fig. 4B). Checkpoint activation
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in the newly generated wt PALB-expressing cells was not as robust as in the previously
generated cells (compare Fig. 4B with Fig. 3A and C). Instead, the new cells showed a
similar reduction of mitotic index to that of blank cells at 1 hr after IR. However, the mitotic
index of these cells continued to decrease until around 3 hr after IR, when the blank cells
had almost fully recovered. Rather than contradicting the afore-described role of PALB2 in
checkpoint activation, this finding indicates that checkpoint activation was slower in these
newly generated cells and that the previous batch of cells could have adapted to exogenous
PALB2 expression better over more passages. Under the same condition, cells expressing the
L35P mutant showed clear defects in both activation and maintenance of the checkpoint. In
cells expressing the A1025R mutant, however, checkpoint activation was similar to cells
expressing the wt protein, whereas the maintenance of the checkpoint was evidently
compromised. Taken together, these results suggest that the BRCA1-PALB?2 interaction can
play a key role in both checkpoint activation and maintenance, whereas the binding of
BRCA2 to PALB2 mainly contributes to checkpoint maintenance.

We previously found that PALB2 directly interacts with KEAPL, an adaptor protein for a
CUL3-based E3 ubiquitin ligase?2. More recently, it was reported that KEAP1 mediates the
ubiquitination of PALB2 on multiple lysine residues in its N-terminal CC motif2?. The same
study showed that these ubiquitination events does not appear to cause PALB2 degradation
but instead hinders the binding of BRCA12’. To test if KEAP1-mediated ubiquitination of
PALB2 and the associated reduction in BRCAL binding impact G2/M checkpoint regulation,
we generated stable EUFA1341 cells expressing two mutants of PALB2, T92E and G93E,
both defective in KEAP1 binding?2. Another new control cell line expressing wt PALB2 was
generated in parallel. Consistent with the above report, stronger association of BRCA1 with
the mutant PALB2 proteins was found in reciprocal co-immunoprecipitation (co-1P) assays
(Fig. 4C). When checkpoint response was analyzed, cells expressing the mutant proteins
showed modestly but significantly more robust checkpoint activation (Fig. 4D). These data
lend further support to the role of the BRCA1-PALB2 interaction in checkpoint activation.

Critical role of BRCA1-PALB2 interaction in checkpoint response and genome stability in

mouse cells

Given the strong and stable association between BRCA2 and PALB?2, it is not surprising for
the two proteins to function together in checkpoint response. By comparison, the interaction
between BRCAL and PALB2 appears to be much weaker (as judged by co-IP), or perhaps
transient. To further understand the role of the BRCA1-PALB2 complex formation in
checkpoint control, we analyzed checkpoint response in cells from a Palb2-cc6 knockin
mutant mouse strain which contains a 3-aa mutation (24LKK?26 — 24AAA26) in the PALB2
CC domain that disengages the endogenous PALB2-BRCAL1 interaction3?. First, we
generated mouse embryonic fibroblasts (MEFs) from wt, heterozygous and homozygous
mutant mice and measured checkpoint activation (Fig. 5). When cultured under normal
conditions, homozygous mutant MEFs progressively undergo senescence after passage 331.
At passage 2, however, their growth rate is similar to wt cells and the abundance of mutant
PALB2 protein is comparable to the wt protein (Fig. 5A). After 3 Gy of IR, homozygous
mutant MEFs showed greatly impaired checkpoint activation, whereas heterozygous cells
behaved similarly to wt cells (Fig. 5B). Next, we isolated splenic B cells from the wt and
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homozygous mutant mice. The abundance of PALB2 in the mutant B cells was similar to
that in the wt cells (Fig. 5C); however, the mutant cells displayed a strong defect in both
checkpoint activation and checkpoint maintenance after IR (Fig. 5D). Again, CHK1
phosphorylation was normal in the mutant cells (Fig. 5C).

