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1 | INTRODUCTION

| Dong Zhang?

Abstract

Background: Replication stress response is crucial for the maintenance of a stable ge-
nome. POLDIP3 (DNA polymerase delta interacting protein 3) was initially identified
as one of the DNA polymerase & (Pol §) interacting proteins almost 20 years ago. Using
a variety of in vitro biochemical assays, we previously established that POLDIP3 is
a key regulator of the enzymatic activity of Pol 8. However, the in vivo function of
POLDIP3 in DNA replication and DNA damage response has been elusive.

Methods: We first generated POLDIP3 knockout (KO) cells using the CRISPR/Cas9
technology. We then investigated its biological functions in vivo using a variety of
biochemical and cell biology assays.

Results: We showed that although the POLDIP3-KO cells manifest no pronounced
defect in global DNA synthesis under nonstress conditions, they are sensitive to a va-
riety of replication fork blockers. Intriguingly, we found that POLDIP3 plays a crucial
role in the activation and maintenance of the DNA damage checkpoint in response to
exogenous as well as endogenous replication stress.

Conclusion: Our results indicate that when the DNA replication fork is blocked,
POLDIPS3 can be recruited to the stalled replication fork and functions to bridge the
early DNA damage checkpoint response and the later replication fork repair/restart.
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In eukaryotes, three DNA polymerases are involved in DNA rep-

DNA replication is one of the most important cellular processes, the
fidelity of which is critical for the fitness of the organism. For exam-
ple, in humans, errors resulting from DNA replication of the stem
cells may account for two-thirds of cancer incidence.? Therefore,
organisms, from yeast to humans, have developed elaborate path-
ways to cope with replication stress and to ensure the accurate and

complete replication of DNA during each cell cycle.®¢

lication during S phase: DNA polymerase alpha («), DNA polymerase
delta (5), and DNA polymerase epsilon (e).° DNA polymerase a (Pol
a) initiates DNA synthesis by synthesizing a short RNA primer. DNA
polymerase ¢ (Pol ¢) is mainly responsible for the synthesis of the
leading strand, whereas DNA polymerase & (Pol 8) is mainly respon-
sible for the synthesis of the lagging strand.

To identify novel Pol & interacting proteins, we previously per-

formed a two-hybrid screening using the second subunit of human
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Pol &, PolD2/p50, as the bait.” Two of the PolD2/p50 interacting
proteins identified were novel with no known functions. We thus
named them Polymerase § interacting protein 38 (PDIP38) and
polymerase § interacting protein 46 (PDIP46) based on their sizes.
PDIP46 was later renamed as DNA polymerase delta interacting
protein 3 (POLDIP3). Subsequently, Richardson and colleagues
reported the identification of SKAR, which is the mouse homo-
logue of POLDIP3, as a binding partner and substrate of Sé kinase
1 (S<€>K1).8 It was reported later that the human enhancer of ru-
dimentary is also a binding partner of POLDIP3.? Using a variety
of in vitro biochemical assays, we have established that POLDIP3
is a robust activator of Pol 8.1 Using purified recombinant pro-
teins, we showed that POLDIP3 directly binds PCNA and PolD2/
p50in vitro. Using a variety of in vitro functional assays, we further
demonstrated that POLDIP3 stimulates the enzymatic activity of
Pol 6 in the primer extension and strand displacement assays as
well as its ability to overcome a hairpin secondary structure during
DNA synthesis. However, the in vivo function(s) of POLDIP3 in
DNA replication and DNA damage response (DDR) remains largely
unclear.

To elucidate the function of POLDIP3 in DNA replication and
DDR in vivo, we first deleted POLDIP3 gene in a variety of human
cancer cell lines using CRISPR/Cas9 technology. We found that the
POLDIP3 knockout (KO) cells are sensitive to a variety of DNA rep-
lication blockers, including cisplatin [cis-diamminedichloroplatinum
(11), CDDP] and mitomycin C (MMC). We also found that POLDIP3
plays a crucial role in activating and maintaining the DNA damage
checkpoint in response to the exogenous as well as the endogenous
replication stress. Our results thus indicate that when DNA replica-
tion is blocked, POLDIP3 is recruited to the stalled replication fork
and functions to bridge the early DNA damage checkpoint response

and the later replication fork repair/restart.

