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Abstract

Human DNA polymerase δ is normally present in unstressed, non-dividing cells as a 

heterotetramer (Pol δ4). Its smallest subunit, p12, is transiently degraded in response to UV 

damage, as well as during the entry into S-phase, resulting in the conversion of Pol δ4 to a trimer 

(Pol δ3). In order to further understand the specific cellular roles of these two forms of Pol δ, the 

gene (POLD4) encoding p12 was disrupted by CRISPR/Cas9 to produce p12 knockout (p12KO) 

cells. Thus, Pol δ4 is absent in p12KO cells, leaving Pol δ3 as the sole source of Pol δ activity. 

GFP reporter assays revealed that the p12KO cells exhibited a defect in homologous 

recombination (HR) repair, indicating that Pol δ4, but not Pol δ3, is required for HR. Expression 

of Flag-tagged p12 in p12KO cells to restore Pol δ4 alleviated the HR defect. These results 

establish a specific requirement for Pol δ4 in HR repair. This leads to the prediction that p12KO 

cells should be more sensitive to chemotherapeutic agents, and should exhibit synthetic lethal 

killing by PARP inhibitors. These predictions were confirmed by clonogenic cell survival assays 

of p12KO cells treated with cisplatin and mitomycin C, and with the PARP inhibitors Olaparib, 

Talazoparib, Rucaparib, and Niraparib. The sensitivity to PARP inhibitors in H1299-p12KO cells 

was alleviated by expression of Flag-p12. These findings have clinical significance, as the 

expression levels of p12 could be a predictive biomarker of tumor response to PARP inhibitors. In 

addition, small cell lung cancers (SCLC) are known to exhibit a defect in p12 expression. Analysis 

of several SCLC cell lines showed that they exhibit hypersensitivity to PARP inhibitors, providing 

evidence that loss of p12 expression could represent a novel molecular basis for HR deficiency.
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1. Introduction

Eukaryotic DNA replication depends on three DNA polymerases, Pol δ Pol ε and Pol α/

primase. Pol α synthesizes the RNA/DNA primers that are extended by Pol δ and Pol ε. 

Biochemical analyses and reconstitution studies as well as genetic approaches (in yeast) 

support a current paradigm that Pol δ is primarily involved in DNA synthesis on the lagging 

strand, while Pol ε is primarily involved in synthesis of the leading strand [1,2]. Recent 

cryo-EM structural analysis of the yeast CMG helicase/Pol ε complex further supports this 

paradigm [3–5].

Human DNA Pol δ (Pol δ4) consists of a catalytic subunit (p125) and three smaller subunits 

(p50, p68 and p12) [6–8]. The p12 subunit has emerged as a critical factor in understanding 

the role of human Pol δ in both replication and repair [6–8]. The p12 subunit is transiently 

degraded in response to DNA damage by UV and alkylating agents, and also in response to 

replication stress, leading to the conversion of Pol δ4 to an active trimer, Pol δ3 [9]. Thus, 

there are two physiologically relevant forms of Pol δ4. Pol δ3 has distinct enzymatic 

properties from Pol δ4, and exhibits a greater proofreading activity and a decreased tendency 

for lesion bypass [10,11]. Pre-steady state kinetic analyses have revealed the basis for the 

differences in properties of Pol δ4 and Pol δ3 [6,7]. Pol δ3 has a decreased kpol, the rate 

constant for polymerization, and an increased kpol-exo, the rate constant for translocation of 

the primer terminus from the pol to the exo sites [10]. The decrease in kpol raises the kinetic 

barrier to polymerization, and the increase in the translocation rate act together to increase 

proofreading [12,13]. The generation of Pol δ3 in response to UV supports its role as a gap-

filling enzyme in nucleotide excision repair [14], and its increased surveillance against 

translesion synthesis as an adaptation to alkylation damage [6,11].