Finally, we analyzed the amount of DNA damage in the cells at different time points after
IR. For this purpose, splenic B cells were treated with 3 Gy of IR, mitotic cells were arrested
with colcemid for 1 hr before cell collection at each time point, and chromosomal
abnormalities were analyzed by combined fluorescent in situ hybridization (FISH) of
telemetric DNA and 4,6-Diamidino-2-phenylindole (DAPI) staining of metaphase spreads.
As shown in Fig. 5E, similar induction of chromosomal aberrations was detected in both wt
and mutant cells at 1 hr after IR. The major type of aberration was chromatid breaks (CTB),
consistent with the notion that cells undergoing mitotis during the first hour post IR were
mainly the ones that had completed DNA replication, i.e. in M or possibly late G2 phase, at
the time of irradiation. Additionally, some radial formation and chromosomal breaks (CSB)
were also detected. At 3 hr after IR, the level of overall chromosomal aberrations had
decreased in both cells, due largely to the reduction of cells with chromatid breaks, implying
the completion of mitosis by cells that were in M or G2 phases at the time of IR. At this
time, radial formation and chromosomal breaks appeared to have increased in the mutant
cells as compared with those at 1 hr, while little difference in this regard was observed in wt
cells. By 6 hr after IR, a further decrease of chromatid breaks and an increase in radial
formation were observed in the wt cells, whereas all 3 types of aberrations, especially radial
chromosomes, had increased in the mutant cells. These findings indicate that wt cells
resumed mitosis only after the majority of DSBs are repaired, whereas the mutant cells
continued to enter mitosis with still a substantial amount of damage. The consistently higher
levels of radial chromosomes in the mutant cells likely reflect increased usage of non-
homologous recombination (NHEJ) or perhaps even heterologous recombination as a result
of severely diminished HR activity. The 12 hr time point was marked with the emergence of
“other” types of chromosomal aberrations, mostly consisting of dicentric chromosomes, in
both cells; at the same time, all 4 types of abnormality were more frequent in the mutant
cells. By 24 hr after IR, overall levels of chromosomal abnormality had decreased
substantially in both cells as compared with those at 12 hr, with the mutant cells still having
more chromosomal aberrations than wt cells and both cells having much more aberrations
than their basal levels before IR. Together, these results demonstrate the critical role of the
BRCAZ1-PALB2 complex formation in genome stability maintenance and an inability of
cells with a broken BRCA1-PALB2 link to mount an effective G2/M checkpoint even with
higher levels of DNA damage than wt cells.

Discussion

BRCAL1 has been shown to contribute to G2/M checkpoint activation in a number of studies
conducted under various settings39-43. More recently, two separate siRNA screens found
BRCA2 and PALB2 (FLJ21816) to be among the most critical players in the maintenance of
this checkpoint® 23, BRCAL1 also scored positive in the screens, but its function appeared to
be less critical. Both studies were conducted using U20S cells, in which all 3 proteins were
found to be dispensable for checkpoint activation®: 23, In this study, the above findings were
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confirmed in U20S cells (Fig. 1A). However, we also found that all 3 proteins can play a
significant role in checkpoint activation in other cell types of both human and mouse origins.
Therefore, the exact role of these proteins in this checkpoint response is cell type or context
dependent. Furthermore, checkpoint response was compromised when either of the BRCA1-
PALB2 or BRCA2-PALB?2 interactions were disrupted (Figs. 4 and 5). This finding indicates
that the three proteins may function in a common pathway to promote checkpoint control,
with PALB2 acting as a nexus between the two BRCA proteins, much like the way they
function in HR32:37.45_Interestingly, however, the checkpoint function of these proteins is
likely independent of their HR function, since depletion of RAD51 did not produce any
effect on checkpoint response?3.

BRCAL functions upstream to promote the recruitment of PALB2 and, in turn, BRCAZ2 to
DNA damage sites32 45, Since loss of neither PALB2 nor BRCA2 affects BRCA1
abundance or localization32 37: 45 the factor among the 3 proteins that directly
communicates with the checkpoint machinery is unlikely to be BRCAL. Instead, BRCAL
probably acts as a facilitator of the checkpoint function of PALB2/BRCAZ2 by directing the
optimal positioning of the latter in damaged chromatin. Additionally, BRCA1 may also
contribute to checkpoint response by facilitating end resection® 19, which generates single
stranded DNA (ssDNA) required for ATR activation. BRCA2 and PALB2 form a tight
complex with high stoichiometry. Approximately 50% of the proteins are complexed with
each other, and most, if not all, chromatin-associated BRCA?2 is bound to PALB232: 37,
Therefore, they likely function as a complex in checkpoint control. Which of the two
directly interacts with the checkpoint signaling machinery to promote checkpoint response is
currently unclear. However, when BRCAZ2 is depleted or when the PALB2-BRCAZ2
interaction is disrupted by PALB2 A1025R mutation, much of PALB2 would still remain at
DNA damage sites, yet checkpoint is defective. Moreover, BRCA2 has been shown to be a
substrate for the polo-like kinase PLK1, a major driver of mitosis8 19, As such, BRCA? is
more likely to be the direct player, although there are other possible scenarios that cannot be
ruled out. Consistent with the role of PALB2 in sustaining BRCA2 stability as we reported
before37, loss of PALB2 significantly reduced BRCA2 protein amount (Figs. 1A, 2A, 2B
and 3A), indicating that the impact of PALB2 loss on checkpoint response could consist of
both direct, if any, and indirect effects. The precise mechanisms of all 3 proteins in
checkpoint response still await further investigation.

