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Cdc14A and Cdc14B Redundantly Regulate DNA Double-Strand
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Cdc14 is a phosphatase that controls mitotic exit and cytokinesis in budding yeast. In mammals, the two Cdc14 homologues,
Cdc14A and Cdc14B, have been proposed to regulate DNA damage repair, whereas the mitotic exit and cytokinesis rely on an-
other phosphatase, PP2A-B55a. It is unclear if the two Cdc14s work redundantly in DNA repair and which repair pathways they
participate in. More importantly, their target(s) in DNA repair remains elusive. Here we report that Cdc14B knockout
(Cdc14B™/7) mouse embryonic fibroblasts (MEFs) showed defects in repairing ionizing radiation (IR)-induced DNA double-
strand breaks (DSBs), which occurred only at late passages when Cdc14A levels were low. This repair defect could occur at early
passages if Cdc14A levels were also compromised. These results indicate redundancy between Cdc14B and Cdc14A in DSB re-
pair. Further, we found that Cdc14B deficiency impaired both homologous recombination (HR) and nonhomologous end join-
ing (NHEJ), the two major DSB repair pathways. We also provide evidence that Cdhl is a downstream target of Cdc14B in DSB

repair.

enome stability of mammalian cells is constantly challenged

by DNA damage resulting from DNA replication errors and
attacks by cellular metabolites, radiation, and other environmen-
tal hazards. If not repaired, DNA damage can lead to gene muta-
tions and even chromosome aberrations. Thus, dealing with dam-
aged DNA is the utmost priority of a cell. Cells respond to DNA
damage by evoking DNA damage checkpoints which rely on a
number of protein kinases to transduce the damage signal (1). A
major function of the checkpoints is to activate DNA damage
repair mechanisms (2). It has become apparent that dynamic
phosphorylation of DNA repair proteins regulated by opposing
kinases and phosphatases plays an important role in the timely
response to and repair of DNA damage. Cdc14 phosphatases have
been shown to guard the genome stability, probably by reversing
Cdk phosphorylation (3, 4).

Cdc14 phosphatases are highly conserved across species, espe-
cially with a conserved N-terminal domain for substrate recogni-
tion and catalysis (3, 5). It was first identified as an essential cell
cycle regulator in budding yeast by counteracting Cdk activity to
allow mitotic exit (6). However, in higher eukaryotes, Cdcl4
seems to play roles other than cell cycle control. Recent functional
studies in zebrafish showed redundant roles of the two vertebrate
Cdc14 homologues, Cdc14A and Cdcl4B, in ciliogenesis. Cdc14A-
or Cdcl4B-deficient zebrafish embryos displayed shorter cilia in
Kupfter’s vesicle, and the cilium length defects could be rescued by
injection of Cdc14B or Cdc14A mRNA, respectively (7). In mam-
mals, Cdc14A and Cdc14B appear to play roles in DNA repair (3,
8-10). Knockout of Cdc14A or Cdc14B in chicken or human cell
lines was shown to cause DNA repair defects (9). To study the
physiological functions of Cdcl4B, we previously generated
Cdc14B knockout (Cdc14B~/7) mice and also showed DNA re-
pair defects in its absence (10). Consistent with a role in DNA
damage repair, Cdc14B '~ mice developed early-onset aging phe-
notypes, including cataracts and kyphosis. Interestingly, the repair
defects in Cdc14B™/~ mouse embryonic fibroblasts (MEFs) ap-
peared only in late-passage cells. It is unclear why that is the case.
Furthermore, the identity of the target of Cdc14B in DNA damage
repair remains elusive.
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Here we report that Cdc14A and Cdcl4B are redundant in
DNA damage repair. We show that these two phosphatases are
required for both homologous recombination (HR)- and nonho-
mologous end joining (NHE])-mediated double-strand break
(DSB) repair. Further, we provide evidence that Cdhl1/Fzrl is a
downstream target of Cdc14B in DSB repair.

MATERIALS AND METHODS

Cell culture. MEFs were prepared from embryos at embryonic day 13.5
(E13.5) and genotyped as reported previously (10). The mice used for
MEF isolations had been backcrossed to a C57BL/6 background for more
than 10 generations. The cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) with 15% fetal bovine serum (FBS). Cells were
trypsinized and passaged every 3 days at a ratio of 1:5 at early passages or
1:3 at late passages. Cells from the third or fourth passage (P3 or P4) were
used as early-passage MEFs, and cells from the seventh or eighth passage
(P7 or P8) were used as late-passage MEFs.

293T cells were purchased from the American Type Culture Collec-
tion and cultured in DMEM with 10% FBS. The U20S cells with a single
copy of the direct-repeat—green fluorescent protein (DR-GFP) construct
incorporated were kindly provided by Shiaw-Yih Lin (MD Anderson
Cancer Center, Houston, TX) (11), and the cells were maintained in Mc-
Coy’s 5A medium with 10% FBS and 100 p.g/ml hygromycin.