2 | MATERIALS AND METHODS

2.1 | Expression and purification of recombinant
proteins

For the pull-down assays, GST-POLDIP3 was expressed as previ-
ously described.1° His tagged RPA34 was subcloned into the PET21b
vector and expressed in Escherichia coli BL21DE3 (pLys) by induc-
tion with 0.1 mM isopropyl thiogalactopyranoside (IPTG) overnight.
His-tagged Tipin was purchased from Addgene and expressed in
Sf9 cells. GST- or His-tagged proteins were purified using either
glutathione beads (GE Healthcare Life Sciences) or Ni-NTA agarose
(Qiagen).

2.2 | Cellculture

All cell lines used in this study were purchased from ATCC. All the
cells were grown in Dulbecco's modified Eagle's medium (DMEM,

Fisher Scientific) supplemented with 10% of fetal bovine serum
(FBS, Atlanta Biologicals). All the cells were grown in a humidified
incubator with 5% CO, at 37°C.3!

2.3 | Western blotting, coimmunoprecipitation, and
GST pull-down assays

Western blotting for POLDIP3 and other proteins was performed
as described previously.10 A549 cells were treated with 10 J/m?
ultra violet C (UVC) or without UVC for 4 h and then used to
prepare protein lysates. Coimmunoprecipitation was performed
using POLDIP3 antibody or a control IgG. The lysates were centri-
fuged at 14000rpm for 10 min. POLDIP3 antibody or the control
IlgG were added to the lysates and the mixtures were incubated
at 4°C overnight. The next day, A/G agarose beads (Santa Cruz
Biotechnology) were added and the mixtures were incubated at
4°C for another hour. The beads were spun down and washed eight
times with radioimmunoprecipitation assay buffer (RIPA buffer) and
then suspended in 2X sodium dodecyl sulfate (SDS) loading buffer.
The bound proteins were analyzed using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot-
ted with antibody against RPA34 (Cell Signaling, 2208) or Tipin
(Santa Cruz Biotechnology, sc-135580) or POLDIP3.° For GST
pull-down assay, 1 pg of GST-POLDIP3 or GST was incubated with
1 pg of His-RPA34 or His-Tipin in 800l of binding buffer (50mM
Tris-HCI, pH 7.8, 1mM ethylenediaminetetraacetic acid [EDTA],
150mM NaCl, 0.1% NP-40, and 0.2mM phenylmethanesulfonyl
fluoride) for 4 h with rotation at 4°C. 15ul of packed glutathione
beads was added and further rotated for another hour. The beads
were spun down at 2500rpm for 5 min, washed eight times with
the binding buffer, and suspended in 1X SDS loading buffer. The
bound proteins were analyzed by SDS-PAGE and Western blotted
with either antibody against RPA34 (Cell Signaling, 2208) or Tipin
(Abcam, ab172792).

2.4 | CRISPR/Cas9-mediated POLDIP3 gene
knockout or shRNA-mediated POLDIP3 knockdown

CRISPR/Cas9-mediated human POLDIP3 gene knockouts were
done according to the manufacturer's instructions (Santa Cruz
Biotechnology). Briefly, 1.5x10° cells/well were seeded onto six-
well culture plates in 2.5 ml of antibiotic-free medium per well and
allowed to grow to 70% confluency. The cells were then transfected
with 2 pg of human POLDIP3 CRISPR/Cas9 KO plasmid (sc-413603)
and POLDIP3 homology-dependent repair (HDR) plasmid (sc-
413603-HDR-2) (Santa Cruz Biotechnology) using 8 pl of UltraCruz
transfection reagent (Santa Cruz Biotechnology). Two days after
transfection, successful co-transfection of the CRISPR/Cas9 KO
plasmid and the HDR plasmid, which expresses a red fluorescent
protein (RFP), was visually confirmed by the detection of RFP via an
inverted fluorescence microscope. Stably transfected clones were
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selected by adding puromycin (1.0 pg/ml) and transfected with Cre
vector (sc-418923) for the removal of genetic material flanked by
the LoxP sites. Control CRISPR/Cas9 plasmid (sc-418922) contain-
ing a nontargeting 20-nt scrambled guide RNA was used as the neg-
ative control.