The HR function of BRCAL, BRCA2 and PALB2 is widely thought to be essential for their
tumor suppressive activity. Still, these proteins also play important roles in multiple other
cellular processes, including transcriptional regulation, cell cycle checkpoint control, cell
division, and oxidative stress response, etc. It is not clear if their HR function is solely
responsible for tumor suppression or whether any of the “other” functions above are also
required. With respect to the G2/M checkpoint function, the role of these proteins in the
DDR is counterintuitive - on the one hand, loss of the proteins results in more DNA damage
accumulation upon genotoxic insults or endogenous DSB formation; on the other hand, the
absence of these proteins permits continued cell division with excessive DNA damage, not
to mention the products of misrepair such as radial and dicentric chromosomes. As an
example, at 6 hr after IR, the dividing Pa/b2 mutant cells harbored approximately 7 times the
amount of DNA breaks (CTB and CSB combined) and 2.5 times the amount of radial
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chromosomes relative to wt cells (Fig. 5E). It is currently unclear whether the DNA breaks
carried-over are repaired after mitosis. If so, repair is likely via non-homologous end joining
(NHEJ) or single strand annealing (SSA), which are both error-prone, otherwise segments of
chromosomes would be lost during the next round of cell division. In either case, the G2/M
checkpoint defect associated with BRCAL/2 and PALB2 mutations or loss can be expected
to exacerbate genomic instability. As long as the mutant cells survive and proliferate, they
are likely to accumulate mutations and chromosomal abnormalities at a much faster pace
than normal cells, eventually leading to transformation and tumor development.

Materials and Methods

Cell lines and cultures

U20S and 293T cells were purchased from ATCC. Isogenic 7P53wt and null HCT116
cells®, isogenic HCT116 and HCT116:3-6 cells!! and SV-40 transformed EUFA1341 and
FEN5280 fibroblasts3® were described before. EUFA1341 cell lines expressing wt or mutant
PALB?2 proteins were generated as described38. All above cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and 1X Penicillin-Streptomycin (Pen-Strep). Mouse tumor cell lines were
generated as described beforel4 from mammary tumors that developed in

Palb2/F; Tro537F :Wap-cre, Breal™F; Trp537F :Wap-cre and Brea2F; Trp537F :Wap-cre
conditional knockout mice (Huo, et al., unpublished). The Brca2™=; Trp537~ KB2 cells were
described beforel2. These mouse cells were cultured in DMEM/F12 (1:1) medium
supplemented with 5 pg/ml insulin, 5 ng/ml EGF, 5 ng/ml Cholera toxin and 1 x Pen-Strep.
Mouse embryonic fibroblasts (MEFs) and splenic B-lymphocytes from wt and Palb2-cc6
knockin mice were isolated and cultured as described31. All cells were cultured at 37°C in a
humidified incubator with 5% CO,.

siRNAs and transfections

The sense sequences of siRNAs used are as follows: Control (57 -
UUCGAACGUGUCACGUCAAITAT-37); BRCAL #296 (5~ -
GGAACCUGUCUCCACAAAGATAT-37); BRCAL #4641 (57 -
GCAGAUAGUUCUACCAGUAdTAT-37); BRCA2 #1949 (5~ -
GAAGAAUGCAGGUUUAAUATAT-37); BRCA2 #2618 (57 - GCUCAAAGGUAACAAUUAUATAT
-37); PALB2 #1493 (5~ -UCAUUUGGAUGUCAAGAAAdTAT-3") and PALB2 #2693 (5~ -
GCAUAAACAUUCCGUCGAAdTAT-37). The siRNAs were custom synthesized by Sigma
Genosys. Transfections were carried out using Lipofectamine RNAIMAX (Invitrogen)
according to the manufacturer’s instructions, at a final concentration of 10 nM. BRCA1,
BRCAZ2 and PALB2 siRNAs were used as pools of the two.