Plasmids, siRNAs, and transfection. pLKO.1 puro, pMD2.G,
psPAX2, pEGFP-N1, pCAGGS, and pCSCMV:tdTomato were obtained
from Addgene. Short hairpin RNAs (shRNAs) against Cdc14A, Cdc14B,
and Cdhl (shCdc14A, shCdc14B, and shCdhl, respectively) were de-
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signed with the vector pLKO.1 puro as previously described (12, 13) using
oligonucleotides targeting the following sequences: mouse Cdc14A (AAG
ATAGTGCACTACACCTCT), human Cdc14A (AAGCACAGTAAATAC
CCACTA), human Cdcl14B (AATATGAGAACTTCTACGCAG), and
mouse Cdhl (AACACGCTCTACAAAGGAATC). Cdhl or Cdcl4A was
cloned from mouse or human cDNA to pENTR with the following prim-
ers and then subcloned to pInducer20 as previously described (14) with
Gateway LR Clonase II (Invitrogen): Cdhl-F (AAGG
AAAAAAGCGGCCGCATGGACTACAAGGACGATGATGACAAGGA
CCAGGACTATGAGCGAAGG) with Cdh1-R (ACGCGTCGACCTATC
GGATCCGGGTGAAGAGGTT) and Cdc14A-F (AAGGAAAAAAGCGG
CCGCATGGCAGCGGAGTCAGGGGAAC) with Cdc14A-R (ACGCGT
CGACTTACTTGTCATCATCGTCCTTGTAGTCGTAATGAACATATT
CAGACTG). Phosphodeficient (Cdh1-4A) and phosphomimetic
(Cdh1-4D) Cdhl mutants were generated by site-directed mutagene-
sis in the four putative Cdk consensus sites (S40, T121, S151, and S163,
mutated to alanine in Cdh1-4A or aspartic acid in Cdh1-4D) as previ-
ously described (15).

To knock down genes in U20S cells, the following small interfering
RNAs (siRNAs) were used: siNC (siRNA universal negative control 1)
(SIC001; Sigma-Aldrich), siCdc14A (SASI_Hs01_00132334; Sigma-Al-
drich), siCdc14B (GAGCAGCCUUCUCCAAACUATAT) (16), siBRCAL1
(GGGAUACCAUGCAACAUAAATAT) (17), and si53BP1 (GAAGGACG
GAGUACUAAUAATAT) (18).

Lipofectamine 2000 (Invitrogen) was used for all the plasmid and
siRNA transfection except electroporation using Gene Pulser II (Bio-Rad)
in the NHE] assay. For gene knockdown with shRNAs, each shRNA was
cotransfected with psPAX2 and pMD2.G in 293T cells to produce lenti-
virus. The lentivirus was collected to infect the target cells (MEFs and
U20S cells) as previously described (19). After puromycin selection, the
infected target cells were ready for the following assays.

RNA extraction and reverse transcription-PCR (RT-PCR). Total
RNA was extracted from cells using TRIzol (Invitrogen). One microgram
of total RNA was used for cDNA synthesis using SuperScript III (Invitro-
gen). Quantitative PCR (qPCR) was performed and analyzed with ABI
Prism 7000 using SYBR green Master (Rox) (Roche). Primers for gPCR
were as follows: mCdcl4A-F (TGGACCTCTGAACTTGGCAAT) and
mCdc14A-R (AGATGACGGCATAAGCACCTAT), m18s-F (ACCGCAG
CTAGGAATAATGGA) and m18s-R (GCCTCAGTTCCGAAAACCA),
hCdc14A-F (CAAAACATGGAACGATTTGGA) and hCdc14A-R (GAT
GAACTTAATCTGAAAGGC), hCdc14B-F (CAAACGCTTTACGGATG
CTGG) and hCdcl4B-R (TGATGTAGCAGGCTATCAGAGT), and
hGAPDH-F (GAAATCCCATCACCATCTTCCAGG) and hGAPDH-R
(GAGCCCCAGCCTTCTCCATG) (18). The data were analyzed by the
comparative threshold cycle (C;) method (20, 21) with the m18s or hu-
man glyceraldehyde-3-phosphate dehydrogenase (hGAPDH) gene as the
internal control gene. The relative expression levels of the target genes
were normalized to that in control cells, and statistical analyses were per-
formed by analysis of variance (ANOVA) with data from three indepen-
dent experiments.

Western blotting and IF staining. For Western blotting, cells were
lysed with radioimmunoprecipitation assay (RIPA) buffer supplemented
with proteinase inhibitors and phosphatase inhibitors (Roche), and the
protein concentrations were determined with the Bradford assay (Bio-
Rad). The primary antibodies for Western blotting included anti-BRCA1
(sc-6954; Santa Cruz), anti-53BP1 (NB100-304; Novus), anti-Cdhl
(CC43; Calbiochem), anti-GAPDH (MAB374; Millipore), and anti-tubu-
lin-a (625902; BioLegend).

For immunofluorescent (IF) staining, MEFs were seeded on cover-
slips and fixed in 4% paraformaldehyde (PFA) at 0.5, 2, 6 and 24 h after
treatment with 10 Gy of ionizing radiation (IR). The cells were then
permeabilized in 0.5% Triton X-100, blocked in 5% bovine serum
albumin (BSA) in phosphate-buffered saline-Tween 20 (PBST), and
incubated with primary antibodies overnight at 4°C. After three PBS
washes, cells were incubated with Cy3- or fluorescein isothiocyanate
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(FITC)-conjugated secondary antibodies (115-165-146 or 111-095-
045; Jackson ImmunoResearch) for 1 h at room temperature. Cells
were counterstained with 1 wg/ml DAPI (4',6'-diamidino-2-phe-
nylindole) and mounted on slides before imaging. The primary anti-
bodies for IF staining included anti-yH2AX (05-636; Millipore) and
anti-53BP1 (NB100-304; Novus).

