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ABSTRACT

Embryonic stem cells (ESCs) and meiosis are fea-
tured by relatively higher frequent homologous re-
combination associated with DNA double strand
breaks (DSB) repair. Here, we show that Pold3 plays
important roles in DSB repair, telomere maintenance
and genomic stability of both ESCs and sperma-
tocytes in mice. By attempting to generate Pold3
deficient mice using CRISPR/Cas9 or transcription
activator-like effector nucleases, we show that com-
plete loss of Pold3(Pold3~/~) resulted in early embry-
onic lethality at E6.5. Rapid DNA damage response
and massive apoptosis occurred in both outgrowths
of Pold3-null (Pold3~/~) blastocysts and Pold3 in-
ducible knockout (iKO) ESCs. While Pold3~/~ ESCs
were not achievable, Pold3iKO led to increased DNA
damage response, telomere loss and chromosome
breaks accompanied by extended S phase. Mean-
while, loss of Pold3 resulted in replicative stress,
micronucleation and aneuploidy. Also, DNA repair
was impaired in Pold3*/~ or Pold3 knockdown ESCs.
Moreover, Pold3 mediates DNA replication and repair
by regulating 53BP1, RIF1, ATR and ATM pathways.
Furthermore, spermatocytes of Pold3 haploinsuffi-
cient (Pold3*/~) mice with increasing age displayed
impaired DSB repair, telomere shortening and loss,
and chromosome breaks, like Pold3iKO ESCs. These
data suggest that Po/d3 maintains telomere integrity
and genomic stability of both ESCs and meiosis by
suppressing replicative stress.

INTRODUCTION

Effective DNA repair, genomic stability and telomere main-
tenance are essential for unlimited self-renewal and clinical

therapy of embryonic stem cells (ESCs) (1,2). During the
rapid proliferation of ESCs in culture, DNA damage such
as DSBs can occur in ESCs. Further understanding of how
ESCs activate DNA damage response and repair and main-
tain genomic stability would benefit potential use of ESCs in
stem cell therapy (3,4). Two major pathways exist for DNA
DSB repair, homologous recombination (HR)-mediated re-
pair (HRR) and non-homologous end-joining (NHEJ), the
choice of which is tightly controlled (5). NHEJ occurs more
commonly in the G1 and early S phases of the cell cycle.
Mammalian somatic cells preferentially use NHEJ, whereas
HRR is the predominant mechanism for DSB repair in the
yeast Saccharomyces cerevisiae (6). ESCs differ from the dif-
ferentiated somatic cells in terms of cell cycle progression.
ESCs lack a G1 checkpoint and have very short cell cycle
G1 and G2 phases, with about 75% of their cycle time in S-
phase promoting the preferential use of HR (7,8), whereas
HR is suppressed in G1 (9). Consistently, HR is a major
DNA repair pathway in ESCs (1).

The structure and roles of Pol§ were originally revealed
in yeast. In fission yeast Schizosaccharomyces pombe, Pold
has four subunits, Pol3, Cdcl, Cdc27 and Cdml1 (10). In
budding yeast S. cerevisiae, Pol§ contains Pol3, Pol31 and
Pol32, however, Pol32 is dispensable for growth, but a dele-
tion mutant is sensitive to hydroxyurea and DNA damag-
ing agents (11). It has been shown that mammalian homo-
logue Pold3 is implicated in break-induced replication re-
pair (BIR) and mitotic DNA synthesis in human cancers
(12,13).

A high frequency of DNA DSBs and repair, which are re-
quired for spermatogenesis, is a unique feature of meiosis I
prophase. Loss of function of genes involved in DNA dam-
age repair leads to defective spermatogenesis (14-16). Pold3
is highly expressed in pachytene spermatocytes and round
spermatids (17). Recently, Pold3 is essential for mouse de-
velopment and also required for viability of adult animals
(18). However, it remains elusive whether Pold3 has a spe-
cific role in spermatogenesis. We investigated potential func-
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tions and the underlying mechanisms of Pold3 in mouse
ESC self-renewal and meiosis by various approaches, in-
cluding knockout by CRISPR /Cas9, inducible knockout,
or knockdown (KD) by RNA interference (shRNA).

MATERIALS AND METHODS
Vector construction

Transcription activator-like effector nucleases (TALEN)
target site was designed using online website (https://tale-
nt.cac.cornell.edu). TALEN expression vectors were gifts
kindly provided by Bo Zhang (19). Asparagine-Isoleucine
(NI), Asparagine-Glycine (NG), Histidine-Aspartic acid
(HD), Asparagine-Asparagine (NN) were used as repeat-
variable di-residue (RVD) to recognize nucleotides A, T,
C and G, respectively. Transcription Activator-Like (TAL)
effector repeats were constructed by serial cycles of diges-
tion (Nhel + HindIII or Spel + HindIIl) and ligation, then
the TAL effector repeats were subcloned into the TALEN
expression vectors containing the FokI cleavage domain
and other necessary components. PX330-U6-Chimeric_BB-
CBh-hSpCas9 (PX330) was obtained from Addgene (plas-
mid #42230) (20). sgRNAs were designed by online web-
site (http://cripsr.mit.edu/). PX330 was digested with Bbsl
(Fermentas) and the linearized vector was gel purified. Pairs
of oligos for target sites were annealed, and then ligated
with linearized vector. The target vector was identified by
U6 promoter and reverse oligo and verified by sequenc-
ing. Pold3 cDNA was cloned downstream of the tetO min-
imal promoter of the pBS31 vector using the EcoRI. Pold3
cDNA and 3xflag were ligated into pBS31 vector forming
Pold3 3 x flag (Pold3 3F) constructor using EcoRI. All
primers’ sequences are provided in Supplementary Table S1.

In vitro transcription (IVT)

T7 promoter was added to Cas9 coding region and sgRNA
template by polymerase chain reaction (PCR) amplification
using IVT-cas9 F and R, T7-Pold3 F and R, respectively
(21). T7-Cas9 PCR product was gel purified and used as
the template for In Vitro Transcription (IVT) using mMES-
SAGE mMACHINE T7 ULTRA kit (Life Technologies).
T7-Pold3 sgRNA PCR product was gel purified and used as
the template for IVT using HiScribe™ T7 Quick High Yield
RNA Synthesis Kit (NEB). Cas9 mRNA and Pold3 sgRNA
were purified using MEGACclear kit (Life Technologies) and
eluted in RNase-free water.

Micro-injection and generation of Pold3 knockout mice

B6D2F1 (C57BL/6 X DBA2) female mice and ICR (Insti-
tute for Cancer Research) albino mouse strains were used
as embryo donors and foster mothers, respectively. Female
B6D2F1 mice (6-8 weeks old) following superovulation
stimulation were mated with B6D2F1 males, and fertil-
ized eggs collected from oviducts. Cas9 mRNA and Pold3
sgRNA were injected into the cytoplasm of fertilized eggs
with well-recognized pronuclei in HKSOM. The injected
zygotes were cultured in KSOM with amino acids at 37°C
under 5% CO; in air to blastocyst stage by 3.5 days. There-
after, 16-22 blastocysts were transferred into uterus of pseu-
dopregnant ICR females at 2.5 dpc. All procedures in use of
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mice were performed according to the Animal Care Guide-
lines and approved by the Nankai University Animal Care
and Use Committee.

Genotyping

One to two weeks old postnatal mice were genotyped using
DNA extracted from their tails or ears. Genotyping of em-
bryos was performed by PCR after isolation or outgrowth
assays. Embryos or ESC clones were dissolved in DNA lysis
buffer. PCR was carried out at 95°C for 5 min, followed by
35 cycles at 95°C for 30 s, 60°C for 30 s and 72°C for 40s.
A total of 2 pl of Pold3 PCR products were digested with
Sacl or Ncol (TAKARA) at 37°C for more than 2 h. DNA
fragments were visualized by agarose gel electrophoresis.