Pol δ3 has also emerged as having a role in human DNA replication, as p12 is also 

transiently degraded during the G1/S transition, under the control of CRL4Cdt2. Pol δ3 is the 

major form of Pol δ during S phase [7,8,15,16]. Both Pol δ3 and Pol δ4 are able to 

cooperate with Fen1 and DNA ligase I to perform Okazaki fragment processing in 

reconstitution assays [17]. With Pol δ4 and Fen1, the processing of the blocking 

oligonucleotide occurs via creation of a flap by strand displacement, followed by Fen1 

cleavage, in a manner previously described for the yeast system where short flaps are 

cleaved [18]. However, the main products with Pol δ3 are primarily single nucleotides. This 

difference emerged as a lack of strand displacement activity by Pol δ3, which can be 

understood by the same kinetic differences that govern its proofreading behavior [17].

Both Pol δ4 and Pol δ3 are active polymerases, so that one of the challenges is the 

assessment of their respective contributions to both DNA synthesis and DNA repair 

processes in vivo [8]. To address this question, we generated p12-knockout cells by 

CRISPR/Cas9 gene editing. In this study, we tested the hypothesis that Pol δ4, but not Pol 

δ3, is involved in HR DNA repair. This is based on observations that Pol δ3 does not 

perform strand displacement synthesis, so that it might not be expected to be proficient in 

the process of D-loop extension. Our studies show that p12-knockout cells exhibit a defect in 

HR.
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HR defects have been critically important in cancer etiology, as exemplified by the roles of 

BRCA1/2 mutations in breast and ovarian cancer predisposition [19]. HR-deficient cells 

exhibit a higher sensitivity towards chemotherapeutic agents, including platinum derivatives 

and topoisomerase inhibitors, that cause DNA damage which require HR for repair. Major 

advances in treatment of ovarian cancers in patients with BRCA1/2 mutations have come 

from the use of poly (ADP-ribose) polymerase (PARP) inhibitors. These act via a synthetic 

lethal mechanism with HR defects [19–21]. PARP1 is a sensor for single stranded breaks 

and was initially shown to have a role in repair of single stranded breaks in a base excision 

repair pathway [22,23]. The basis for PARP inhibitor synthetic lethality in BRCA1/2 

associated cancer was originally thought to be due to generation of excessive DSBs, but is 

now thought to occur via a trapping mechanism [24]. We have examined the effects of 

several PARP inhibitors on p12KO cells, and confirmed that they exhibit a greatly increased 

sensitivity to PARP inhibitors. In addition, there exists a known defect in p12 expression in 

small cell lung cancers (SCLC) [25]. This defect in p12 was also detected in a subgroup of 

non-small cell lung cancer patients that was correlated with poorer prognosis [25]. We have 

examined a group of SCLC derived cell lines. These cells exhibit a defect in p12 expression, 

and their sensitivities to PARP inhibitors are comparable or greater than those of p12KO 

cells.

2. Materials and Methods

2.1. Materials

Olaparib, Talazoparib (BMN 673), Niraparib (MK-4827) and Rucaparib were purchased 

from Medchem Express (MCE). Cisplatin and mitomycin C were obtained from Sigma-

Aldrich.

2.1. Cells

Non-small cell lung cancer cell lines A549, H1299, and SCLC cell lines DMS114, H446, 

H1688 and H69AR were obtained from ATCC.

2.3. Western blot analysis

Western blotting for p12 and other proteins was performed as described previously [9]. 

Antibodies against individual Pol δ subunits were as previously described [14].

2.4. CRISPR/Cas9-mediated knockout of p12

A549 and H1299 cells in which the p12 subunit was knocked out were generated by 

CRISPR/Cas9 gene targeting of the p12 gene (POLD4). Plasmids and protocols were 

supplied by Santa Cruz Biotechnology. Cells were co-transfected with Human POLD4 

CRISPR/Cas9 KO Plasmid and POLD4 HDR Plasmid. The first plasmid pool consisted of 3 

plasmids with individual guide sequences as well as a gene for expression of the Cas9 

nuclease. The second plasmid allows for HR guided repair of the sites targeted by the 

CRISPR/Cas9 plasmids with the insertion of a Red Fluorescent Protein gene and a 

puromycin resistance gene, flanked by LoxP sites. Puromycin resistant clones were 

transfected with Cre vector for the removal of genetic material flanked by LoxP sites. A 

control CRISPR/Cas9 plasmid containing a non-targeting 20 nt scrambled guide RNA 
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(gRNA) was used as a negative control. Selected clones were analyzed by Western blotting 

for p12 to confirm disruption of the POLD4 gene.