Neutral comet assay. MEFs were collected at 0 h (no IR) and at 0.5
h or 6 h after treatment with 10 Gy IR for neutral comet assay to
analyze DSB damage in the cells. The neutral comet assay was per-
formed according to the manual for the CometAssay kit (Trevigen).
After SYBR gold (Invitrogen) staining, the images of the comet slides
were taken by fluorescence microscopy. The comet parameter tail mo-
ment (TM) was gauged for at least 50 cells in each experiment by
CometScore software (TriTik). The cells with TMs of >5 were consid-
ered damaged cells, and the percentage of damaged cells was counted
for each slide. The counting results from three independent experi-
ments were analyzed by ANOVA.

HR assay. The HR assay was performed as previously described (11,
22). At 48 h after siRNA transfection, U20S (DR-GFP) cells were trans-
fected with pCBA-Scel or pCAGGS (mock transfection). pCAGGS-
mCherry was cotransfected as a control for transfection efficiency. An-
other 48 h later, cells were collected and flow cytometry was performed to
detect GFP™ and mCherry™ cells with LSR Fortessa at the Cytometry and
Cell Sorting Center of Baylor College of Medicine. Data were analyzed
with BD FACSDiva software.

NHE]J assay. The NHE] assay was performed as previously described
(23). At 72 h after siRNA transfection, U20S cells were electroporated
with 5 pg of linearized pCSCMV:tdTomato (digested with BamHI be-
tween the promoter and tdTomato coding sequence) and 5 pg of
pEGFP-NT1 per 10° cells. The electroporation was performed at 250 V and
950 wF in 800-pl cuvettes (VWR) according to the instructions for the
Gene Pulser II (Bio-Rad). The cells were returned to culture for 5 h and
then collected for fluorescence-activated cell sorter (FACS) analyses of
tdTomato " and GFP™ cells.

Cell cycle analysis and BrdU staining. To analyze the cell cycle distri-
bution, MEFs or U20S cells were fixed in 70% ethanol for at least 2 h at
4°C, and then the cells were washed twice in PBS and resuspended in DAPI
staining solution (1 wg/ml DAPT in 0.1% Triton X-100—PBS) for 30 min
in the dark before FACS. Cell singlets were gated by the pulse width-pulse
area signal of DAPI, and the cell cycle distribution was analyzed with
FlowJo software.

Bromodeoxyuridine (BrdU) pulse-labeling and staining were per-
formed according to the manual of the FITC BrdU Flow kit (BD Biosci-
ences). MEFs were pulse-labeled with 10 wM BrdU for 45 min and then
collected for BrdU staining using the kit. FACS was performed to detect
FITC"* (BrdU™") cells and measure total DNA stained by 7-aminoactino-
mycin D (7-AAD).

2D gel analysis. MEFs with or without IR treatment (10 Gy, 0.5 h)
were collected for two-dimensional (2D) PAGE according to the manual
of the 2-D Starter kit (Bio-Rad). The first-dimension isoelectric focusing
(IEF) was performed in a Protean IEF Cell (Bio-Rad), followed by the
second-dimension SDS-PAGE. The proteins were transferred to polyvi-
nylidene difluoride (PVDF) membranes for Western blotting with anti-
Cdh1 (CC43; Calbiochem).

RESULTS

Cdc14B~/~ MEFs show a DSB repair defect only at late passages.
We previously reported that Cdc14B~/~ MEFs underwent prema-
ture senescence and accumulated DNA damage at late passages
(P7 or later) (10). We compared the DNA damage responses
(DDR) in early- and late-passage Cdc14B ™/~ MEFs after 10 Gy of
IR exposure to induce DSB. yH2AX was used as a marker for DNA
damage, as it forms foci at DSBs. At 0.5 h after IR, nearly 100% of
the cells were positive for yYH2AX (>20 foci/cell). With repairing
of the damage, the YH2AX focus number was reduced, and con-
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FIG 1 Cdc14B~/~ MEFs are defective in DNA damage repair at late passages. (A and B) Immunofluorescence (IF) staining of the DNA damage markers yH2AX
(A) and 53BP1 (B) in early-passage (P3) and late-passage (P7) MEFs after 10 Gy of IR. (C) Quantification of yH2AX-positive cells (>20 foci) in the P3 and P7
MEFs from panel A. (D) Quantification of 53BP1-positive cells (>10 foci) in the P3 and P7 MEFs from panel B. At least 100 cells were counted for each
experiment. The error bars indicate standard deviations for three independent experiments. (E) Neutral comet assay in P3 and P7 MEFs after 10 Gy of IR. (F)
Quantification of damaged cells with DNA double-strand breaks from panel E. Tail moments (TMs) were gauged for at least 50 cells in each experiment. The cells
with TMs of >5 were counted as damaged cells. The error bars indicate standard deviations for three independent experiments. Statistical significance was
assessed by ANOVA (¥, P < 0.05; **, P < 0.01).