Collection of embryos at different developmental stage

Heterozygous male and female mutant mice were bred
to obtain wild-type, heterozygous and homozygous mu-
tant embryos. To generate embryos at different develop-
mental stages, Pold3*/~ females were injected intraperi-
toneally with pregnant mare’s serum gonadotropin (5 U
per mouse; Sigma), followed by injection of human chori-
onic gonadotropin (5 TU per mouse; Sigma) 47 h later and
mating overnight with Pold3*/~ males. The next morning,
males were removed and females were examined for the
presence of a vaginal plug, designated as E0.5. Embryos
were collected at various embryonic days after successful
mating.

Blastocyst culture and ICM outgrowth

Embryos were collected at E3.5 or E4.5 by flushing the
uterus of pregnant mice. Blastocysts were transferred on
0.2% gelatin-coated tissue culture plates with complete ESC
medium (knock-out Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 15% fetal bovine serum
(FBS) (ES quality, Hyclone), 1000 U/ml mouse leukemia
inhibitory factor (LIF; ESG1107; Millipore), 0.1 mM non-
essential amino acids, 0.1 mM B-mercaptoethanol, 1 mM
L-glutamine, penicillin (100 U/ml) and streptomycin (100
wg/ml). Embryos were cultured in the presence of 5% CO,
at 37°C and photographed daily using a microscope (Leica).

Generation of Pold3 knockdown (KD), Pold3 iKO (inducible
knockout) and Pold3 3F (3 x flag) ESCs

N33 ESC line was derived from wild-type C57BL/6 mice
(22). Control and shRNA sequences against Pold3 mRNA
were used for KD experiments. Pairs of oligos were cloned
into pSIREN-RetroQ (Clontech) and then the constructed
vectors were introduced into Plat-E cells to package retro-
virus. Cells were then infected with control and Pold3 KD
retrovirus, and clones picked after about 5-7 days with 2
wg/ml puromycin.

The KH2 ESC line was developed by the Rudolf Jaenisch
laboratory (23). pBS31-Pold3 or Pold3 3 x F plasmid and
pCAGGS flpE plasmid were co-transfected into KH2 ESCs
with lipofectamine 2000. iPold3 or Pold3 3 x F ESC clones
were selected out with 140 wg/ml hygromycin and induced
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to express with Dox at concentration of 0.1 wg/ml. PX330-
sgRNA-L and PX330-sgRNA-R were co-transfected into
1Pold3 KH2 ESCs, then Pold3 iKO clones were selected and
genotyped. The cell lines were maintained by treatment with
Dox. Pold3 can be induced to become KO by Dox with-
drawal in Pold3 iIKO KH2 ESCs. ESC lines were cultured
in ESC medium on mitomycin C-inactivated mouse embry-
onic fibroblast (MEF) cells as feeder layers, prepared on
0.2% gelatin-treated culture dish.

Cell proliferation assay

1 x 10° ESCs were plated in 12-well plates. Cells were
counted every 2 days and passaged into new 12-well plates
with 1:8. Number of cells was counted 4 or 5 times (eight or
ten days) for each cell line.

Cell cycle analysis

Cells were harvested and then fixed in freshly prepared pre-
cooled 70% ethanol overnight at 4°C. Cells were centrifuged
at 1000g for 5 min and stained with propidium iodide (PI,
Beyotime) at 37°C for 30 min. Cell cycle phases were deter-
mined by FACS analysis and the data were processed using
ModFit LT.

Embryoid body formation test

ESCs were removed off feeder cells based on their differ-
ences in the adherence to the bottom of dish. Cells were
diluted to 4 x 10*/ml. Every 30 pl was pipetted to form
a hanging drop on the cover of a 100-mm dish. Embryoid
bodies (EBs) formed on day 4 and then were transferred
to six-well plates for adherent culture. Differentiated cells
on day 15 were fixed for immunofluorescence staining us-
ing markers representative of three embryonic germ layers.

Immunofluorescence microscopy

Embryos at the indicated stage and mESCs were fixed
in 4% paraformaldehyde in PBS at 4°C for 30 min, and
then permeablilized with 0.2% Triton X-100 in PBS for 20
min at room temperature, followed by blocking in solu-
tion containing 3% goat serum, 0.1% BSA and 0.2% Tri-
ton X-100 for 2 h at room temperature. Samples were in-
cubated with the primary antibodies overnight at 4°C. The
primary antibodies included Oct4 (sc5279; Santa Cruz),
Nanog (A300-397A; Bethyl), SSEA-1 (MAB4301; Milli-
pore), B Ill-tubulin (CBL412; Chemicon), AFP (DAK-
N1501; Dako), a -SMA (ab5694-100; Abcam), 53BP1
(ab36823; Abcam), TRF1 (TRF12-S; Alpha Diagnostic)
TRF2 (05-521; Millipore), p-ATR (2853; CST), p-ATM
(4526; CST), Rifl(sc515573; Santa Cruz), flag (F1804;
Sigma) and yH2AX (05-636; Millipore). Embryos or
mESCs were washed with PBS three times and incubated
with appropriate fluorescein-labeled secondary antibodies
at room temperature for 2 h. Goat Anti-Mouse IgG (H +
L) FITC (115-095-003; Jackson), Goat Anti-Rabbit IgG (H
+ L) Alexa Fluor@®) 594 (111-585-003; Jackson) and Goat
Anti-Mouse IgM Alexa Fluor®) 488(A-21042; Invitrogen),
diluted 1:200 with blocking solution, were used. Samples

were washed and DNA was then stained for 10 min with
0.5 pg/ml Hoechst 33342 (H1398; MP), and placed in Vec-
tashield mounting medium. Fluorescence was detected and
imaged using a Zeiss Axio-Imager Z2 fluorescence micro-
scope. Immunofluorescence (IF)-FISH was performed us-
ing TelC-Cy3 (F1002; Pangene) as described (24).

DNA synthesis

DNA synthesis was measured by BrdU incorporation. Em-
bryos or ESCs were labeled with 10 puM BrdU in mouse
ESC medium for 3 h, DNA was denatured after perme-
abilization with 0.25 N HCI and incubated with BrdU
monoclonal antibody, Alexa Fluor® 594 for IF and IHC
(A21304; Invitrogen).

DNA fiber assay

DNA fiber assay was performed as described (25,26), with
slight modification. Cells were pulsed with 50 puM CldU
(sc-221018; Santa Cruz), washed twice with 1 x PBS, and
pulsed with 250 uM IdU (sc-205720; Santa Cruz). Cells
were resuspended in PBS at 3 x 10°/ml, and 2.5 pl cell
suspension spotted on adhesion microscope slides (188105;
CITOGLASS) and lysed with 7.5 wl lysis buffer (0.5% SDS,
200 mM Tris-HCI, pH 7.4, 50 mM EDTA) for 10 min.
Slides were tilted 15° to stretch DNA fibers by gravita-
tional flow. Fibers were fixed with methanol/ acetic acid
(3:1) for 15 min at -20°C, denatured with 2.5 N HCI for 1
h, and blocked with 5% BSA plus 0.1% Tween for 30 min
at RT. Rat anti-BrdU (1:200; Ab6326; Abcam) was used to
detect CldU, and mouse anti-BrdU (1:50; Ab181664; Ab-
cam) to detect IdU. Slides were incubated with the pri-
mary antibody overnight, and then washed once by strin-
gency buffer (10 mM Tris-HCI, pH 7.4, 300 mM Nacl, 0.2%
Tween and 0.2% NP40) for 5 min (stringency buffer reduces
non-specific binding). Slides were washed twice with 1 x
PBS, blocked again with 5% BSA for 30 min at RT, and
then incubated with secondary antibodies for 2 h at RT,
Alexa Fluor 488-conjugated donkey anti-Rat (A21208; In-
vitrogen) and Alexa Fluor 594-conjugated goat anti-mouse
(A11032; Invitrogen). Coverslips were mounted using Vec-
tashield (H-1000; Vector). Images are acquired using Zeiss
Imager Z2 fluorescence microscope with a 100x objective
lens and FITC and Rodamine filters. Fiber lengths in IdU
tract were measured using ruler tool in Photoshop software.

TUNEL assay

Apoptosis assay for embryos, cultured cells and sections was
performed by TUNEL staining following DeadEnd"™ Fluo-
rometric TUNEL System (G3250; Promega). Images were
taken under a Leica confocal microscope.