Gamma irradiation

lonizing radiation was delivered by a Cesium 137 irradiator from Gammacell 40 Exactor
(Best Theratronics, Ottawa, Ontario, Canada) at a dose rate of 1.026 Gy/min.
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Quantification of M-phase cells

Cells were seeded into 6-well plates at a density of either 1 x 106 cells per well for analysis
on the following day or 0.2 x 10° cells per well if they were to be first subjected to SIRNA
transfection (for 48 hr). Cells were -y-irradiated, allowed to recover for indicated time
periods and then collected and fixed overnight in ice-cold 70% ethanol. Fixed cells were
permeabilized with 0.25% Triton-X100 in 1X phosphate-buffered saline (PBS) on ice for 15
min, stained for 2 hr with rabbit anti-phospho-histone H3 (Ser10) Ab (#9701, Cell
Signaling) in PBS containing 1% bovine serum albumin (BSA), followed by staining with
Fluorescein (FITC)-conjugated AffiniPure goat anti-rabbit 1gG (Jackson ImmunoResearch
Laboratories) in PBS/1% BSA for 30 min. Phospho-H3 positive cells were quantified by
fluorescence-activated cell sorting (FACS) on a Cytomics FC-500 flow cytometer
(Beckman-Coulter) with laser excitation at 488 nm. Prior to FACS analysis, propidium
iodide (PI) (Sigma, P4170) was added to a final concentration of 10 pg/mL to stain DNA.
For each sample, 1.5 x 104 events were scored.

Western blotting and immunoprecipitation (IP)

To analyze protein expression levels in mouse tumor cell lines and EUFA1341 cell lines,
cells were plated at a density of 1.0 x 10° per well in 6-well plates and collected 24 hr later.
Cells were lysed in NETNG-300 buffer (300 mM NaCl, 1 mM EDTA, 20 mM Tris-HCI [pH
7.5], 0.5% Non-ldet P, 10% Glycerol) containing Complete® protease inhibitor cocktail
(Roche). To analyze BRCA1-PALB2 complex formation in EUFA1341 cells reconstituted
with wt and mutant PALB2 proteins, the endogenous BRCA1 was IPed using anti-BRCAL
(Santa Cruz, sc-6954) coupled with protein A beads and the exogenous PALB2 proteins
were IPed with anti-FLAG M2 agarose beads (Sigma) for 3 hr at 4°C. Proteins in cell lysates
or immunoprecipitates were resolved on 4-12% Tris-Glycine gels (Invitrogen), transferred
onto nitrocellulose membranes and probed with relevant antibodies following standard
procedures. Immobilon Western Chemiluminescent HRP substrate (EMD Millipore) was
used for developing the blots.

Human and mouse PALB2 proteins were detected using rabbit polyclonal M11 and NB3
antibodies described previously3!. Monoclonal anti-mouse BRCA1 antibody, against amino
acids 160-300 of mouse BRCA1, was described before2. Other antibodies used included
anti-HA (H3663, Sigma), BRCA1 (EMD Millipore, #07-434), BRCA2 (OP95, EMD
Millipore), TP53 (Santa Cruz, DO-1) and RAD51 (Santa Cruz, H92), phospho-CHK1 S317
(Cell Signaling, #2344), phospho-CHK1 S345 (Cell Signaling, #2348), CHK1 (Bethyl Labs,
A300-161A), a-Tubulin (Sigma, T9026), p-Actin (Santa Cruz, AC-15) and GAPDH (Santa
Cruz, sc25778).

B cell chromosome spreads

For analysis of metaphase chromosomes, activated B cells were arrested with 100 ng/mL
colcemid (Sigma) for 1 hr prior to collection at each time point. This was followed by
treatment with hypotonic solution (0.075 M KCI) and fixation with 3:1 methanol/acetic acid.
Telomere-FISH analysis was performed with Cy3-labeled telomere peptide nucleic acid
probe (Panagene). 50-55 images were analyzed per sample.
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Statistical analyses

In all experiments, the numbers of mitotic cells were normalized against unirradiated
controls for each cell line or sSiRNA treatment. Statistical analyses were performed using
one-way ANOVA with GraphPad Prism6 or two-tailed student’s ¢test with Microsoft Excel,
as indicated in the figure legends.