sequently, the percentage of yH2AX-positive cells decreased
(Fig. 1A). There was no significant difference between Cdc14B™/*
and Cdc14B ™/~ MEFs in percentage of yH2AX-positive cells at
early passages (Fig. 1C, left panel). At late passages, however,
Cdc14B™'~ MEFs showed significantly higher percentages of
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yH2AX-positive cells than Cdc14B™/" MEFs at 6 h and 24 h after
IR (Fig. 1C, right panel). The staining of 53BP1 foci, a late DDR
marker, showed dynamics similar to those for YH2AX staining
(Fig. 1B). At 2 h after IR, almost 100% of the cells were positive for
53BP1 (>10 foci/cell). More 53BP1 foci remained at 6 h and 24 h
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after IR in late-passage Cdc14B ™'~ MEFs than that in Cdc14B*/*
MEFs (Fig. 1D). These results indicate defective DSB repair in
late-passage Cdc14B ™'~ MEFs.

We performed a neutral comet assay to further demonstrate
the DSB repair defect in late-passage Cdc14B '~ MEFs. Damaged
DNA with DSBs migrates faster than undamaged DNA in gel elec-
trophoresis, giving rise to a comet tail. The cells with tail moments
of more than 5 were considered damaged. At 0.5 h after IR, most
cells were damaged, showing large comet tails (Fig. 1E and F). At6
h after IR, the damage was largely repaired in most cells, which
showed smaller or no comet tails. There were still large comet tails
in about half of late-passage Cdc14B ™/~ MEFs, and the percentage
of damaged cells was significantly higher than that in early-passage
MEFs or late-passage Cdc14B*'* MEFs (Fig. 1E and F). Together,
the above results demonstrate the DSB repair defect in late-pas-
sage Cdc14B~/~ MEFs.

The genetic background of the MEFs might have an impact on
the DSB repair. Previous work in MEFs isolated from mice that
had been backcrossed to a C57BL/6 background for six genera-
tions showed defective repair of IR-induced DNA damage in ear-
ly-passage (P3) Cdc14B~/~ MEFs (10). However, after backcross-
ing for more than 10 generations, this defect of DSB repair in
Cdc14B~'~ MEFs diminished with purer C57BL/6 background,
as shown in left panels of Fig. 1C and D. The difference between
the early-passage and late-passage MEFs in DSB repair as shown in
Fig. 1 is consistent with a previous report of lower growth rates
and more cellular senescence in Cdc14 '~ MEFs at late passages
only (10). Therefore, the MEFs from Cdc14B knockout mice after
backcrossing for more than 10 generations were used in the rest of
experiments involving MEFs.

Cdc14A and Cdc14B are redundant in DSB repair. What is
the factor(s) that causes the difference between the early-passage
and late-passage MEFs in DSB repair? As Cdc14A is another mam-
malian homologue of Cdcl4 and may have functional overlap
with Cdc14B, we examined whether Cdc14A could be the factor. It
is possible that at early passages Cdc14A is compensating for the
loss of Cdc14B but at late passages the compensation is no longer
present, perhaps due to reduced expression. Therefore, we mea-
sured the mRNA levels of Cdc14A by RT-PCR in early- and late-
passage MEFs. As shown in Fig. 2A, Cdc14A levels were 3- to
5-fold lower in both Cdc14B™/" and Cdc14B~'~ MEFs at late
passages than at early passages. To demonstrate that it is Cdc14A
that is compensating for the loss of Cdc14B in early passages, we
depleted its expression through shRNA-mediated knockdown
(Fig. 2B). Indeed, while wild-type MEFs repaired DSBs with same
kinetics regardless of the status of Cdc14A (Fig. 2C), Cdc14B ™/~
MEFs with Cdcl14A knocked down showed significantly higher
percentages of YH2AX-positive cells than those with control
shRNA at 6 h and 24 h after IR (Fig. 2D). Moreover, with induced
Cdc14A overexpression (Fig. 2E), the high percentage of remain-
ing YH2AX-positive cells in late-passage Cdc14B~/~ MEFsat 10 h
and 24 h after IR was at least partially restored (Fig. 2F). These
results indicate that Cdc14A and Cdc14B are redundant in DSB
repair. It is unclear at present why the expression of Cdcl4A
would go down at late passages.

Cdc14B and Cdcl4A redundantly regulate both HR- and
NHEJ-mediated DSB repair. DSBs are repaired through two dif-
ferent pathways, homologous recombination (HR) and nonho-
mologous end joining (NHE]) (24). The choice between HR and
NHE] is determined by a number of factors, including the stage of
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FIG 2 Cdcl14A and Cdc14B redundantly regulate DNA DSB repair. (A) RT-
PCR quantification of Cdc14A expression in MEFs. The error bars indicate
standard deviations for three independent experiments. (B) RT-PCR analysis
of Cdc14A knockdown efficiency in P4 MEFs. shCtrl, control shRNA. (C and
D) Quantification of YH2AX-positive cells (>20 foci) among P4 Cdc14B*/*
(C) and Cdc14B~/~ (D) MEFs with or without Cdc14A knockdown. IF stain-
ing of YH2AX was performed with MEFs fixed at 0.5 h, 6 h, and 24 h after 10 Gy
of IR. (E) RT-PCR analysis of Cdc14A overexpression in P8 MEFs. Cdc14A
overexpression with pInducer20-Cdc14A was induced by 0.05 pg/ml doxycy-
cline. (F) Quantification of yH2AX-positive cells among P8 Cdc14B™/* and
Cdc14B~'~ MEFs with or without Cdcl4A overexpression. IF staining of
YH2AX was performed with MEFs fixed at 2 h, 10 h, and 24 h after 10 Gy of IR.
Statistical significance was assessed by ANOVA (¥, P < 0.05; **, P < 0.01).