Ionizing radiation and drug treatment

To induce DNA damage, ESCs were cultured under feeder-
free condition and treated with a dose of 10 Gy irradiation
by Gamma cell 40 Exactor (Best Theratronics) or 2.5 pM
etoposide for 2 h. ESCs without treatment, or 2 h and 12
h later after treatment were collected for analysis. 1 x 103



ESCs were plated and treated with VE-821 (S8007; Selleck)
in 12-well plates, and cells counted every two days or at day
3.

Western blot

Cells were lysed in cell lysis buffer for western blot on ice
for 30 min and then sonicated for 1 min at 60 amplitude
at 2 sec intervals. Samples were centrifuged at 10,000 g
for 10 min at 4°C, then supernatants transferred into new
tubes. The protein concentration was measured by bicin-
choninic acid assay, and then the samples boiled with SDS
buffer at 98°C for 8 min. 20 or 30 wg proteins of each
sample were resolved by 8% or 10% Bis-Tris SDS-PAGE
and transferred to polyvinylidene difluoride membranes
(ISEQ00010; Millipore). Non-specific binding was blocked
by incubation in 5% non-fat dry milk (9999S; CST) in TBS-
T at room temperature for 2 h. Blots were then probed with
primary antibodies, yH2AX (05-636; Millipore), p-CHK 1
(23418S; CST), p-ATR (2853; CST), ATR (sc515173; Santa
Cruz), p-ATM (4526; CST), RADS51 (Ab88572; Abcam),
MLH1 (550838; BD Pharmingen), Oct4 (sc5279; Santa
Cruz), Nanog (A300-397A; Bethyl) and B-actin (P30002;
Abmart) by incubation overnight at 4°C in 5% skim milk
in TBS-T. Immunoreactive bands were then probed for
2 h at room temperature with appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies, anti-
Rabbit IgG-HRP (NA934V; GE Healthcare), or goat anti-
Mouse 1gG (H+L)/HRP (ZB-2305; ZSGB-BIO). Protein
bands were detected by Chemiluminescent HRP substrate
(WBKLS0500; Millipore). Custom-made polyclonal rabbit
anti-Pold3 antibody was generated against the C-terminal
region of Pold3 (C-KREPREERKGPKKG) (Abmart).

RINA extraction and real-time quantitative PCR

Total RNA was purified using a RNA mini kit (Qiagen),
treated with DNase I (Qiagen), and the cDNA generated
from 2 pg RNA using Oligo (dT) 18 primer (Takara)
and M-MLYV Reverse Transcriptase (Invitrogen). Real-time
quantitative PCR reactions were set up in duplicate with the
FS Universal SYBR Green Master (Roche) and carried out
in an iCycler MyiQ2 Detection System (BIO-RAD). All re-
actions were carried out by amplifying target genes and in-
ternal control in the same plate. Each sample was repeated
three times and normalized using GAPDH as the internal
control. The amplification was performed for primary de-
naturation at 95°C for 10 min, then 40 cycles of denatu-
ration at 95°C for 15 s, annealing and elongation at 58°C
for 1 min, and the last cycle under 55-95°C for dissocia-
tion curve. Relative quantitative evaluation of target gene
was determined by comparing the threshold cycles. Primers
were confirmed for their specificity with dissociation curves.

Telomere quantitative fluorescence in situ hybridization (Q-
FISH)

Telomere length and function (telomere integrity and chro-
mosome stability) was estimated by Q-FISH (27,28). Cells
were incubated with 0.3 pg/ml nocodazole for 3 h to en-
rich cells at metaphases. Chromosome spreads were made
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by a routine method. Metaphase-enriched cells were ex-
posed to hypotonic treatment with 0.075 M KCI solution,
fixed with methanol: glacial acetic acid (3:1) and spread
onto clean and cold slides. Telomeres were denatured at
80°C for 3 min and hybridized with FITC-labeled (CCC-
TAA) peptide nucleic acid (PNA) probe (F1009; Panagene)
at 0.5 pg/ml. Chromosomes were counter-stained with 0.5
pg/ml DAPI. Fluorescence from chromosomes and telom-
eres was digitally imaged on a Zeiss Imager Z2 microscope
with FITC/DAPI filters, using AxioCam and AxioVision
software 4.6. For quantitative measurement of telomere
length, telomere fluorescence intensity was integrated using
the TFL-TELO program (a gift kindly provided by P. Lans-
dorp, Terry Fox Laboratory).

TRF by Southern blot analysis

The average terminal restriction fragments (TRF)
length was determined according to the commercial
kit (TeloTAGGG Telomere Length Assay, 12209136001;
Roche Life Science). Genomic DNA was extracted by tra-
ditional phenol:chloroform:isoamyl alcohol method. 3 pg
DNA was digested with Mbol (NEB) for 15 h and the DNA
fragments separated by 1% agarose gel for 16 h at 6V/cm in
0.5 x TBE buffer using CHEF DR-III pulse-field system
(Bio-Rad). Gels were denatured, neutralized, and trans-
ferred to nylon membrane (RPN2020B; GE Healthcare)
for 48 h. The membrane was hybridized with digoxigenin
(DIG)-labeled telomere probe at 42°C overnight and
incubated with anti-DIG-alkaline phosphatase antibody.
Telomere signal was detected by chemiluminescence after
adding substrate solution on membrane.

Tissue collection and histology

Testis and caudal epididymis and other tissues were dis-
sected immediately following euthanasia of mice. Tissues
were then fixed in 10% formalin solution (HT501128;
Sigma) overnight at 4°C, dehydrated in an ethanol series,
and embedded in paraffin wax. 5-pm sections were cut with
a microtome and then stained with hematoxylin and eosin
for histological analysis.

Immunofluorescence of spread spermatocytes and sections

Spermatocytes spreading was performed using the drying-
down technique previously described (29), and immunos-
taining of spermatocytes and sections performed as de-
scribed previously (30). Briefly, dissected testis were placed
in PBS, fixed in 1% paraformaldehyde, washed in PhotoFlo,
air-dried, and stored at -20°C. Slides were washed in PBS-
0.1% Triton X-100 for 10 min and blocked with block-
ing buffer (5% BSA, 1% goat serum and 0.1% Triton X-
100 in PBS). The primary antibodies included anti-SYCP3
(NB 300-230, Novus Biologicals; Ab97672, Abcam), anti-
SYCP1 (Ab15090; Abcam), anti-y H2AX (05-636; Milli-
pore), anti-RADS51 (Ab88572; Abcam) and anti-MLH1
(550838; BD Pharmingen). Slides were washed 15 min for
3 times after incubation with primary antibody overnight
at 4°C. Appropriate fluorescence-conjugated secondary an-
tibodies were used to reveal specific proteins, and DAPI to



3472 Nucleic Acids Research, 2018, Vol. 46, No. 7

reveal chromosomes/chromatin. For paraffin sections, sec-
tions were boiled for 3 min at 120°C in sodium citrate buffer
for antigen retrieval. The remaining steps were described as
above.

RNA-sequencing and analysis

Conventional RNA-Seq was performed for Pold3 iKO
ESCs (PO, P1 and P2) by Novogene. The RNA-seq reads
were aligned to the mouse reference genome mm9 using
TopHat. Prior to differential gene expression analysis, the
read counts were adjusted for each sequenced library by
edgeR program package through one scaling normalized
factor. Differential expression analysis of two conditions
was performed using the DEGSeq R package (1.20.0). The
P values were adjusted using the Benjamini & Hochberg
method. All differentially expressed genes were determined
by llog2(FoldChange)l> 1&q-value < 0.005.

Statistical analysis

Statistical significances were analyzed by ANOVA or t-
tests using StatView software from SAS Institute. The data
were considered significant when P < 0.05 (*), 0.01(**) or
0.001(**%*).