Human POLDIP3 shRNA (category no.: RHS4696-200753940)
and a control shRNA (category no.: RHS4743) constructs were pur-
chased from Horizon Discovery Biosciences. The shRNA expression
lentivirus were packaged by co-transfection of the packaging plas-
mids A8.9 and VSVG into HEK293T cells. Forty-eight hours after
transfection, the supernatants were filtered through a sterile 0.45-
pm filter and used for infection of A549 cells. After infection, cells
were selected by the addition of 2-3 pug/ml of puromycin and were
grown for one more week. Subsequently, cells were maintained in

0.5 pg/ml of puromycin.

2.5 | Clonogenic cell survival assays

Clonogenic cell survival assays were performed as previously de-
scribed.®! Briefly, A549 cells were first seeded onto 60-mm cell
culture dishes (1200 cells per dish). The attached cells were then
treated with different concentrations of CDDP (Sigma-Aldrich) or
MMC (Sigma-Aldrich) for 3 h. Dimethyl sulfoxide (DMSO) was used
as the negative control. After the treatment, the medium was re-
moved, and the cells were washed once with phosphate-buffered sa-
line (PBS) and replaced with fresh growth medium. The dishes were
incubated until the cells in the negative control dishes formed suf-
ficiently large colonies (11-14 days). Subsequently, the media from
each dish was removed and then washed with PBS. The colonies
were fixed in 5 ml of acetic acid/methanol 1:7 (vol/vol) for 20min
and stained with 5 ml of 0.5% (w/v) crystal violet (Sigma-Aldrich) in
H,O for 4 h. Finally, excess crystal violet was removed using H,O
and the dishes were dried. Digital images of the colonies were ob-
tained using a scanning device.

2.6 | Immunofluorescent staining

Parental U20S and U20S-POLDIP3-KO cells (2.0x10° cells/
well) were first seeded onto six-well plates. The cells were then
transfected twice with different siRNAs and replated on cov-
erslips. The cells were then used for immunostaining 72h later.
Briefly, the cells were first fixed with 4% paraformaldehyde for
15 min, permeabilized at room temperature for 15min with 0.1%
Triton X-100 in PBS, and then blocked with 2% bovine serum al-
bumin (BSA) in PBS for 1 h. The cells were labeled with different
primary antibodies and the appropriate Alexa-488 (Invitrogen)
and Alexa-546 (Invitrogen) conjugated secondary antibodies.
Finally, the cells were washed thrice with PBS for 10 min each
time, dried, and mounted using ProLong Antifade reagent with
4'.6-diamidine-2'-phenylindole dihydrochloride (DAPI, Invitrogen).
The slides were observed, and the images were obtained using

[I'L\AS—WI LEYﬂ

a Zeiss Axiovert 200 M. All the images were obtained at a mag-

nification of 40X. Antibodies used for immunofluorescent stain-
ing include Chk1-pS345 (Cell Signaling, 2348), TRF2 (Millipore,
05-521), yH2AX (Abcam, ab81299), and POLDIP3 as previously
reported.*®

2.7 | Graphing and statistics

The results were presented as means+standard errors of the
mean. All statistical tests and graphing were performed using
GraphPad Prism, version 7.01. Unpaired t-test was applied for
statistical analysis. p-values <0.05 were considered statistically

significant.