the cell cycle (24-26). We wondered which repair pathway would
require Cdc14B and Cdc14A. To answer that, we first looked at
HR repair. We took advantage of the established HR reporter as-
say (22, 27). This assay was established in U20S cells with the
integration of a construct (DR-GFP) containing two direct repeats
of GFP separated by some distance. Both GFPs are nonfunctional.
The first is a mutant GFP that contains early-terminating stop
codons within an I-Scel site in the middle, and the second is an
internal truncate of wild-type GFP. When the first GFP is broken
by I-Scel cutting, it can be repaired by either NHE] or HR with the
second GFP as a donor. Only if it is repaired by HR will the reading
frame of the first GFP be restored and become functional (Fig.
3A). We depleted Cdc14B, Cdc14A, or BRCA1 (an essential HR
protein) in the reporter cell line with siRNA (Fig. 3B, lower panels)
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FIG 3 Cdc14B and Cdc14A redundantly regulate DNA DSB repair by both homologous recombination (HR) and nonhomologous end joining (NHEJ). (A)
Diagram of the HR reporter assay. U20S cells were integrated with the DR-GFP reporter construct, which carries a nonfunctional mutant GFP (SceGFP) and an
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functional GFP. GFP™ cells were HR-repaired cells. (B) FACS analyses of HR assay in the reporter cells with siRNA-mediated gene silencing of Cdc14B, Cdc14A,
or BRCAL. The bottom panels show knockdown efficiency by RT-PCR (Cdc14B and Cdc14A) or Western blotting (BRCA1). (C) Quantification of the HR assay
(B). The HR efficiencies (the percentage of GFP* cellsamong mCherry " cells) were normalized to that in control (siNC) cells. (D) Diagram of the NHE] reporter
assay. A tdTomato expression plasmid was linearized by enzyme digestion between the promoter and the tdTomato sequence, making it nonfunctional. U20S
cells were transfected with the linearized tdTomato plasmid and a GFP-expressing plasmid to control for transfection efficiencies. The DSB ends between the
promoter and the tdTomato sequence could be joined by NHE], and tdTomato™ cells were NHE]-repaired cells. (E) FACS analyses of NHE] assay in U20S cells
with siRNA-mediated gene silencing of Cdc14B, Cdc14A, or 53BP1. The right panel shows 53BP1 knockdown by Western blotting. (F) Quantification of the
NHE] assay (E). The NHE] repair efficiencies (the percentage of tdTomato™ cells among GFP ™" cells) were normalized to that in control (siNC) cells. (G and H)
Quantification of the HR assay (G) or NHE] assay (H) performed in the reporter U20S (DR-GFP) cells with shRNA- and siRNA-mediated single or double
knockdown of Cdc14A and Cdc14B. shCtrl, control shRNA. The error bars indicate standard deviations for at least three independent experiments. Statistical
significance was assessed by one-way ANOVA (¥, P < 0.05; **, P < 0.01).
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and then transfected in pCBA-Scel along with an mCherry expres-
sion plasmid to control transfection efficiency. At 48 h after the
transfection, the cells were collected for FACS analysis (Fig. 3B,
upper panels). The HR efficiency, as indicated by the percentage of
GFP" cells among mCherry" cells, in Cdcl4B-depleted cells
reached only about 50% of that in the control cells (Fig. 3C),
which is comparable to that of BRCA1 knockdown (Fig. 3C).
Cdc14A depletion reduced the HR efficiency to about 80% of that
in the control cells. The HR assays with shRNA targeting different
sequences of Cdcl4B (Fig. 3G) or Cdcl4A (data not shown)
showed similar results. These results suggest that both Cdc14A
and Cdc14B play a role in DSB repair through HR. The difference
in the HR efficiency affected by their depletion might be simply
due to the difference in their respective knockdown efficiencies.

Next, we asked if Cdc14B and Cdc14A also play a role in NHE].
The NHE]J assay (23) is based on the rejoining of a plasmid cut
between the promoter and the coding sequence of a fluorescent
protein tdTomato (Fig. 3D). The rejoining makes the expression
of tdTomato possible, and the cells become tdTomato positive,
which is quantifiable through FACS analysis (Fig. 3E). The deple-
tion of Cdc14B with either siRNA (Fig. 3F) or shRNA (Fig. 3H)
resulted in a slight (~20%) but significant reduction in NHE]
efficiency, as indicated by the percentage of tdTomato™ cells
among GFP™ cells. Cdc14A depletion resulted in a greater reduc-
tion (~30%) in NHE] efficiency, similar to the case for the deple-
tion of 53BP1, an essential NHE] protein.