RESULTS

Targeted knockout of mouse Pold3 gene by CRISPR/Cas9
system

To explore the roles of Pold3 in mice, we first analyzed
Pold3 mRNA and protein levels in several adult tissues by
real-time quantitative PCR (RT-qPCR) and western blot re-
spectively (Figure 1A and B). Pold3 was predominantly ex-
pressed in spleen, and especially in testis. To generate Pold3
knockout (KO) mice for investigation of its role in vivo,
initially we attempted to establish Pold3~/~ mouse ESCs
which can be injected into blastocysts to produce chimeras
from which Pold3~/~ mice could be achieved in principle by
cross mating. We originally designed a pair of TALEN tar-
geting Exon 6 of Pold3 (Supplementary Figure S1A) and the
indel (insert-deletion) efficiency was as high as 16% (Sup-
plementary Figure S1B). Of 144 clones that were screened
by Pvull digested, 7 clones were mutant in both alleles of
Pold3 in mouse ESC cell line (N33, Supplementary Figure
S1E). However, DNA sequencing results show that none
of them were bi-allelic frame shift (Supplementary Figure
S1C). Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)/CRISPR-associated 9 (Cas9) becomes
a common gene-editing tool which surpass Zinc-finger nu-
cleases (ZFN) and TALEN because of its simplicity and
high efficiency of gene editing in recent years (31). Two
sgRNA, sgPold3-1 and sgPold3-2 were designed to target
the same exon of Pold3 (Figure 1C). Much higher target effi-
ciency was obtained using both sgRNAs by CRISPR /Cas9
than did TALEN (67% and 47% versus 16%) (Figure 1D).
However, we still failed to achieve frame shift clones despite
the high ratio of bi-allelic mutants in mouse ESCs when us-
ing CRISPR /sgPold3-1 (Supplementary Figure S1D and
E). This suggests that Pold3~/~ ESCs might be lethal and
that Pold3 may play vital roles in mouse ESCs.

We performed micro-injection of zygotes to generate
Pold3 mutant mice as an alternative. Capped polyadeny-
lated Cas9 mRNA with sgPold3-1 or sgPold3-2 were co-
injected into mouse zygotes, and cGFP mRNA was injected
as observation control. eGFP was expressed as expected
(Supplementary Figure S1F and H). To evaluate the effec-
tiveness of Cas9/sgPold3 in embryos, we assessed the tar-
get efficiency of altered alleles at the blastocyst stage, and
up to 20% were modified at the target site in a collection
of five blastocysts (Supplementary Figure S1G). A total of
60 B6D2F2 (B6D2F1 X B6D2F1) embryos injected with
Cas9 mRNA and sgPold3 were transferred into three sur-
rogate mothers (Supplementary Figure S1I). Three mutant
founders generated by sgPold3 grew healthily (Figure 1E).
DNA sequencing analysis revealed that #10 and #11 were
mosaic mice with three different genetic modifications in the
Pold3 locus, and #12 was mono-allelic mutant mouse. To
generate bi-allelic frame-shift Pold3-deficient mice, #11 in-
cluding 11 bp deletion was backcrossed with C57BL/6 mice,
and then Pold3*/~ male and female mice were bred to ob-
tain Pold3~/~ mice in principle. To confirm that the Pold3
allele was impaired in mutant mice, we analyzed Pold3 pro-
tein expression levels by western blot. Expectedly, Pold3
protein levels were reduced by about half in testis or ovary
(Figure 1G). This demonstrated that Pold3 gene was dis-
rupted successfully in vivo by CRISPR/Cas9 system and
that only heterozygous (Pold3*/~) mice can be obtained.

Pold3 deficiency causes early embryonic lethality

Although no postnatal Pold3~/~ pups were found among
179 live-born mice from the intercrosses, heterozygous
Pold3*/~ mice displayed no obvious abnormality in weight
or fertility over 8§ months (Figure 1H). These data suggest
that one copy of functional Pold3 allele is sufficient for em-
bryonic and postnatal development, whereas a homozygous
deficiency of Pold3 leads to embryonic lethality. To deter-
mine the time of developmental failure of Pold3~/~ em-
bryos, embryos were collected from heterozygote intercross
breeding at different times of gestation and individual em-
bryos genotyped by PCR. As a result, no Pold3~/~ embryos
were found at E7.5 or after E7.5 (Figure 1H), suggesting
that the time of embryonic lethality could occur prior to
E7.5. Blastocysts at E3.5 or E4.5 were morphologically in-
distinguishable between wild-type and heterozygous or ho-
mozygous Pold3-deficient embryos (Supplementary Figure
S2A).

To further assess why Pold3- homozygous deficient
(Pold3~/~) embryos fail to develop normally beyond E4.5,
we cultured in vitro for several days individually of E3.5
blastocysts derived from intercrosses of Pold3*/~ mice. Tro-
phoblasts of Pold3*/* and Pold3*/~ embryos spread over
the culture dish after hatching and the robust inner cell mass
(ICM) expanded as a round-shape aggregate on the tro-
phoblast giant (TG) cells after 2 days. While all embryos
were indistinguishable on day 0 and day 1 (Supplementary
Figure S2A), the trophoblasts from Pold3~/~ blastocysts
attached and spread slowly over the culture dish to form
a smaller sheet compared with outgrowths of WT blasto-
cysts at day 2 and day 3 (Supplementary Figure S2A and
B), and Pold3*/~ outgrowths seemed normal. Meanwhile,
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Genotypes of progeny from Pold3+/- intercrosses

No. of offspring with genotype

Age No. Total
+/+ +/- /-
Neonate 88 91 0 179
E125 T 4 0 11
E10.5 20 7 0 27
E78 6 9 0 15
E4.5 1 11 2 14
E3.5 8 9 4 21

Figure 1. Targeted disruption of Pold3 gene by CRISPR/Cas9 system in mice. (A) Pold3 mRNA levels in various mouse tissues by qPCR analysis. (B)
Pold3 Protein levels in various mouse tissues by western blot. (C) Schematic of Cas9/sgRNA-targeting sites in Pold3. The designed sgRNAs (sgPold3-1
and sgPold3-2) target sequence are underlined, and the protospacer-adjacent motif sequence labeled in red. The restriction sites at or near target regions
are labeled in purple. Sites of cleavage by Cas9 are indicated by upward or downward arrows. Forward and reverse primers are shown as rightward and
leftward arrows. A 650 bp DNA fragment containing the Pold3 target site was amplified by PCR, and the fragments after Sacl or Ncol digestion also
shown. (D) Restriction assay of CRISPR-mediated cleavage by Sacl or Ncol digestion at Pold3 loci in mouse ESCs. A successful digestion should give rise
to two fragments. The uncut bands are resistant to enzyme cleavage due to indel mutation. Indel percentage (uncleaved band) was calculated by ImageJ
software, % indel (uncleaved) = 100 x (1-v/fraction cleaved). (E) Detection of Pold3 mutations in founder mice by Ncol or Sacl digestion. Indel mutations
were detected in #10, #11 and #12 three founder mice. (F) Sequencing results of Pold3 mutations induced by CRISPR /Cas9 in founder mice. Deletions are
indicated by dashes, and insertion indicated by downward arrow. (G) Western blot analysis of Pold3 protein levels in testis and ovary from 2 to 3 month-old
Pold3*/* and Pold3*/~ mice. (H) Embryos and progeny from Pold3*/~ mouse intercross breeding and genotyping.

Pold3~/~ ICM cells failed to expand subsequently by day 2
and shrunk or diminished by day 3 in culture (Supplemen-
tary Figure S2A and C), suggesting that Pold3 may be more
important for ICM than TG cells. These data indicate that
Pold3 deficiency impairs outgrowth of ICM and TG cells.
To understand the underlying mechanisms associated
with the failed outgrowth of Pold3~/~ embryos, we car-
ried out bromodeoxyuridine incorporation assay during
blastocyst outgrowth. Pold3*/* and Pold3*/~ outgrowths
displayed robust DNA synthesis by immunostaining with
anti-BrdU antibody (Supplementary Figure S2D and E).
However, both ICM and trophoblasts in Pold3~/~ out-
growth ceased to proliferate. We also performed terminal

deoxynucleotide end-labeling (TUNEL) assay on blasto-
cyst outgrowths cultured for 3 days. Few TUNEL-positive
cells were detected in Pold3*/* and Pold3*/~ outgrowths,
in contrast to massive apoptosis found in Pold3~/~ out-
growths (Supplementary Figure S2F and G). Meanwhile,
vH2AX level was remarkably increased in Pold3~/~ out-
growth (Supplementary Figure S2H and 1), indicating that
dramatic DNA damage response occurs without Polds.
Most of the TUNEL+ nuclei appeared to be fragmentized
or broken, but most of the y H2AX+ nuclei remained intact.
In vivo E6.5 embryos developed a cylinder-liker two-layered
cellular structure, but Pold3-deficient embryos lacked such
structures (Supplementary Figure S2J). These data demon-
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strate that Pold3 is essential for early embryonic develop-
ment. Pold3 deficiency results in defective DNA replica-
tion and damage repair in the early embryos and ICM out-
growth.