H1299-KO cells into which Flag-tagged p12 was stably expressed were generated by the use 

of the mammalian expression vector pcDNA3 (Amersham Biosciences).

2.5. Homologous recombination assay using a GFP reporter system

The HR assay was performed essentially as described by Pierce et al. [26]. The DR-GFP 

plasmid [26], and the I-SceI expression plasmid, pCBASceI [27] were gifts from Maria Jasin 

and supplied by Addgene. The readout for the assay was the determination of the number of 

GFP positive cells by flow cytometry. Statistical analysis was performed with Graphpad 

Prism v 7.01 by either unpaired t-test or Chi-squared tests.

2.6. Cytotoxicity analysis by clonogenic cell survival assays

Clonogenic cell survival assays were performed by published protocols [28]. Cells were 

treated with PARP inhibitors at different concentrations for 24 h. The plates were washed 

and the cells cultured for 11 to 14 days. The plates were stained with crystal violet. Digital 

images of the colonies were counted using ImageJ. Plating efficiencies (number of colonies 

counted/number of cells seeded) were determined and used to convert colony counts to the 

Survival Fraction (colony count/cells seeded X plating efficiency) [28]. Experiments were 

performed in triplicate. Results were presented as means ± SD. All statistical tests and 

graphing were performed with the GraphPad Prism version 7.01. Cytotoxicity analysis for 

the chemotherapeutic agents cisplatin and mitomycin C were performed in a similar manner 

except that exposure to the drugs was for 3 h.

3. Results and Discussion

3.1. Generation of p12 knockout cells by CRISPR/Cas9 gene editing

A549 and H1299 non-small lung cancer cell lines were used for these studies. We have 

previously studied the regulation of p12 levels in response to DNA damage in these cells 

[9,14,16,29]. The POLD4 gene that encodes the p12 subunit was disrupted by CRISPR/Cas9 

gene editing (Materials and Methods). Screening was performed by Western blotting for 

p12. The results for a typical experiment are shown in Fig. 1A for A549 cells, and for H1299 

cells in Fig. 1B. The A549 and H1299 knockout cells will be referred to as A549-p12KO 

and H1299-p12KO cells.

No significant differences were observed for levels of the p125, p50 and p68 subunits in 

H1299-p12KO and A549-p12KO and their wild type parental cells as determined by 

Western blotting (Fig. 1C, cf. lanes 1,2, and lanes 3,4 for the H1299 and A549 cells, 

respectively). The presence of the p125, p50 and p68 subunits confirms that Pol δ activity in 

the knockout cells is due solely to the Pol δ3 enzyme.

We encountered little difficulty in isolating p12KO knockout cells. These cells appear to 

grow normally compared to the wild type cells. The p12KO cells displayed no significant 

differences from the wild type cells in growth rates by MTT assays, in colony formation 

efficiency or colony size. Examination of A549 and A549-p12KO cells by standard flow 
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cytometry did not reveal any major changes in cell cycle phase distributions (data not 

shown). The behavior of our p12KO cells contrasts with reports that siRNA depletion of p12 

leads to decreased growth rates, cell cycle abnormalities as well as chromosomal 

abnormalities including polyploidy and aneuploidy [25,30]. These differences may be due to 

the different methodologies used, as siRNA methods may be less specific in targeting than 

the CRISPR/Cas9 gene editing methods.

Thus, these results show that Pol δ4 is not essential for cell survival. This is consistent with a 

view that Pol δ3 is the primary form of Pol δ involved in Okazaki fragment processing. 

Nevertheless, these findings do not exclude an ancillary role for Pol δ4 in DNA replication, 

where it might be involved in negotiating regions of secondary structure [7,8].

3.2. Loss of Pol δ4 leads to a defect in HR repair of double strand breaks

The central goal of this study was to assess the role of Pol δ4 in homologous recombination. 