Since the YH2AX staining results indicate the redundancy be-
tween Cdc14B and Cdc14A in DSB repair, we further tested their
redundancy in HR and NHE] assays. Indeed, double depletion of
Cdc14B and Cdcl4A reduced the HR efficiency (Fig. 3G) and
NHE]J efficiency (Fig. 3H) more than single depletion, indicating a
redundant role of Cdc14B and Cdcl14A in both HR- and NHE]J-
mediated DSB repair.

Cdc14B and Cdc14A depletion does not alter cell cycle distri-
bution. The cell cycle stage is a major determinant for the choice
and efficiency of HR and NHE], with HR dominating S/G, phase
and NHE] functioning throughout the cell cycle but most signif-
icantly in G, (24-26). We therefore analyzed the cell cycle distri-
bution after Cdc14B depletion and Cdc14A depletion. By FACS
analyses of the DNA content after DAPI staining, we did not ob-
serve a significant change in cell cycle distribution between
Cdc14B™/~ and Cdc14B™/" MEFs either at early or late passages
(Fig. 4A and B). BrdU pulse-labeling and staining showed a lower
percentage of S phase cells in the less proliferative late-passage
MEFs, but there was no significant difference between Cdc14B~ '~
and Cdc14B*'* MEFs at either early or late passages when the
DNA damage repair assays were performed (Fig. 4C). Similarly,
the cell cycle distribution was not altered in U20S cells after
Cdc14B depletion or Cdc14A depletion (Fig. 4D and E).

Cdh1/Fzrl is a downstream mediator of Cdc14B in DSB re-
pair. In budding yeast, Cdc14 is known to reverse the phosphor-
ylation by CDC28 on a number of proteins involved in mitotic
exit, among which is Cdh1/Fzrl, one of the two adaptor proteins
of the anaphase-promoting complex (APC) (28). APC/Cdhl
functions as an E3 ubiquitin ligase, and Cdh1 works better in its
dephosphorylated form (29). Mammalian Cdhl is also very likely
asubstrate of Cdc14s (30-32). Further, Cdh1 has been reported to
regulate the repair of DNA damage induced by UV (33, 34). Thus,
it is reasonable to believe that the DNA damage repair defects seen
in the absence of Cdc14B are due to the impaired function of
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Cdhl. To test that, we first examined whether the depletion of
Cdhl would exaggerate the repair defects in Cdcl14B-deficient
cells. If Cdc14B and Cdh1 work independently in DNA repair, we
would see an exaggeration. Otherwise, if Cdc14B works through
Cdhl, we would not see such an exaggeration. To that end, we
depleted Cdh1 expression in wild-type and Cdc14B ™'~ MEFs via
shRNA-mediated gene silencing (Fig. 5A). These cells were then
subjected to IR, and the DSB repair process was assessed by
YH2AX focus staining and quantification (Fig. 5B). At early pas-
sages, the depletion of Cdhl caused significant delays in repair
regardless of the status of Cdc14B, and the absence of Cdc14B did
not further delay the repair, as expected (Fig. 5C). At late passages,
again, the depletion of Cdhl caused repair delays in both wild-
type and Cdc14B™'~ MEFs. The cells lacking both Cdc14B and
Cdh1 experienced slightly worse repair delays than those with
either single deficiency (Fig. 5D), suggesting that Cdc14B function
in DSB repair goes primarily through Cdh1 but might have a small
portion independent of Cdh1. More importantly, the depletion of
Cdhl caused much more significant repair delays than that of
Cdc14B deficiency (Fig. 5E), indicating that Cdhl plays a much
more important role than Cdc14B in DNA damage repair and that
its dephosphorylation could be accomplished by other phospha-
tases, including Cdc14A.

The above results place Cdc14B upstream of Cdhl in DNA
damage repair. To further that conclusion, we overexpressed
Cdh1 to determine if the overexpression could rescue the repair
defects in Cdc14B-deficient cells. We therefore established condi-
tional expression of Cdh1 in both wild-type and Cdc14B ™'~ MEFs
(Fig. 6A). Upon the induction of Cdhl expression, we observed
that the percentage of yH2AX-positive cells at 6 h and 24 h after IR
in late-passage Cdc14B ™'~ MEFs was reduced to a level similar to
that in Cdc14B™/* MEFs (Fig. 6B), strongly supporting the con-
clusion that Cdc14B works primarily through Cdh1 in DNA dam-
age repair.

Cdhl is known to target a variety of cell cycle regulators for
degradation in late mitosis and G, phase, and it is also generally
regarded as a cell cycle regulator (35, 36). However, there is no
consistent conclusion about the effect of Cdh1 deficiency on cell
cycle distribution regarding the different observations on cell
growth and the cell cycle in different cells with either Cdh1 knock-
out or knockdown (37-41). As the cell cycle plays a critical role in
DNA repair, we examined the cell cycle distribution of the above-
described MEFs with Cdh1 knockdown or overexpression to test
whether Cdh1 regulates DSB repair via altering cell cycle progres-
sion. FACS analysis of the DNA content showed that the cell cycle
distribution was not significantly changed in the MEFs with either
Cdh1 knockdown (Fig. 5F) or induced Cdh1 overexpression (Fig.
6C), indicating that it is unlikely that the effects of Cdh1 depletion
or overexpression on DSB repair as observed are caused by
changes in cell cycle distribution.