Deletion of Pold3 leads to longer S phase and apoptosis in
mouse ESCs

ESCs are derived from ICM outgrowth of blastocysts, and
could be a good model to investigate the mechanism un-
derlying early embryonic lethality. Interestingly, Pold3 was
highly expressed in ESCs, but low in MEFs (Supplementary
Figure S3A), implying that Pold3 may play important roles
in ESCs. To examine the role of Pold3 in ESC self-renewal
and pluripotency, we also generated Pold3 KD cell lines by
RNA interference using two shRNA constructs (Supple-
mentary Table S1) and assessed the capacity for prolifera-
tion, pluripotency, and differentiation of ESCs. The mRNA
and protein levels of Pold3 were effectively reduced to about
20% of controls (Supplementary Figure S3B and C). Mor-
phologically, Pold3 KD ESCs maintained characteristics of
ESCs with compact clonal boundaries (Supplementary Fig-
ure S3D). Neither cell proliferation nor cell cycle progres-
sion was altered in Pold3 KD ESCs (Supplementary Figure
S3E and F). Expression of pluripotency-associated genes
was almost unchanged by immunofluorescence and qPCR
analysis (Supplementary Figure S3G and H). Pold3 KD and
control ESCs were differentiated in vitro by EB formation.
Makers for three germ layers, BIII-tublin (ectoderm), alpha
1-fetoptrotein (AFP, endoderm) and alpha smooth muscle
actin (a-SMA, mesoderm) were expressed similarly on day
15 (Supplementary Figure S3I). These data indicate that
reduction of Pold3 by shRNA does not affect cell prolif-
eration, pluripotency and differentiation of mouse ESCs,
which is consistent with Pold3*/~ mouse embryonic devel-
opment.

Because Pold3~/~ ESCs were not achievable by ei-
ther TALEN or Cas9 methods in repeated experiments
(Figure 1 and Supplementary Figure S1), we generated
Pold3 inducible knockout (iIKO) ESC line by flp/frt and
CRISPR /Cas9 system (23) (Supplementary Figure S4A).
An exogenous Pold3 gene was introduced into ESCs, and
two sgRNAs that could not target the Pold3 cDNA were
designed to delete the whole exon 6 of endogenous Pold3.
Exogenous Pold3 can be induced to express with 0.1
pg/ml doxycycline (Dox) for 24 h (Supplementary Fig-
ure S4B). Pold3 iIKO KH2 ESCs were generated and veri-
fied by western blot and sequencing (Supplementary Figure
S4C-E). Morphologically, Pold3 iKO ESC clones became
smaller and not compact with passage (Figure 2A). Cul-
ture Medium turned turbid after two passages without Dox
(P2). Moreover, Pold3 iIKO ESCs proliferated for no more
than four passages and cell proliferation was severely com-
promised without Dox, but iPold3 (inducible Pold3 over-
expression) ESCs did not show increased cell proliferation
(Figure 2B). Analysis of cell cycle of Pold3 iIKO ESCs with
or withdrawal of doxycycline showed that ESCs without
Pold3 displayed extended S phase and underwent apopto-
sis (Figure 2C and D). Consistent with deficient outgrowth,
DNA replication was compromised shown by BrdU in-
corporation (Figure 2E) and cell apoptosis increased by

TUNEL assay after loss of Pold3 (Figure 2F). However,
these ESCs normally expressed core pluripotent genes in-
cluding Nanog and Oct4 (32) (Figure 2G). Accompanied
with decreasing protein level of Pold3, p-CHKI1 protein
level was elevated in Pold3 iIKO ESCs, suggesting that loss
of Pold3 leads to replicative stress.

These data indicate that complete loss of Pold3 leads to
prolonged S phase, DNA damage and apoptosis. Prolonged
S phase may imply stalled replication forks resulting from
lack of Pold3.

RNA-seq reveals aberrant cell cycle and defective DNA repair
induced by loss of Pold3

To investigate the molecular changes and mechanism dur-
ing loss of Pold3, Pold3 iKO ESCs at different passages
(PO, P1 and P2) were subjected to RNA-sequencing (RNA-
Seq) analysis. Clustering analysis reveals that gene expres-
sion profile was similar in Pold3 iKO ESCs between P1 and
P2, but genes were differentially expressed at P2 compared
with PO (Figure 2H). By comparison, 78 genes were upreg-
ulated and 13 downregulated in Pold3 iKO ESCs at P1 ver-
sus PO, and 178 upregulated genes and 50 downregulated
genes identified in comparison of Pold3 iKO ESCs at P2
with PO. Venn diagrams also show that a large proportion
of genes, 73 upregulated genes and 11 downregulated genes,
are shared by P1 versus PO and P2 versus PO (Figure 21).
Fewer genes were differentially expressed between P1 and
PO and between P2 and P1. Most upregulated genes at P1
and P2 are enriched in p53 signaling pathway (Figure 2J
and Supplementary Figure S5A). Core pluripotent genes
did not change in their mRNA levels, consistent with the
protein levels (Figure 2G), although expression of Leftyl,
Lefty2 and KIf4 was decreased in Pold3 KO ESCs (Figure
2J and Supplementary Figure S5B). Trp53inpl is associ-
ated with Trp73 to regulate cell cycle progression and apop-
tosis, regardless of p53 (33). 1700007K13Rik (RbEST47)
involved in regulating S phase (34) was upregulated, con-
sistent with the prolonged S phase. Downregulation of
HI1f0 may imply declined DNA synthesis (35). Increased
Mdm?2 expression leads to delayed DNA DSB repair and
chromosome/chromatid breaks (36,37). These data further
imply the replicative stress resulting from loss of Pold3.

Pold3 is required for telomere maintenance and chromosome
stability of mouse ESCs