2.8 | DNA fiber assay

Cells (1.0x 10° cells/well) were seeded onto six-well plates and grew
to 70% confluency. DNA fiber assay was performed as described.*®
Briefly, 5-iodo-2"-deoxyuridine (IdU, Sigma-Aldrich) was added to
the cell culture to a final concentration of 25uM. The cells were in-
cubated for 30 min. The media was then removed, and the cells were
washed thrice with serum-free media. Growth media containing
100 uM CldU (Sigma-Aldrich) was added to the plates, and the cells
were incubated for another 30 min. After the double labeling, the
cells were washed with ice-cold PBS, harvested, and resuspended in
200-400 cells/pl ice-cold PBS. 2 ul of the cell suspension was spot-
ted at the end of the microscope slides (Fisherbrand 15-188-48) and
air-dried for 5 min. Subsequently, 7 pl of lysis buffer (200mM Tris-
HCI, pH 7.5, 50mM EDTA, and 0.5% SDS) was added to the cell sus-
pension, gently mixed using a pipette tip, and incubated for 2 min.
After cell lysis, the slides were tilted to 15 degree to allow the DNA
fibers to spread along the slides. Once the spreaded fibers had dried,
the slides were fixed in methanol/acetic acid (3:1) solution in a stain-
ing jar for 10 min. Subsequently, the slides were washed in distilled
water and immersed in 2.5 M HCI for 80 min. After DNA denatura-
tion, the slides were washed thrice with PBS for 5 min each time, and
then the blocking solution (5% BSA in PBS) was applied for 20min.
After the blocking buffer was removed, the slides were incubated
with monoclonal anti-ldU antibody (Sigma-Aldrich, SAB3701448)
and monoclonal anti-BrdU antibody (BU1/75) (Thermo Scientific,
MA1-82088) for 2 h at room temperature. Subsequently, the slides
were washed thrice with PBS for 5 min each time. The secondary
antibodies (1:500 for goat anti-mouse Alexa Fluor 594, 1:200 for
goat anti-rat Alexa Fluor 488) were applied on each slide for 1 h.
After the second antibodies were removed, the slides were washed
thrice with PBS for 5 min each time, and subsequently a drop of
mounting medium was spotted onto each slide; coverslips were ap-
plied by gently pressing down. The slides were sealed with trans-
parent nail polish, allowed to dry, and stored at -20°C for further
analysis. The slides were observed, and images were obtained using
a Zeiss Axiovert 200M with a black and white CCD AxioCam and
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pseudo-colored with Axiovision 4.8 software. All the images were
obtained at 100x magnification and were analyzed using the Image)

(http:rsbweb.nih.gov/ij).

3 | RESULTS
3.1 | POLDIP3-deficient cells are sensitive to
replication stress inducers

POLDIP3 was first identified as a Pol § interacting protein in a two-
hybrid screening.7 Our previous studies using purified recombinant
POLDIP3 have demonstrated that POLDIP3 can robustly stimulate
the various enzymatic activities of Pol & in vitro.'® However, the
in vivo function of POLDIP3 in DNA replication and DDR remains
largely unclear.

To investigate the in vivo function of POLDIP3, we first geneti-
cally deleted human POLDIP3 gene using CRISPR/Cas9 technology
in multiple cancer and transformed cell lines (A549, DU145, and
HEK293T) (Figure 1A and Figure S1). We were able to successfully
recover multiple POLDIP3 KO clones from each cell line. The growth
rates of the POLDIP3-KO cells were indistinguishable from their pa-
rental cells, indicating that POLDIP3 is dispensable for the viability
of these cells. We then performed cell cycle analysis of two inde-
pendent POLDIP3-KO clones of the A549 cells and found no pro-
nounced difference in G1, S, and G2 distribution when compared to
the wild-type (WT) A549 cells (Figure 1B), indicating that POLDIP3
is also dispensable for cell cycle regulation under nonstressed
conditions.

Next, we tested whether the POLDIP3-KO cells are sensitive
to DNA damaging agents. Interestingly, as shown in Figure 1C,D,
POLDIP3-KO cells are sensitive to CDDP and MMC treatment, both
of which are known to form intra- and inter-strand crosslinks with
DNA and block the progression of DNA replication forks. These
data suggest that POLDIP3 is likely involved in the regulation of

(A) POLDIP3-KO (B)
WT #1 #2 #3 #4 #5 #6 #7
46 KDa IB: POLDIP3
IB: Actin
A549
(© CDDP, uM

DNA replication stress response and/or repair/restart of the stalled

replication forks.