D-loop extension is a key step in HR, in which the invading strand is extended by DNA 

polymerases. The requirement for strand displacement during extension of the invading 

strand is well recognized, and is somewhat analogous to the processes involved during 

Okazaki fragment processing [31]. In yeast, reconstitution and genetic studies have 

identified Pol δ as the primary polymerase involved in HR, noting that Pol ε does not have 

strand displacement activity [31–33]. In humans, in vitro studies have established that Pol δ4 

is able to perform D-loop strand displacement synthesis [34,35]. Since Pol δ3 does not 

perform strand displacement [17,36], this provides a strong rationale for the view that only 

Pol δ4 but not Pol δ3 participates in D-loop strand displacement synthesis.

A well-established method based on the DR-GFP plasmid that relies on a GFP reporter gene 

[26] was used to assess HR repair in H1299 and H1299-p12KO cells. The H1299p12KO 

cells exhibited a significantly lower level of HR repair (57% decrease) compared to the 

parental cells (Fig. 2A).

To confirm that the loss of HR efficiency is due to loss of p12, we used a H1299-p12KO cell 

line in which Flag-tagged-p12 was stably expressed (H1299-p12KO+Flag-p12). The results 

of this complementation experiment (Fig. 2B) show that HR was restored to the level of the 

wild type H1299 cells. This removes concerns that the HR deficiency observed is due an off-

target effect of the CRISPR/Cas9 gene editing process. Validation of the introduction of 

Flag-p12 into the H1299-p12KO+Flag-p12 cells was demonstrated by Western blotting for 

p12 (Fig. 2C).

The above experiments, and those that follow in Sections 3.3 and 3.4, demonstrate that Pol 

δ4 is required for full expression of HR activity in human cells. This contrasts to the 

situation in budding yeast, which lacks a homolog of p12, so that yeast Pol δ is a three-

subunit enzyme. Yeast Pol δ is able to perform strand displacement and is competent in HR 

[31–33]. Human Pol δ3 does not perform strand displacement and therefore would not be 

expected to perform displacement synthesis in D-loop extension.
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3.3. Loss of Pol δ4 leads to an increased sensitivity to chemotherapeutic agents, 
cisplatin and mitomycin C

The presence of an HR-defective phenotype in the p12KO cells indicates that these cells 

should be more sensitive to genotoxic agents that can lead to DNA strand breaks. We 

examined the cytotoxic effects of two well-established chemotherapeutic agents, cisplatin 

and mitomycin C, which form intrastrand and interstrand adducts with DNA that lead to 

increased dependence on HR repair [37,38]. Cytotoxic effects of cisplatin and mitomycin C 

were analyzed by clonogenic cell survival assays (Materials and Methods). Survival was 

expressed as the survival fraction, after correction of the colony counts for plating efficiency 

[28]. The A549-p12KO cells exhibited markedly higher sensitivity to both cisplatin (Fig. 

3A) and mitomycin C (Fig. 3B).

3.4. Loss of Pol δ4 leads to an increased sensitivity to PARP inhibitors

Since the GFP-based reporter assays demonstrated a defect in HR repair, it is predicted that 

the p12KO cells should exhibit an enhanced sensitivity to PARP inhibitors. The cytotoxicity 

of the PARP inhibitors Olaparib [39], Niraparib [40], and Rucaparib [41] and Talazoparib 

(BMN 673) [24] were determined. The first three are in clinical use while Talazoparib is in 

clinical trials [42]. The p12KO cell lines exhibited an increased sensitivity to the PARP 

inhibitors by comparison to the wild type A549 and H1299 cells for all four PARP inhibitors 

(Fig. 4). The increases in Olaparib, Niraparib and Rucaparib cytotoxicity were within a 

similar concentration range, but Talazoparib was cytotoxic over a ten-fold lower range. This 

is consistent with biochemical evidence for the greater potency of Talazoparib over 

Olaparib, Rucaparib and Niraparib as gauged by their relative IC50’s for inhibition of 

PARP1/2 [43].