The Cdc14B-regulated Cdh1l phosphorylation level plays a
critical role in DSB repair. To further address the link between
Cdc14B and Cdhl in DSB repair, we tested whether Cdc14B defi-
ciency affected the phosphorylation levels of endogenous Cdhl.
There have been reports indicating direct biochemical interaction
between these two proteins (30-32). However, direct evidence
demonstrating Cdc14B’s role in regulating endogenous Cdhl
phosphorylation levels in DNA repair or in general is lacking. Due
to the lack of appropriate antibodies capable of detecting Cdhl
phosphorylation, we took the 2D gel approach as previously de-
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FIG 4 Cdc14 deficiency does not alter cell cycle distribution in the DSB repair assays. (A) Cell cycle analyses of P3 and P7 MEFs by detection of DNA content
(DAPI staining) with flow cytometry. (B) Quantification of the cell cycle distribution of the MEFs from panel A. (C) BrdU staining of P3 and P7 MEFs. The MEFs
were labeled with 10 uM BrdU for 45 min and stained with FITC-conjugated anti-BrdU. Unlabeled cells were included as negative controls for BrdU staining.
Total DNA was stained with 7-AAD for cell cycle analysis by flow cytometry. The numbers (mean = standard deviation for three independent experiments)
indicate the percentage of cells with a DNA content of 2N or 4N and cells in S phase (BrdU positive). (D and E) Cell cycle analyses of the U20S cells with siRNA
(D)- or shRNA (E)-mediated Cdc14 knockdown in the HR assay and NHE] assay. The error bars indicate standard deviations for at least three independent
experiments. ctrl, control. Statistical analyses were performed by unpaired ¢ test (B and C) or one-way ANOVA (D and E). *, P < 0.05; **, P < 0.01.
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FIG 5 Cdhl depletion leads to severe DNA DSB repair defects in MEFs. (A) Western blotting of Cdhl knockdown in MEFs. shCtrl, control shRNA. (B)
IR-induced focus staining of YH2AX in early-passage (P4) MEFs with Cdhl knockdown after 10 Gy of IR. shCtrl, control shRNA. (C) Quantification of
YH2AX-positive cells (>20 foci) in early-passage MEFs from panel B. (D) Quantification of yH2AX-positive cells (>20 foci) in late-passage MEFs from panel
B. (E) Comparison of Cdh1 depletion and Cdc14B deficiency (P7) for YH2AX-positive cells after 10 Gy of IR. (F) Cell cycle analyses of P4 MEFs with Cdh1
knockdown. ctrl, control. Statistical significance was assessed by ANOVA (¥, P < 0.05; **, P < 0.01).

scribed (42) to assess the phosphorylation levels of Cdh1 in wild-
type and Cdc14B-deficient MEFs. Protein extracts from these
cells were separated first by charge through isoelectric focusing
(IEF) and then by size through SDS-PAGE. As shown in Fig.
7A, at early passage (P3), the absence of Cdc14B already caused
a shift of Cdhl toward the more phosphorylated state. This
shift was largely erased upon IR treatment, suggesting that
Cdh1 is dephosphorylated by a different phosphatase(s) (per-
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haps Cdcl4A) after DNA damage. At late passage, the level of
more phosphorylated Cdhl increased in both wild-type and
Cdc14B-deficient MEFs compared to early-passage cells, with
the increase more pronounced in Cdc14B-deficient cells than
in wild-type cells. The increase in Cdh1 phosphorylation at late
passage, regardless of Cdc14B status, probably reflects the now
less proliferative state of these cells. IR treatment caused a shift
of Cdhl toward the less phosphorylated state in wild-type
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FIG 6 Cdhl overexpression rescues DSB repair defect in late-passage
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MEFs. (B) Quantification of YH2AX-positive cells in late-passage Cdc14B™/*
and Cdc14B ™/~ MEFs with or without Cdh1 overexpression after 10 Gy of IR.
(C) Cell cycle analyses of P7 MEFs with induced Cdh1 overexpression. Statis-
tical significance was assessed by ANOVA (¥, P < 0.05; **, P < 0.01).

MEFs. However, the shift is negligible in Cdc14B mutant MEFs.
These results indicate a role of Cdc14B in maintaining the
steady state of Cdhl phosphorylation (either directly or indi-
rectly) and in activating Cdh1l upon DNA damage in late-pas-
sage MEFs.