It is unclear whether Pold3 plays a role in telomere and
genomic stability of mouse ESCs. Further, we performed
telomere quantitative fluorescence in situ hybridization (Q-
FISH) on metaphase spread to reveal relative telomere
length as well as telomere integrity (27,28). Rapid telomere
shortening was found in Pold3 iKO ESCs within only two
passages after loss of Pold3 (Figure 3A, C and D), and this
was further corroborated by Southern blot measurement
of telomere TRF (Figure 3B). Loss of Pold3 also resulted
in chromosomal abnormality and aneuploidy (Figure 3A).
Moreover, loss of telomere was observed in Pold3 1iIKO ESCs
at P2 in contrast to PO (Figure 3C and E). Chromosome
fusion slightly increased at P2 (Figure 3F). Notably, in-
creased number of chromosome or chromatid breaks was
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Figure 2. Cell cycle, apoptosis and RNA-seq analysis of Pold3 iKO ESCs. (A) Colony morphology of Pold3 iKO ESCs, cultured with Dox (P0), or without
Dox for 48 h (P1) and for 96 h (P2). Scale bar, 100 wm. (B) Growth curve of WT, iPold3 (inducible exogenous Pold3 expression with endogenous Pold3)
and iKO (inducible Pold3 knockout without endogenous Pold3) with or without Dox. (C and D) Cell cycle analysis of Pold3 iKO ESCs at P0, P1 and P2 by
flow cytometry. Apo., apoptosis. Error bars indicate mean + SEM (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001. (E) BrdU incorporation was detected
in Pold3 iKO ESCs at PO, P1 and P2 by immunofluorescence. Scale bar, 20 wm. (F) TUNEL assay of apoptosis cells in Pold3 iKO ESCs at PO, P1 and P2.
(G) Protein levels by western blot. (H) Heatmap cluster analysis of differentially regulated genes by RNA-seq analysis of Pold3 iKO ESCs. Pold3 iKO ESCs
were cultured in the presence of Dox (P0) and 48 and 96 h after Dox withdrawal (P1 and P2, respectively). Differentially expressed genes were identified in
these three comparisons with the criteria of more than 2-fold change and g-value < 0.005. (I) Venn diagram depicting the overlap of up- and downregulated
genes among ESCs at PO, P1 and P2. (J) Scatterplot showing differentially expressed genes. Cell cycle, DNA repair and pluripotent associated genes are
indicated.
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Figure 3. Deficiency of Pold3 leads to telomere loss and genomic instability in ESCs. (A) Representative telomere FISH images of Pold3 iKO ESCs. Green,
telomeres, Blue, DAPI stained chromosome. Experiments were performed in Pold3 iKO ESCs with Dox (P0), or one passage (P1) or two passages (P2)
after Dox withdrawal. Red arrowhead, chromosome break; White arrowhead, telomere loss. Right panel, Distribution in chromosome number of Pold3
iKO ESCs and ESCs at PO. About 20 chromosome spread was counted for each group. (B) Telomere length distribution shown as TRF by Southern blot
analysis. (C) Enlarged telomere Q-FISH images, showing telomere loss (white arrowhead) and chromosome breakage (red arrowhead). Telomeres were
labeled with telomere PNA probes (green), and chromosomes labeled with DAPI (blue). (D) Histogram showing distribution of relative telomere length as
TFU by Q-FISH. Black bars on y axis indicate frequency of telomere signal-free ends. The medium telomere length (green bars) is shown as mean + SD.
About 20 chromosome spreads were quantified for each group. (E) Frequency of telomere loss per chromosome. (F) Frequency of chromosome fusion. (G)
Frequency of chromosome breakage per chromosome. Bottom panel, Distribution of chromosome breaks in Pold3 iKO ESCs and ESCs at P0. About 20
chromosome spreads were counted for each group. (H) Immunofluorescence-FISH images of telomeres (red) and yH2AX (green). Co-localized foci are
indicated by white arrows. Scale bar, 5 pum. (I) Statistical analysis of yH2AX foci per cell. Bottom panel, western blot analysis of yYH2AX and H3 and 8
actin served as loading control. (J) Co-localized foci of telomeres and yH2AX per cell. 50 nuclei were randomly counted in (I) or (J). Data represent mean
+ SEM. *P < 0.05; **P < 0.01; ***P < 0.001.



found in Pold3 iKO ESCs (Figure 3G). In addition, DNA
damage at telomeres, indicated by y H2AX foci co-localized
at telomeres as telomere dysfunction-induced foci (TIF)
(38), remarkably increased after loss of Pold3, in association
with elevated y H2AX protein level (Figure 3H-J). Our data
demonstrate that loss of Pold3 leads to telomere damage,
shortening and loss, chromosome breakage and genomic in-
stability.

Loss of Pold3 results in replicative stress

To further investigate the role of Pold3 at replicative stress,
we analyzed DNA replication dynamics at the single-
molecule level by DNA fiber assay. DNA fibers from Pold3
iKO (PO, P1 and P2) ESCs pulsed sequentially 30 min each
with the nucleotide analogs, 5-chlorodeoxyuridine (CIdU)
and 5-iododeoxyuridine (IdU), were spread on glass slides.
Replicating DNA incorporates CIdU and then IdU dur-
ing the sequential pulses, and is detected by immunofluo-
rescence. Labeled DNA fibers were shorter in Pold3 iKO
ESCs at P1 (8.96 pm) and further shortened at P2 (5.77
pm), compared to PO (9.68 pm) ESCs by measuring the
tract length of IdU (Figure 4A and B). Moreover, we found
a higher frequency of stalled replication forks in Pold3 KO
ESCs compared to controls (Figure 4C), indicative of the
presence of serious replication stress in Pold3 KO ESCs.
Replication stress can lead to micronucleus formation be-
cause of failed segregation of chromosome fragments bro-
ken at fragile site or unresolved replication intermediates
(39,40). We also observed greatly increased micronucleated
cells in cell populations at P1 and P2, compared to PO (Fig-
ure 4D). These together might contribute to the chromo-
some breaks/deletions or aneuploidy (as shown in Figure
3A).

Given the increased yH2AX and p-CHK1 levels and de-
layed S-phase progression, we determined whether these
linked to activation of the ATR or ATM kinases. Protein
levels of p-ATR and ATR were increased following loss of
Pold3 (Figure 4E). Moreover, p-ATM, activated after dou-
ble strand breaks, was also increased. These data suggest
that both ATR and ATM pathways are activated in Pold3
KO ESCs. By generation of Pold3 3 x flag cell line, we could
see Pold3 localized with TRF1 at telomeres (Figure 4F).
Furthermore, we tested whether ATR and ATM pathways
are activated at telomeres. p-ATM showed only minimal ex-
pression at TRF1 at PO, but co-localized foci of p-ATM
and TRFI1 at telomeres dramatically increased after loss of
Pold3 (Figure 4G). Likewise, p-ATR was found to increas-
ingly co-localize with TRF2 in Pold3 KO ESCs (Figure 4H).

Hence, loss Pold3 induces replicative stress and DNA
damage and this can be linked to telomere damage, shorten-
ing and loss, chromosome breaks, micronucleated cells and
aneuploidy.

Reduction of Pold3 impairs DNA repair in mouse ESCs

Further, we tested whether expression levels of Pold3 in-
fluence DNA repair in mouse ESCs. DNA damage was
induced by exposure to low dose of etoposide or vy-
irradiation. Pold3 protein level was significantly increased
2 h after withdrawal of etoposide or +y-irradiation (Figure
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5A), indicating that Pold3 may involve in DNA repair fol-
lowing DSB formation.

To assess whether ESCs with reduced levels of Pold3 are
more susceptible to DNA damage response, we performed
immunofluorescence microscopy of yH2AX and 53BP1,
commonly used DNA damage response markers (41), in
Pold3 KD or Pold3*/~ ESCs by exposure to low dose of
either etoposide or +y-irradiation. After recovery for 12 h,
higher y H2AX levels accumulated in Pold3 KD ESCs com-
pared with control (Figure 5B). We also intuitively mon-
itored yH2AX foci by immunofluorescence in etoposide-
treated or +y-irradiated ESCs. Increased yH2AX foci ap-
peared at 2 h, and the foci were significantly reduced likely
indicative of DNA repair after 12 h recovery in ESC con-
trols. However, more yH2AX foci persisted in Pold3 KD
ESCs at 12 h (Figure 5C-F), consistent with western blot
data (Figure 5B). Chemical proteomics shows that y H2AX-
53BP1 interacts in the DNA damage response (42). Indeed,
53BP1 foci also persisted longer and showed higher inci-
dence at 12 h in Pold3 KD ESCs than in the controls after
exposure to y-irradiation (Figure 5G and H). Also, higher
vH2AX protein level was observed in Pold3*/~ ESCs fol-
lowing exposure to etoposide for 2 h (Figure 5I-K).

It has been established that 53BP1 promotes NHEJ and
inhibit homology-directed repair (review, (41)). Further, we
showed that Pold3 co-localized with 53BP1 foci were vis-
ible 2 h after exposure to etoposide (Figure 6A). Rifl, a
downstream factor of 53BP1 (5), was also co-localized with
53BP1 foci (Figure 6B). Rifl foci still existed at higher inci-
dence 12 h after exposure to etoposide in Pold3 KD ESCs
than that of shControl (Figure 6C). Moreover, we used
an ATR specific inhibitor VE-821 (43,44), which can in-
duce predominantly replicative stress, to treat shPold3 ESCs
compared with shControl. Cell number was markedly re-
duced in Pold3 KD ESCs compared with shControls by
treatment with 8 wM VE-821 for 3 days or with 3 M VE-
821 for 6 days. Thus, Pold3 KD ESCs show increased sen-
sitivity to ATR inhibition (Figure 6D), supporting the no-
tion that DNA repair deficiency can be related to replica-
tion defects (13). These data further indicate that reduction
of Pold3 increases replicative stress and impairs homology-
directed DSB repair in mouse ESCs.