The findings that p12KO cells exhibit increased sensitivity to PARP inhibitors is fully 

consistent with their well established synthetic lethal effect on cells with HR defects. To 

provide additional confirmation that the synthetic lethal effects of PARP inhibitors were due 

to the loss of p12 and the consequent absence of Pol δ4, the H1299-p12KO+Flag-p12 cell 

line in which Flag-tagged 12 was stably expressed was examined for sensitivity to Olaparib 

and Talazoparib (Fig. 5). In both cases, the expression of Flag-p12 led to significant 

resistance to the PARP inhibitors. These findings provide further evidence for a significant 

HR defect when p12 is knocked out, as well as an affirmation that Pol δ4 plays a significant 

role in HR repair of chromosomal DNA in a cellular context.

3.5. Sensitivity of SCLC cell lines to PARP inhibitors

A defect in p12 expression at the mRNA and protein level in a sample of 9 small cell lung 

cancers has been reported [25]. p12 levels in these cancers are barely detectable by Western 

blotting [25]. In addition, this defect in p12 was also detected in a subgroup of non-small 

cell lung cancer patients that was correlated with poorer prognosis [25]. SCLC’s are highly 

aggressive and exhibit high rates of recurrence, despite the fact that they are initially 

responsive to treatment by cisplatin and etoposide, together with radiotherapy [44]. Cell 

lines derived from SCLC tumors would be expected to exhibit sensitivities to PARP 

inhibitors that are consistent with those we observed with the p12KO cells. We compared the 

sensitivities of four cell lines derived from small cell lung tumors to PARP inhibitors. These 
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were H446, H1688, H69AR, and DMS114, obtained from ATCC. All four cell lines display 

significantly reduced levels of p12 expression in comparison to that of A549, but normal 

levels of the p125 subunit (Fig. 6A). It should be noted that these cells were not totally 

devoid of p12 expression, as this could be detected after much longer exposure of the 

Western blots.

The sensitivities of the SCLC cell lines to Olaparib and Talazoparib, together with those of 

A549, A549-p12KO, H1299 and H1299-p12KO cells were compared (Fig. 6B,C). All four 

SCLC cell lines exhibit comparable sensitivities to Olaparib. However, these were much 

more sensitive than the A549-p12KO and H1299-p12KO cell lines, by a factor of about 10 

based on their approximate IC50’s (Fig. 6B). A similar behavior was observed with 

Talazoparib, where the SCLC cell lines exhibited similar sensitivities that were at least 

several fold more than those of the p12KO cells (Fig. 6C). These findings are significant as 

they are consistent with a hypothesis that SCLC lung cancer cells that exhibit low expression 

for p12 are likely to exhibit a HR defect.

4. Summary and Perspective

Our findings support a scenario that is shown diagrammatically in Fig. 7. Loss of p12 results 

in viable cells in which the only form of Pol δ activity is that of the Pol δ3 trimer. The cells 

remain viable because Pol δ3 is able to sustain Okazaki fragment synthesis at the lagging 

strand. In addition, Pol δ3 is able to maintain a role as a gap filling enzyme in nucleotide 

excision repair. HR is compromised because Pol δ4 has a significant role in D-loop strand 

displacement synthesis. While there are extensive studies on the involvement of other DNA 

polymerases in HR [31], these clearly cannot compensate for loss of Pol δ4. Thus the 

p12KO cells exhibit a HR-deficient phenotype, noting that this is possible because Pol δ4 is 

not essential for cell viability. Consequently, the p12KO cells exhibit increased sensitivity to 

chemotherapeutic agents and also synthetic lethal sensitivity to PARP inhibitors.

These findings suggest that p12 expression is a potential biomarker for assessing the 

potential of tumor response to PARP inhibitors, an area that is of considerable current 

interest [45,46]. Given that SCLC tumors are characterized by low expression of p12, it may 

be speculated that these may be amenable to PARP inhibitor therapies. The observations that 

SCLC cell lines exhibit low expression levels of p12, and their sensitivity to PARP 

inhibitors, strongly suggests they may be HR deficient. This now appears a promising area 

of enquiry that in the future may reveal whether p12 defects play a role in the development 

of SCLC. Interestingly, Talazoparib has been shown to a potent radiosensitizer for SCLC 

[47].
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Highlights

• p12-knockout generates a HR deficiency phenotype.