To further demonstrate the relevance of Cdh1 dephosphoryla-
tion by Cdc14B in DSB repair, we tested the performance of phos-
phodeficient and phosphomimetic Cdh1l mutants in rescuing the
repair defects of late-passage Cdc14B~/~ MEFs. Given that
Cdc14B reverses Cdk phosphorylation, we mutated the four Cdk
consensus sites (5S40, T121, S151, and S163) that have been previ-
ously described to regulate Cdhl activity in S and G, phases (15,
30, 43). Figure 7B shows conditional expression of the wild-type,
phosphodeficient (Cdh1-4A), or phosphomimetic (Cdh1-4D)
Cdh1 in both Cdc14B*’* and Cdc14B~/~ MEFs. Both wild-type
and constitutively active mutant (Cdh1-4A) Cdhl rescued the
DSB repair defects in late-passage Cdc14B ™/~ MEFs (Fig. 7C, left
and middle panels), while the phosphomimetic mutant (Cdhl-
4D) failed to do so (Fig. 7C, right panel). These results indicate a
critical role of Cdc14B in activating Cdh1 through dephosphory-
lation during DSB repair.
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DISCUSSION

Phosphorylation/dephosphorylation is a major tool used by cells
to control a large number of processes, including cell division. In
the cell cycle, a huge number of phosphorylation events catalyzed
by cyclin-dependent kinases culminate at the S phase entry as well
as at mitotic entry (44—46). It is necessary to undo all the phos-
phorylation before the cell can exit either S or M phase. Cdc14 was
a phosphatase identified in budding yeast to undo mitotic phos-
phorylation for mitotic exit. However, that function of Cdc14 has
not been strictly conserved. In fission yeast, the Cdc14 homo-
logue, Clp1, is not essential as in budding yeast (47). In mammals,
a completely different phosphatase, PP2A-B55a, is required for
mitotic exit (48). Instead, Cdc14 has been given new functions
over evolution, along with its duplication into two homologues,
Cdc14A and Cdcl4B. In zebrafish, Cdc14B was implicated in cil-
iogenesis, although the exact role or its substrates in that process
remain to be defined. Even this function in ciliogenesis seems not
to be conserved in mammals, as Cdc14B-deficient mice do not
show any signs of ciliopathy (10).

Cdc14A in human cells was proposed to maintain centrosome
integrity in a knockdown study (49). However, knockout of
Cdc14A in HCT116 cells did not cause any noticeable deleterious
effects on the cells except a mild defect in DNA damage repair (9).
Similarly, Cdc14B knockout HCT116 cells did not show any de-
fects in the cell cycle except mild DNA damage repair defects (9),
which was confirmed by our knockout studies in mice (10). It is
not clear how and why mammalian Cdcl4s became involved in
DNA damage repair, nor is their exact role in the process under-
stood. Cdc14B was initially reported to function in the G, DNA
damage checkpoint response through activating Cdh1 (30). How-
ever, such a checkpoint function was not observed in Cdc14B-
deficient MEFs (10) or HCT116 cells (9). Interestingly, early-pas-
sage Cdc14B-deficient MEFs did not show defects in DNA damage
repair; only the late-passage cells did. We provide evidence here
that the relatively high levels of Cdc14A in early-passage MEFs
probably compensate for the loss of Cdc14B. At late passages, the
level of Cdc14A expression goes down for unknown reasons and is
no longer sufficient to compensate for Cdc14B loss, making DNA
damage repair defects apparent.

With the established requirement of Cdc14B and Cdc14A in
DSB repair, it was unclear how they regulate DSB repair. Here we
report that the two Cdc14s are redundantly required in both HR-
and NHE]J-mediated repairs, although the two repair processes
were affected to different degrees when the two phosphatases were
depleted, suggesting that one process is more sensitive than an-
other in terms of the requirement of the two phosphatases. If the
phosphatases are completely absent (i.e., knocked out), both HR
and NHE] pathways may be affected to the same degree.

We also show that Cdh1 is a downstream mediator of Cdc14B
in DSB repair. In that regard, we provide evidence that the phos-
phorylation status of Cdhl is regulated by Cdc14B (directly or
indirectly), and regulated Cdh1 phosphorylation is critical in DSB
repair (Fig. 7). Cdhl is best known for its roles in promoting
protein degradation during mitotic exit and G,/S regulation (38,
39,50, 51), while recent reports also revealed its emerging roles in
DDR. Cdhl-mediated Plk1 degradation was proposed to regulate
the G,/M DNA damage checkpoint (30). Cdh1 was also reported
to regulate the degradation of USP1 to allow nucleotide excision
repair (NER) of UV-induced DNA damage (34) and the degrada-
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of IR. Statistical significance was assessed by ANOVA (¥, P < 0.05; **, P < 0.01).

tion of Rad17 for checkpoint termination at the end of the UV-
induced DNA damage response (33). More recently, Cdh1 was pro-
posed to regulate the clearance of CtIP, an essential HR protein, at a
late time of HR repair to prevent excessive end resection for optimal
HR efficiency (52). The Cdc14B-Cdh1-CtIP axis might be part of the
mechanism underlying the requirement of Cdc14B in HR repair. Our
results showing slightly more severe DSB repair defects in cells lacking
both Cdc14B and Cdh1 than in singly deficient cells also indicate that
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there might be some other downstream targets of Cdc14B in DSB
repair and that Cdhl activation might be accomplished by some
other phosphatases, including Cdc14A. In the future, it is necessary to
identify these unknown factors. More importantly, it will be of great
interest to determine if Cdhl (and the APC itself) is recruited to the
damage site (which would imply that this E3 ligase participates in
DDR more directly) and what are the (other) substrates of APC/Cdh1
in DNA damage repair.
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