3.2 | POLDIP3-deficient cells are defective
in the activation and maintenance of DNA
damage checkpoint

To further investigate the role of POLDIP3 in DNA replication stress
response, we first performed a focused screening of known DDR
proteins that may interact with POLDIP3 by immunoprecipitation
using A549 cell lysates. Interestingly, we detected strong interac-
tions between POLDIP3 and RPA34 and between POLDIP3 and
Tipin (Figure 2A). Furthermore, we also observed strong interactions
between POLDIP3 and RPA34 and between POLDIP3 and Tipin
using purified recombinant proteins (Figure 2B), suggesting that the
in vivo interactions observed in Figure 2A are most likely through di-
rect protein-protein interaction. RPA34 is part of the heterotrimeric
complex, called replication protein A (RPA), which selectively binds
and protects the single-stranded DNA. Tipin is part of the so-called
fork protection complex (FPC), which is a key regulator of replisome.
In addition to their functions in DNA replication, RPA34 and Tipin
are also required for DNA damage checkpoint activation in response
to replication stress.}>*®

Because POLDIP3-KO cells grew normally and manifested
no pronounced cell cycle defects (Figure 1B), we speculated that
POLDIPS3 is not required for global DNA replication. Indeed, when
we performed DNA fiber assay, we did not observe any pronounced
difference between the POLDIP3-WT and POLDIP3-KO cells
(Figure S2), indicating that under nonstressed conditions, POLDIP3
is dispensable for genome-wide DNA synthesis.

To test whether POLDIP3 is involved in DNA damage check-
point activation, we treated both POLDIP3-WT and POLDIP3-KO
cells with different doses of UVC, which induces the formation of
cyclobutane pyrimidine dimers and other forms of DNA lesions thus

G1 S G2/M

POLDIP3-WT
POLDIP3-KO#1
POLDIP3-KO#3

48.5+3.7
52.6+5.7
45.916.1

38.3x2.9 | 13.2+1.7

32.7+5.8 | 14.620.9

41.245.3 | 12.7+1

FIGURE 1 POLDIP3 (DNA polymerase delta interacting protein 3)-deficient cells are sensitive to replication stress inducers, CDDP (cis-
diamminedichloroplatinum (I1)) and MMC (mitomycin C). (A) Cell lysates from the wild-type (WT) A549 cells and POLDIP3 knockout (KO)
A549 clones 1-7 were immunoblotted (IB) with different antibodies, as indicated on the right. (B) Cell cycle analysis of the WT A549 cells
(POLDIP3-WT) and two POLDIP3-KO clones (#1 and #3). (C, D) Equal number of POLDIP3-WT and POLDIP3-KO#3 cells were treated with
different concentrations of (C) CDDP and (D) MMC for 3 h and allowed to grow in fresh growth medium for 11 more days. Cells were finally

stained with crystal violet.
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Cells were treated with 1 yM CPT for 1
hr and then released into fresh medium

No CPT 0 hr 24 hr 48 hr
WT KO WwWT KO WT KO wT KO

(©) POLDIP3-WT POLDIP3-KO#3 (E)
0 5 10 15 20 30 0 5 10 15 20 30 UVC,J/im2

IB: POLDIP3

IB: POIDIP3
I1B: yH2AX

IB: pChk1
IB: pChk1
IB: PCNA IB: Actin

FIGURE 2 POLDIP3 (DNA polymerase delta interacting protein 3) promotes and sustains the DNA damage checkpoint in response to
replication stress. (A) A549 whole cell lysates were used for immunoprecipitation using either normal rabbit IgG or POLDIP3 antibody and
then immunoblotted (IB) with different antibodies, as indicated on the right. (B) GST pull-down assays using purified recombinant proteins,
as indicated on the top. (C) Wild-type (POLDIP3-WT) and POLDIP3 knockout (POLDIP3-KO#3) A549 cells were treated with different
doses of UVC for 4 h. (D) POLDIP3-WT and POLDIP3-KO#3 A549 cells were treated with different doses of CPT (camptothecin) for 1 h.
(E) POLDIP3-WT (WT) and POLDIP3-KO#3 (KO) A549 cells were first treated with 1 pM CPT for 1 h and then grew in the fresh medium
without any CPT for the indicated time. Cell lysates were prepared and immunoblotted (IB) with different antibodies, as indicated on the

right.