• Pol δ4 is required for full expression of cellular HR activity

• p12 knockout cells are sensitized to PARP inhibitors

• p12 expression is a potential biomarker for the use of PARP inhibitors

• p12 deficiency may have a role in SCLC tumorigenesis.
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Fig. 1. 
CRISPR/Cas9 ablation of p12 expression in A549 and H1299 cells. (A, B) Western blots for 

p12 in single cell isolates of A549 and H1299 cells after CRISPR/Cas9 disruption of the 

gene (POLD4) encoding the p12 subunit of Pol δ (C) Western blots for the p125, p50, p68 

and p12 subunits of Pol δ: lanes 1–4: H1299, H1299-p12KO, A549 wt and A549-p12KO 

cells, respectively. B-actin was used as a loading control.
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Fig. 2. 
GFP reporter assays for HR in p12KO cells. Cells were analyzed for HR activity using the 

DR-GFP based reporter assay (Material and Methods). Data show the HR activity expressed 

as % GFP positive cells (n=3). Statistical analysis was performed using Graphpad Prism 

software. (A) H1299 and H1299-p12KO cells. (B) H1299, H1299-p12KO and H1299-

p12KO cells into which Flag-tagged p12 was stably expressed. (C) H1299, H1299-p12KO 

and H1299-p12KO+Flag-p12 cells were Western blotted for p12, Flag-p12 and the p125 

subunit of Pol δ. B-actin was used as a loading control.
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Fig. 3. 
Cytotoxicity of cisplatin and mitomycin C toward A549 and A549-p12KO cells. The 

cytotoxicity of cisplatin and mitomycin C was determined by clonogenic survival assays. 

Cell survival was expressed as survival fraction (Materials and Methods). Cells were 

exposed to different concentrations of the drugs for 3 h, and analyzed after 11 days of 

culture. (A) Data for cisplatin. (B) Data for mitomycin C. Results are shown as mean ± SD 

(n=3). Data for A549 cells are shown as solid squares, solid line and for A549-p12KO cells 

as solid triangles, dotted line.
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Fig. 4. 
Cytotoxicity of PARP inhibitors toward wt and p12KO cells. (A-D) Cytotoxicity of the 

PARP inhibitors Olaparib, Niraparib, Rucaparib and Talazoparib respectively, as determined 

by clonogenic survival assays (Materials and Methods). Data are shown as survival fraction 

(mean ± SD, n=3) and plotted against the log of the drug concentrations. Symbols and lines 

for A549 cells, solid blue circles, solid blue line; A549-p12KO cells, solid blue circles, 

dotted blue line; H1299 cells, solid red squares, solid red line; H1299-p12KO, solid red 

squares, dotted red line.
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Fig. 5. 
Cytoxicity of Olaparib and Talazoparib toward H1299, H1299-p12KO and H1299-p12KO

+Flag12 cells. Experiments were performed as in Fig. 4. Symbols for H1299 and H1299-

p12KO are as in Fig. 4. Symbols for H1299-p12KO+Flagp12 cells are shown in solid green 

triangles and solid green lines.

Zhang et al. Page 16

DNA Repair (Amst). Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Cytotoxicity of Olaparib and Talazoparib toward Small Cell Lung Cancer cell lines. 

Experimental procedures were as for Fig. 4. (A) Western blots for p12 and p125 levels in 

A549 and SCLC cell lines H446, DMS114, H69AR and H1688. (B, C) Cytotoxicity of 

Olaparib and Talazoparib, respectively. Symbols for H1688, x; DMS114, solid red 

diamonds; H69AR solid black triangle; H446, solid inverted green triangle. Symbols for 

A549, A549-p12KO, H1299-p12KO are as in Fig. 4.
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Fig. 7. 
Consequences of the loss of expression of p12: generation of a HR deficient phenotype. The 

diagram shows the basis for the generation of the HR deficiency by loss of p12 and is 

discussed in the text.
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