Pold3 heterozygosity results in germ cell loss with reproduc-
tive age

Recombination involves induction of massive DSB dur-
ing meiosis, and failure to repair the DSB leads to de-
fective meiosis and infertility (45,46). Interestingly, Pold3
was highly expressed in adult testis but minimal in fetal
testis (Supplementary Figure S6A). Moreover, both Pold3
mRNA and protein expression levels in testis decreased
with age and further in Pold3*/~ testis (Supplementary Fig-
ure S6B and C). We hypothesized that reduced levels of
Pold3 might accelerate reproductive aging. Old Pold3*/~
male mice had smaller and lighter testis compared with old
WT mice, but testis of the middle-aged mice by reproductive
age showed no significant difference (Supplementary Fig-
ure S6D and E). A few abnormal, but no completely degen-
erated tubules were visible in middle-aged Pold3*/~ mice.
The phenotype became more pronounced with age, and old
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Figure 4. Loss of Pold3 leads to DNA replicative stress and activates ATR and ATM signaling. (A) Representative immunofluorescence images of labeled
DNA fibers are shown; Scale bar, 10 wm. Pold3 iKO ESCs at passage 1 (P1) and P2 were compared with control ESCs at P0. (B) Statistical analysis of
tract length measured by IdU-labeled fiber, with 150 tracks in each assay. (C) DNA labeling showing ongoing fork (green CIdU followed by red IdU track;
green only tracks indicate stalled forks). % stalled fork = green only tracks/green tracks x 100%. mean + SEM. (D) Representative images and statistical
analysis of micronucleated cells in Pold3 iIKO ESCs, compared with control ESCs at PO. Micronucleated cells were randomly counted within 10 fields
and about 100 cells for each group. Scale bar, 5 pm. (E) Protein levels of p-ATR, ATR and p-ATM in Pold3 iKO ESCs by western blot. (F) Analysis of
Pold3 (flag) localized with telomeres indicated by TRF1 in Pold3 3F ESCs with Dox. Twenty nuclei were randomly counted. (G) Immunofluorescence of
TRF1 (red) and p-ATM (green). Co-localized foci are indicated by white arrows. Scale bar, 5 wm. Right panel, Statistical analysis of p-ATM foci per cell
and co-localized foci of TRF1 and p-ATM per cell. Thirty nuclei were randomly counted. (H) Immunofluorescence of TRF2 (green) and p-ATR (red).
Co-localized foci are indicated by white arrows. Scale bar, 5 pm. Right panel, Statistical analysis of p-ATR foci per cell and co-localized foci of TRF2 and
p-ATR per cell. Thirty nuclei were randomly counted. Data represent mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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cells counted. (T) Genotyping of WT and Pold3*/~ ESCs. (J) Reduced expression of Pold3 was confirmed by western blot in Pold3*/~ ESCs, compared to
WT ESCs. (K) Western blot analysis showing higher y H2AX protein level in Pold3*/~ ESCs compared to control 12 h after exposure to etoposide for 2 h.
Data represent mean + SEM. **P < 0.01; ***P < 0.001.
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Pold3*/~ mice manifested moderate to severe testicular de-
generation characterized by loss of germ cells within the lu-
mina of seminiferous tubules (Supplementary Figure S6F).
An average of 1.8% and 27.5% of tubules contained vac-
uoles in middle-aged and old Pold3*/~ mice, respectively,
but the vacuoles were nearly undetectable in WT mice (Sup-
plementary Figure S6G).

The observed phenotype is likely caused by impairment
of spermatogenesis. More TUNEL positive cells were found
in testis of old Pold3*/~ males, and most apoptotic cells
appeared to be spermatocytes by localization (Supplemen-
tary Figure S6H and I). It appeared that SYCP3 positive
cells were reduced and a large number of yH2AX foci fre-
quently observed in spermatocytes stained with SYCP3 in

old Pold3*/~ compared with age-matched WT mice (Sup-
plementary Figure S6J). These data show that Pold3 hap-
loinsufficiency increases apoptosis, accelerates germ cell
loss and leads to reproductive premature aging.

Pold3 haploinsufficiency impairs meiosis progression and
telomere integrity

To further characterize the defects of Pold3*/~ testis, germ
cell spreads were prepared and stained for key meiosis-
associated proteins. SYCP1 is one of the key components of
the synaptonemal complex for HR (47). Strikingly, breaks
in chromosomes were observed in a few pachytene sper-
matocytes from middle-aged Pold3*/~ males, and much
more frequently in old Pold3*/~ males, but rarely in age-



matched WT males (Figure 7A, white arrow). SYCP1 dis-
tributed discontinuously in some of the abnormal sperma-
tocytes, suggesting that meiotic synapsis was incomplete
and partially impaired (Figure 7A, red arrow). The per-
centage of pachytene and diplotene spermatocytes was de-
creased, while the percentage of leptotene and zygotene in-
creased in aged Pold3*/~ mice (Figure 7B).

To further validate the chromosome breakage, we per-
formed telomere Q-FISH and immunofluorescence of
SYCP1 on spermatocytes. Telomeres shortened with age,
and shortened further in Pold3*/~ pachytene spermato-
cytes, compared with those of WT mice (Figure 7C and D).
Moreover, number of breaks in chromosomes increased sta-
tistically (Figure 7E), and telomere loss also occurred more
frequently in old Pold3*/~ pachytene spermatocytes com-
pared with WT (Figure 7F and G).

Pold3 haploinsufficiency impairs meiotic DNA repair and re-
combination

HR is initiated by introducing DSB, and yH2AX is lo-
calized to the nucleoplasm from the leptotene to zygotene
stage, but to the sex body which contains unpaired regions
of the X and Y chromosomes at the pachytene stage (48).
The pattern in distribution of yH2AX, a marker for DSBs,
during meiosis is well documented (49,50). In leptotene and
zygotene spermatocytes, it is usually interspersed through-
out the nucleus and disappears by late zygotene, whereas in
pachytene, strong yH2AX signal is solely restricted to the
sex body. Staining of y H2AX in leptotene or zygotene sper-
matocytes did not differ between Pold3™/~ and WT mice.
However, abnormal distribution of y H2AX throughout the
nuclei was frequently detected in Pold3*/~ spermatocytes at
pachytene and diplotene stages. y H2AX foci were increased
in old Pold3*/~ mice and number of yH2AX positive cells
with more than 5 foci on the autosomes significantly rose in
pachytene spermatocytes of middle-aged and old Pold3*/~
mice (Figure 8A-C).

RADS1, a DSB repair-associated recombinase needed
for both mitotic and meiotic recombination events
(16,51,52), maintained at higher levels in pachytene sper-
matocytes of old Pold3*/~ mice (Figure 8D-F), consistent
with the DSB repair defect. Both persistent yH2AX and
remaining Rad51 foci on the pachytene and diplotene
chromosomes demonstrate that DSB repair is impaired in
old Pold3*/~ testis, and this may be associated with de-
fective HR. Indeed, the MLHI1 foci, indicative of HR and
crossover, declined and more cells with less than 17 MLH1
foci were found in spermatocytes of old Pold3*/~ male,
compared with those of age-matched WT mice (Figure
8G-I). Collectively, these results suggest that reduction
of Pold3 impairs DSB repair ability and leads to genomic
instability in meiosis.

DISCUSSION

We show that Pold3 is required for DSB repair in major de-
velopmental processes including early embryogenesis, ESC
self-renewal and meiosis, all possessing robust HR mecha-
nisms to repair DSB as well as telomere maintenance and
integrity, important for genomic stability. Furthermore, we
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suggest that level of Pold3 affects aging, and show here that
haploinsufficiency of Pold3 leads to meiosis defects with re-
productive age.

Our data demonstrate that Pold3 is essential for early em-
bryonic development. Some phenotypes of Pold3 knock-
out mice reported in our work using CRISPR/Cas9 gene
editing (Figure 1H) are consistent with those of Murga’s
(18), showing decreased mendelian ratios and reduced num-
ber of Pold3*/~ mice born, and Pold3~/~ embryonic lethal-
ity. Moreover, we could not obtain Pold3~/~ ESC lines by
either CRISPR/Cas9 or TALEN methods. Complete loss
of POLD3 also was not achievable in U20S cells using
CRISPR /Cas9 (53). These data together further strengthen
the notion that Pold3 is required for cell survival. Moreover,
we observed that the Pold3~/~ embryonic lethality occurs
as early as E5.5-E6.5 due to DNA damage and apoptosis.
Pold3*/~ mice mostly survived to adulthood, but exhibited
meiosis defects and reproductive premature aging, and this
corroborates decreased lifespan reported by Murga et al.
(18).