impeding the progression of the DNA replication machinery, and
examined checkpoint activation by immunoblotting the whole cell
lysate with antibodies recognizing yH2AX and the phosphorylated
serine-345 of Chk1 (pChk1) (Figure 2C). Interestingly, we found a
profound reduction in both yH2AX and pChk1 in POLDIP3-KO
cells, suggesting that POLDIP3 plays a critical role in the activation
of replication stress checkpoint. Consistently, when POLDIP3 was
depleted using shRNA, the UVC-induced DNA damage checkpoint
response was also severely compromised compared to the control
shRNA infected cells (Figure S3). Similar to the treatment with UVC,
when POLDIP3-KO cells were treated with different doses of camp-
tothecin (CPT), a topoisomerase | inhibitor that also blocks the pro-
gression of the replisome, we found that the induction of pChk1 is
also attenuated (Figure 2D). To further test if POLDIP3 also plays a
role in the maintenance of DNA damage checkpoint, we first treated
both POLDIP3-WT and POLDIP3-KO cells with a higher dose of
CPT (1pM) for 1h so that we could monitor the activated DNA
damage checkpoint for longer periods. After CPT was removed,
the cells were allowed to recover in normal growth medium for 24
or 48h. Immediately after the higher dose of CPT (1 M) treatment
(Figure 2E, the O h time point), we did not observe any difference
in pChk1 level between POLDIP3-WT and POLDIP3-KO cells, sug-
gesting that the higher dose of CPT also activated the POLDIP3-
independent pathway to activate the DNA damage checkpoint.

However, the POLDIP3-KO cells failed to sustain the DNA damage
checkpoint 24 and 48h after the 1 uM CPT treatment (Figure 2E,
lanes 6 and 8), whereas residue pChk1 can still be observed in the
POLDIP3-WT cells (Figure 2E, lanes 5 and 7). This strongly indicates
that POLDIPS3 is also required for the maintenance of the replication
stress checkpoint.

Collectively, our data strongly indicate that although POLDIP3 is
dispensable for routine DNA replication under nonstressed condi-
tions, it does play a critical role in the initial activation as well as the

maintenance of replication stress checkpoint in vivo.

3.3 | Inresponse to endogenous replication stress

at ALT telomeres, POLDIP3 is recruited to the stalled

replication forks and facilitates the activation of DNA
damage checkpoint

We recently reported that depletion of FANCM induces a dras-
tic increase in replication stress at the telomeres in cells that have
adopted the alternative lengthening of telomere (ALT) pathway due
to the accumulation of the TERRA R-loops, hybrid molecules formed
between the noncoding RNA, TERRA, and telomeric DNA 5 We
thus referred to this endogenous replication stress model as MR-SAT
(FANCM deficiency-induced replication stress at ALT telomeres).
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We proposed that the MR-SAT model can be used to elucidate the
molecular mechanism of replication stress responses at a specific
endogenous locus. Intriguingly, POLDIP3 was previously identified
as one of the ALT telomere-associated proteins.'®'” However, the
exact function of POLDIP3 at the ALT telomeres was not further
investigated.

We first examined whether POLDIP3 can be recruited to the
ALT telomeres that experience replication stress using the FANCM-
depleted U20S cells as previously described. > U205 cells lack
telomerase activity and depend on the ALT pathway to maintain
their telomeres. We induced robust telomeric replication stress
using two different siRNAs targeting FANCM. Cells were then co-
stained with antibodies recognizing POLDIP3 and TRF2, which is a

component of the Shelterin complex and is often used as the marker

(A) TRF2  yH2AX

DAPI Merged

(B) TRF2 pChk1 DAPI Merged
SIF'\/l-.. ...V‘...
() .
- O POLDIP3-WT
| m POLDIP3-KO
cx ——
=N -
558 151
T 2N
[SER=g TN
5 % 'D_f 104
* 0
g s
(8]
0 i) maies
siLuc siFM

for telomeres.'® As previously reported,'* depletion of FANCM in
U20S cells induces a drastic increase in DNA damage and replication
stress at the telomeres, as reflected by the dramatically increased
appearance of TRF2 foci colocalized with YH2AX foci (Figure 3A)
and pChk1 foci (Figure 3B), respectively. Using this MR-SAT model,
we observed a robust recruitment of POLDIP3 to the ALT telomeres
experiencing severe replication stress (Figure 3C). Thus, POLDIP3
joins a cohort of DDR, DNA repair, and DNA replication proteins
that have been shown to be recruited to these telomeric foci upon
FANCM depletion.’*?