Supplementary Material

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

Effects of BRCAL, BRCA2 or PALB2 deficiencies on the G2/M checkpoint response in
human and mouse tumor cells. (A) G2/M checkpoint responses in U20S cells depleted of
BRCAL, PALB2 and BRCAZ2. Cells were treated with control, BRCA1, PALB2 and BRCA2
siRNAs for 48 hr and then irradiated with 3 or 10 Gy of IR; cells were collected at indicated
time points and their mitotic indexes were measured. Upper panel, schematic diagram of the
timeline of the experiment; lower panel, relative mitotic indexes of the above cells at
different time points after IR. (B) Representative western blots showing the depletion of
BRCAL, PALB2 and BRCAZ2 proteins in A. (C,D) Relative mitotic indexes of the different
mouse tumor cell lines before and after IR (3 Gy). The numbers of mitotic cells were
normalized against that of unirradiated cells for each siRNA treatment or cell line. Values
shown are the means of relative mitotic indexes from 2 (A and C) or 3 (D) independent
experiments; error bars represent standard errors of the mean (SEMs).
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Role of p53 and MLH1 in BRCA- and PALB2-mediated G2/M checkpoint activation. (A)
Isogenic p53 wt and null HCT116 cells were depleted of BRCAL, BRCA2 or PALB2, and
checkpoint activation was analyzed 1 hr after 3 Gy of IR. Upper panels: representative
immunoblots showing levels of the indicated proteins. Lower panels: relative mitotic indexes
of each cell type and condition. (B) Isogenic HCT116 and HCT116:3-6 cells were treated
and analyzed as in A. Data shown are means + SEMs of the relative mitotic indexes from
n>3 independent experiments. Statistical significance was calculated with one-way ANOVA.

*, P<0.05; **, P<0.01.
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Figure 3.
G2/M checkpoint defect of PALB2-deficient human fibroblasts and its rescue by re-

expression of wt PALB2. (A) G2/M checkpoint activation in U20S, FEN5280, EUFA1341,
and EUFA1341 cells reconstituted with wt PALB2. Upper panel, representative western
blots showing expression levels of PALB2, BRCA1 and BRCAZ2 in the cells; lower panel,
relative mitotic indexes of the cells before and 1 hr after 3 Gy of IR. Data shown are means
+ SEMs of the relative mitotic indexes from n>3 independent experiments. (B) Dose-
dependent CHK1 and CHK2 phosphorylation in blank, empty vector-harboring and PALB2-
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reconstituted EUFA1341 cell lines. Cells were collected before or 1 hr after 3 or 10 Gy of
IR; total and phosphorylated proteins were analyzed by western blotting. (C) Checkpoint
maintenance in blank and reconstituted EUFA1341 cells. Cells were treated with 3 Gy of IR
and mitotic cells were measured before and at 1, 2, 3 and 6 hr after IR. Data shown are
means + SEMs of the relative mitotic indexes from 3 independent experiments. (D) Kinetics
of CHK1 and CHK2 phosphorylation in blank and reconstituted EUFA1341 cells. Cells
were treated with 3 Gy of IR and collected at indicated time points; total and phosphorylated
proteins were analyzed by western blotting. The lanes between dotted vertical lines were
loaded in the wrong order, which were reversed back using Adobe Photoshop.
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Roles of BRCAL, BRCA2 and KEAP1 binding to PALB2 in G2/M checkpoint response.
(A,B) PALB2, BRCAL and BRCAZ2 expression levels (A) and checkpoint response (B) in
EUFA1341 cells reconstituted with wt, BRCAL binding mutant (L35P) or BRCA2 binding
mutant (A1025R) of PALB2. (C,D) PALB2-BRCAL interaction (C) and checkpoint
response (D) in EUFA1341 cells reconstituted with wt or KEAP1 binding mutants (T92E
and G93E) of PALB2. For B and D, data shown are means + SEMs of the relative mitotic
indexes from =3 independent experiments. Statistical significance was calculated with one-
way ANOVA comparing the values of cells expressing PALB2-T92E and G93E to cells
expressing the wt protein at the same time point. *, P<0.05.
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Figure5.

Dgfective checkpoint response and increased IR-induced chromosomal abnormalities in
mouse cells with abrogated BRCA1-PALB?2 interaction. (A,B) PALB2 expression levels (A)
and G2/M checkpoint activation (B) in MEFs from wt (WT), heterozygous (HET) and
homozygous (MUT) Palb2-cc6 knockin mutant mice. (C,D) CHKZ1 phosphorylation (C) and
checkpoint response (D) in splenic B cells isolated from wt and homozygous mutant mice
after 3 Gy of IR. Data shown are the means + SEMs from 4 independent experiments.
Statistical significance was calculated with one-way ANOVA. *, P<0.05; **, P<0.01, ***,
P<0.001. (E) Chromosomal abnormalities in wt and Pa/b2 mutant B cells at indicated time
points after 3 Gy of IR. Cells were arrested for 1 hr with colcemid prior to collection at each
time point (for the 1 hr time point, colcemid was added 10-15 min after IR and incubated
for 1 hr). CTB, chromatid break; CSB, chromosomal break. Data shown are the means *
standard deviations (STDVSs) from 3 independent experiments. Statistical significance was
calculated with two-tailed student’s ftest. *, P<0.05; **, P<0.01, ***, P<0.001.
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