Robust DNA repair and telomere maintenance mecha-
nisms ensure rapid proliferation and unlimited self-renewal
capacity of ESCs (1,54). We show that Pold3 plays crit-
ical role in DSB repair and maintaining the telomere
integrity and genomic stability of mouse ESCs. Ear-
lier, POLD3/Pol32 is involved in break-induced telomere
synthesis that underlies telomerase-independent telomere
maintenance in budding yeast (55). Recently, the POLD3
subunit of Pold is required for BIR and the conservative
replication of telomeres in human alternative lengthening
of telomeres (ALT) cell lines (12,53,56,57). ALT originally
discovered in about 15% of human cancer cells utilizes
homology-directed DNA repair to maintain telomeres (58).
Interestingly, while decreased Pold3 causes telomere short-
ening in ALT cell lines, accompanied with accumulated in-
creased numbers of TIFs, it does not change telomere length
in telomerase-positive cells (53). These evidence demon-
strate conserved role of Pold3 in telomerase-independent
telomere maintenance in yeast and the ALT pathway in hu-
man cancers. Nevertheless, mouse ESCs utilize both telom-
erase and recombination based ALT-like pathways to ro-
bustly elongate telomeres ((59) review (54)). Our data ex-
tend these findings to demonstrate in mouse ESCs the exis-
tence of mechanistically multiple pathways involving Pold3-
mediated DNA repair and telomere integrity.

Mechanistically, Pold3 is required for DNA replication
and DNA repair by suppressing DNA replicative stress.
Loss of Pold3 in ESCs results in increased replicative stress
and impaired DNA damage repair. Also, replication stress
can activate ALT mechanisms in primary and telomerase-
positive cells (60). Mammalian telomeres resemble fragile
sites and are prone to alterations or breakage under replica-
tion stress conditions (61,62). Consistently, telomere dam-
age induced foci, telomere loss and chromosome fusion are
increased in Pold3-deficient ESCs. Common fragile sites
are prone to breaks or gaps in metaphase chromosomes
when cells experience replicative stress (39,40), such that
increased chromosome breakage and micronuclei are ob-
served in Pold3-deficient ESCs.

Furthermore, we show that loss of Pold3 in ESCs acti-
vates ATM and ATR pathways. Moreover, ESCs with re-
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duced Pold3 exhibit increased sensitivity to ATR inhibition.
Activation of ATM kinase pathway elongates telomeres in
telomerase positive mouse and human cells and parallels
its role in DNA damage, and ATR may compensate for
loss of ATM (44). ATM and ATR are required for telom-
ere elongation by telomerase recruitment to telomeres in
telomerase positive human cells (63). ATR kinase is cru-
cial for DNA damage and replication stress responses and
suppresses chromosome instability also by function at cen-

tromeres (64). However, ATR also has an important role
in the suppression of telomere fragility and recombination
(65). Similarly, ATM and ATR regulate damage signaling,
telomere integrity, and survival in ALT cells, but may be not
an essential component of the break-induced telomere syn-
thesis (53). Although activated ATM and ATR pathways
may extend telomeres by recruiting telomerase to telom-
eres in telomerase positive cells (44,63), their impact on
rescuing DNA and telomere defects could be limited after
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loss of Pold3 in ESCs, as evidenced by chromosome breaks,
telomere shortening and loss and aneuploidy. It is possible
that Pold3 may mediate DNA replication and repair and
maintain telomere integrity by suppressing ATR and ATM-
activated DNA damage signaling.

53BP1 and RIF1 also may involve in Pold3-mediated
DNA replication and telomere maintenance in mouse
ESCs. Rifl is an important contributor to the control of
DSB repair by 53BP1, and RIF1 and 53BP1 cooperate
to block DSB resection to promote NHEJ in G1, which
is antagonized by BRCAI in S phase to ensure a switch
of DSB repair mode to HR (5,66). Reduction of Pold3 in
ESCs causes elevated RIF1 and 53BP1 foci in response to
DNA damage (Figure 6). Pold3 depletion results in delayed
S phase, and shorter G1 in mouse ESCs, consistent with
intra-S-phase checkpoint activation with increased levels of
p-CHKI1 (67), p-ATR and p-ATM, and DNA replication
stress (68,69). Given that ESCs have relatively short G1 and
even shorter G1 phase after loss of Pold3 (Figure 2D), the
elevated Rifl and 5S3BP1 may switch the DSB repair mode
to HR in extended S phase. These data also are consis-
tent with the concept that relatively long S phase and short
G1 phase characteristic of ESCs are beneficial for HR-
mediated DSB repair and telomere elongation and integrity.
Telomere loss and dysfunction activates ATR-dependent
DNA damage response and absence of 53BP1 can lead
to amplification and persistent DNA damage signals (70).
Replication stress elicits DNA damage response, activation
of ATR and 53BP1 and DNA deletions and amplifications
shown as micronuclei, and thus induces chromosomal insta-
bility (26). MUSS1, BLM, BRCA and RADS52 also may in-
volve in POLD3-induced DNA replication and HR (13,71).
Together, these data suggest that Pold3 plays even more im-
portant roles in the genomic stability of ESCs than that of
other cell types likely by regulating multiple pathways.

Pold3 also plays critical roles in DSB repair, HR and
telomere maintenance in meiosis. BIR and telomeres are
important for recombination in meiosis. Telomere cluster-
ing is often found in meiotic cells (72). Telomere damage
or DSBs can induce telomere clustering and this results in
HR-dependent repair and ALT mediated telomere mainte-
nance (53,73,74). DSB response at ALT telomeres triggers
long-range movement and clustering between chromosome
termini, resulting in homology-directed telomere synthesis
(75). A new study demonstrates that BLM and SLX4 be-
come actively engaged at ALT telomeres to process HR-
intermediate structures and that BLM requires both the Pol
d component POLD3 and RADS] to initiate these events
(56). Rad51 is required for the repair of telomeric DSBs
(73). Rad51 recruitment and/or retention at DSBs facilitate
repair by HR (76). We observed that Rad51 still accumu-
lates in aged Pold3*/~ spermatocytes, suggesting that Rad51
may remain to repair DSB. Moreover, telomeres gradually
shorten and become lost and HR declines in pachytene sper-
matocytes of Pold3*/~ mice with age. Short telomeres im-
pair HR in meiosis as evidenced by reduced MLH1 foci on
SYCP elements (30). Pol§ is preferentially recruited during
meiosis to promote heteroduplex DNA extension in yeast
(77). Our data suggest that DNA damage repair defects re-
sulting from reduced level of Pold3 can lead to telomere

shortening and loss, and chromosome breaks, compromis-
ing meiosis.

Notably, haploinsufficiency of Pold3 leads to meiosis de-
fects, increased DNA damage and apoptosis and declined
germ cells with age. One of responses to DNA damage is
to induce apoptotic cell death (78). Persistent y H2AX foci
provides molecular marker of DNA damage and also can
accelerate aging (79). Replicative stress in these cells due to
reduced levels of Pold3 also may lead to aging (80). More-
over, impaired DSB repair and accumulation of DNA le-
sions contribute to age-associated rise of genomic instability
and age-related diseases (81-85). Meanwhile, short telom-
eres also are sufficient to cause the degenerative defects as-
sociated with aging (86). Telomere damage can contribute
to telomere dysfunction and genomic instability (87,88).
Our data show that reduced level of Pold3 impairs DSB re-
pair and HR, and induces telomere loss and these together
can contribute to accelerated meiosis defects with age. Pold3
is involved in processing of meiotic DSB repair during mei-
otic recombination.

We conclude that Pold3 is essential for DSB repair and
telomere maintenance, ensuring genome stability in ESCs
and meiosis.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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