To further investigate the potential role of POLDIP3 in the rep-
lication stress response at ALT telomeres, we first deleted POLDIP3
gene in U20S cells using CRISPR/Cas9 technology (Figure 3D)

and then examined the replication stress response by further

© POLDIP3 TRF2 DAPI  Merged
»)
® WT KO
(F) 60 -
o O POLDIP3-WT
N .. 907 mPOLDIP3-KO
88
g5 40+
8 i
= 30
=9 59
2%
85 104
B o
= 0 —=
siLuc siFM

FIGURE 3 POLDIP3 (DNA polymerase delta interacting protein 3) is recruited to telomeres in FANCM-deficient ALT (alternative
lengthening of telomere) cells and facilities the activation of replication stress-induced DNA damage checkpoint. (A, B) U20S cells were

transfected with siRNA targeting either luciferase (siLuc, negative control) or FANCM (siFM) and then stained with antibodies, as indicated
on the top. All the nuclei were stained with DAPI (4',6-diamidine-2"-phenylindole dihydrochloride) (blue). (C) U20S cells were transfected
with siRNA targeting either luciferase (siLuc) or FANCM (siFM and siFMU) and then stained with antibodies, as indicated on the top. All the
nuclei were stained with DAPI (blue). (D) POLDIP3 gene was deleted in U20S cells using CRISPR/Cas9 technology. Cell lysate from wild-type
(WT) and POLDIP3 knockout (KO) U20S cells were prepared and immunoblotted (IB) with different antibodies, as indicated on the right.

(E, F) POLDIP3-WT and POLDIP3-KO U20S cells were transfected with either siLuc or siFM and then stained with antibodies recognizing
TRF2 and y-H2AX, or TRF2 and pChk1. All the nuclei were stained with DAPI. Cells with more than three colocalizing TRF2 and yH2AX foci,
or TRF2 and pChk foci, were identified. More than 200 POLDIP3-WT (gray bar) and POLDIP3-KO (orange bar) cells were counted. All error
bars are standard deviation of the mean obtained from three different experiments. Standard two-tailed Student's t-test: ***p <0.001.
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FIGURE 4 A model of POLDIP3 (DNA polymerase delta interacting protein 3) in replication stress response. In response to replication
stress, POLDIP3 functions to bridge the early event (checkpoint activation) with the late events (DNA polymerase 8, or Pol 84, dependent

fork repair/restart).

depleting FANCM using siRNA (siFM). Interestingly, the increase in
both yH2AX and pChk1 telomeric foci that was usually observed
after FANCM depletion was severely suppressed (Figure 3E,F), indi-
cating that POLDIPS3 also plays an important role in the activation of
the replication stress response at ALT telomeres.

Taken together, these experiments reveal a novel and important
additional facet of POLDIP3 function in regulating the replication

stress response at ALT telomeres.

4 | DISCUSSION

Replication stress response is vital for the accurate and complete
replication of eukaryotic genome in every cell cycle. Dysfunction or
misregulation of replication stress response will lead to a variety of
human diseases, including cancers.® Here we report a novel func-
tion of POLDIP3 in vivo. Our data demonstrate that POLDIP3 plays
an important role in the initial activation as well as the subsequent
maintenance of the DNA damage checkpoint induced by either the
exogenous or the endogenous replication blockage. These findings
are unexpected because POLDIP3 was initially identified as a Pol
interacting protein.” Regarding our new findings, we propose that in
cells experiencing replication stress, POLDIP3 is uniquely positioned
to bridge the early DDR events, such as the DNA damage checkpoint
activation, and the later events, such as the repair/restart of stalled/

collapsed replication forks as discussed later (Figure 4).

4.1 | How does POLDIP3 facilitate the
activation of the DNA damage checkpoint?

One of the important questions related to our new findings is, how
does POLDIP3 facilitate the activation and maintenance of the
DNA damage checkpoint? We showed that POLDIP3 directly inter-
acts with RPA34, which is part of the trimeric RPA complex, as well

as Tipin, which is part of the FPC (Figure 2A,B). RPA facilitates the
recruitment of ATR-ATRIP to the vicinity of stalled replication forks

and activates the DNA damage chet:kpoint.12

Recent cryo-EM and
reconstitution studies using the yeast homologue of FPC suggest
that the FPC situates ahead of the CMG helicase complex to modu-
late the rate of replisome.* It is thus conceivable that the binding of
POLDIP3 to RPA and Tipin facilitates its recruitment to the stalled
replication forks. Our findings that POLDIP3 depletion leads to the
attenuation of yH2AX and pChk1 renders these protein-protein in-
teractions functionally significant because it implicates POLDIP3 in
the DDR and replication stress checkpoint activation.

The process of assembly and activation of the replication stress
response at the stalled replication forks is complex but mainly in-
volves the recruitment and activation of ATR-ATRIP and subse-
quently the recruitment and activation of Chk1.202 Together they
prevent the stalled forks from collapsing and are also involved in
the subsequent events of repair and restart of the stalled forks.
Our studies reveal here that POLDIP3 deletion greatly affects the
activation of Chk1 at the stalled replication forks, indicating that it
plays a crucial role in the replication stress checkpoint activation and
thus opens up a new perspective of its functions that goes beyond
its functions in relation to Pol &. Clearly further study still needs to
be performed. A minimal model of what our findings have demon-
strated in terms of its recruitment to stalled replication forks and
the implications of its interactions for the DNA damage checkpoint
response is shown in Figure 4. Further investigation to understand
the multifaceted functions of POLDIP3 in the DNA replication stress
response is certainly warranted.

Besides this present work, which implicates POLDIP3 in the
replication stress-induced DNA damage checkpoint activation in
the context of the ALT telomere model system, that is, the MR-
SAT, other recent studies have also pointed to an involvement of
POLDIP3 in replication stress. Most recently, Bjorkman and col-
leagues reported that POLDIP3 associates with RTEL1, an import-
ant DNA helicase, and together they facilitate the disruption of
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R-loops ahead of a moving replication fork.??> Moreover, RTEL1 is
also implicated in the abundance and localization of TERRA RNA.%
We and others have shown that TERRA R-loops are the major rep-
lication barriers at ALT telomeres.*>?425 Here it is also noted that
POLDIP3 possesses an RNA recognition motif, which can directly
bind RNA.8 We thus speculate that POLDIP3 may also be involved
in the regulation of the biogenesis of TERRA, the localization of
TERRA to telomeres, or the formation of TERRA R-loops by directly
binding to TERRA RNA.

4.2 | POLDIP3 and the difficult-to-replicate regions
It is somewhat surprising to find that POLDIP3 is not required for
the viability of the four human cell lines tested here (A549, DU145,
HEK293T, and U20S) given that it plays such an important role in
the regulation of Pol 8.2°'! On the other hand, though the three
larger subunits of Pol 84, PolD1/p125, PolD3/p68, and PolD2/p50,
are required for the viability of mammalian cells,?*=3 the smallest
subunit of Pol 84, PolD4/p12, is not,3! suggesting that Pol 63, which
consists of PolD1/p125, PolD3/pé8, and PolD2/p50, may be suffi-
cient to support the DNA replication under nonstressed conditions
and the survival of most, if not all, mammalian cells. The logical ques-
tion then becomes, what is the in vivo function of Pol §4? Our recent
studies have shed some new light on that. We found that the loss of
PolD4/p12 led to a defect in the homologous recombination repair
(HDR) pathway as well as sensitization to PARP inhibitors, suggest-
ing that the major in vivo function of Pol 54 is to facilitate the HDR.%!
It is well established that certain genomic regions are more difficult
to replicate (DTR) than others, including centromeres, common frag-
ile sites, rDNA loci, and telomeres. A unique HDR pathway, called
break-induced replication, has been implicated in replicating through
many of the DTRs, including the ALT telomeres.? We thus speculate
that both the checkpoint function of POLDIP3 and its function as
the key activator of Pol 84 will likely be important for the replisome
to overcome various replication barriers in the DTRs.
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