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Abstract

Glioblastoma (GBM) has limited therapeutic options. DNA repair mechanisms contribute GBM 

cells to escape therapies and re-establish tumor growth. Multiple studies have shown that POLD2 
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plays a critical role in DNA replication, DNA repair and genomic stability. We demonstrate for the 

first time that POLD2 is highly expressed in human glioma specimens and that expression 

correlates with poor patient survival. siRNA or shRNA POLD2 inhibited GBM cell proliferation, 

cell cycle progression, invasiveness, sensitized GBM cells to chemo/radiation-induced cell death 

and reversed the cytoprotective effects of EGFR signaling. Conversely, forced POLD2 expression 

was found to induce GBM cell proliferation, colony formation, invasiveness and chemo/radiation 

resistance. POLD2 expression associated with stem-like cell subsets (CD133+ and SSEA-1+ cells) 

and positively correlated with So×2 expression in clinical specimens. Its expression was induced 

by So×2 and inhibited by the forced differentiation of GBM neurospheres. shRNA-POLD2 

modestly inhibited GBM neurosphere-derived orthotopic xenografts growth, when combined with 

radiation, dramatically inhibited xenograft growth in a cooperative fashion. These novel findings 

identify POLD2 as a new potential therapeutic target for enhancing GBM response to current 

standard of care therapeutics.
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Introduction

The recurrence rate in GBM patients remains nearly 100% despite best current treatment 

consisting of surgical resection followed by ionizing radiation plus the DNA alkylating agent 

temozolomide. This points to the importance of DNA repair mechanisms in the ability of 

GBM cells to escape therapy and re-establish tumor growth. Novel therapeutic targets for 

sensitizing GBM to DNA-damaging radiation/chemotherapy are urgently needed.

Pol δ is a DNA polymerase closely associated with chromosomal DNA synthesis. Pol δ also 

participates in multiple DNA repair pathways such as base excision repair (BER), nucleotide 

excision repair (NER), and mismatch repair (MMR) [1, 2]. Polδ has an important 3’–5’ 

exonuclease activity, functions as an important gap-filling enzyme in the late post-excision 

stage of repair [3, 4], and serves to repair DNA lesions arising from exposure to mutagens 

[5]. Pol δ is also involved in DNA strand elongation during homologous recombination in 

yeast [6, 7]. Polδ consists of four subunits p125, p50, p66, and p12 that are encoded by the 

POLD1, POLD2, POLD3, POLD4 genes, respectively [8, 9]. POLD1/p125 is the catalytic 

subunit while POLD2/p50, POLD3/p66 and POLD4/p12 serve regulatory functions. There is 

a tight correlation between Polδ dysfunction, genome instability and carcinogenesis [10]. 

Depleting POLD1 or POLD3 results in the accumulation of DNA strand breaks, impaired S-

phase progression and accumulation of chromosome abnormalities [11]. Decreased 

expression of POLD4 has been shown to be significantly associated with genomic instability 

in lung cancer [12]. Consistent with the central roles of Polδ in genome replication and 

repair, POLD1 and POLD2 are both essential for cell proliferation [13]. Several studies have 

shown that POLD1 mutation is a major cause of inherited cancer such as colorectal 

adenocarcinoma, endometrial carcinomas and breast cancer [13–16]. POLD2 serves as a 

scaffold for the assembly of Polδ by interacting simultaneously with all of the other three 

subunits [17]. Yeast two-hybrid assays have shown that only POLD2 interacts with 
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translesion synthesis polymerase (Polη), indicating that POLD2 may play a unique role 

within the replication complex. Polη/POLD2 interaction contributes to DNA damage 

tolerance [17]. Emerging experimental and clinical evidence have shown that POLD2 is 

aberrently expressed in multiple cancers. In ovarian carcinomas, POLD2 was strongly up-

regulated in poorly differentiated serous carcinomas (PDSC) when compared to control 

tissues and other examined histological subgroups of ovarian carcinomas [18]. POLD2 as a 

signature gene was significantly related with ovarian cancer patient survival [18, 19].

A multigene predictor model using TCGA glioblastoma data recently found that POLD2 is 

one of 7 landscape genes significantly associated with patient survival, suggesting that 

POLD2 may play a vital role in GBM pathogenesis and/or therapeutic resistance [20]. 

However, the expression and clinical significance of POLD2 and its function in DNA repair 

remain unknown in glioblastoma. In this study, we examined the expression, function and 

pre-clinical effects of POLD2 gain- and loss-of-functions in combination with DNA-

damaging therapies in gliomas. Our data demonstrate that POLD2 is highly expressed in 

human GBM and GBM stem-like cells and that expression correlates with poor patient 

survival. Silencing POLD2 expression inhibited GBM cell growth and GBM stem-like cell 

self-renewal, and sensitized GBM cells to cell death induced by temozolomide and γ-

radiation. Inhibition of POLD2 expression attenuated EGF-induced cell proliferation and the 

effects of EGF-induced cytoprotection against chemo-/γ-radiation-induced cell death. 

POLD2 inhibition in combination with ionizing radiation completely inhibited tumor growth 

in vivo. These findings identify POLD2 as a new potential therapeutic target for GBM.

Materials and Methods

Clinical samples

46 primary gliomas tissues (WHOII, astrocytoma n=9, oligodendroglioma n=4, mixed 

oligoastrocytoma n=2; WHOIII, anaplastic astrocytoma n=11, anaplastic oligodendroglioma 

n=3; WHOIV, GBM, n=17) and 7 control non-neoplastic brain tissues were collected from 

Xinqiao Hospital, Third Military Medical University, Chongqing. The gliomas were 

diagnosed and categorized by two neuropathologists according to the 2016 WHO 

Classification of Tumors of the Central Nervous System [21]. Informed consent was signed 

by all patients. The present study was approved by the Ethical Committee of Xinqiao 

Hospital, Third Military Medical University, Chongqing and Second Xiangya Hospital of 

Central South University, Changsha.

Patient dataset analysis

POLD2 expression (mRNA) was analyzed using GlioVis (https://gliovis.bioinfo.cnio.es, data 

exported September 2017) and the Cancer Genome Atlas (TCGA). The datasets were 

exported directly from GlioVis. Based on the status of MGMT methylation in TCGA GBM 

datasets, the survival analysis were carried out using the optimal cutoff as provided in http://

gliovis.bioinfo.cnio.es/.
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Vectors, transfections and transduction

All plasmid transfections were performed using Lipofectamine® 2000 Reagent (Thermo 

Fisher Scientific, USA) according to the manufacturer’s instructions. A172 and U87 cells 

were plated ( 4×105 cells /10 cm dish) and transfected with control siRNA or POLD2 siRNA 

mix at the final concentration of 100 nM (Ribobio, Guangzhou, China, POLD2 siRNA: 

target sequence 1: GTGGCAACCTACACCAACT; target sequence 2: 

GTGGAGGACTATTGCTTTG; target sequence 3: GACAGAACGTGAGTGACAT ). Cells 

were collected 48h later for further analysis. To generate lentivirus, 293FT cells were co-

transfected with plasmids pLM-POLD2 (pLenti-GIII-CMV-GFP-2A-Puro, Abm, Richmond, 

Canada); or three pLKO-shRNA POLD2 and shRNA-control vectors (Johns Hopkins 

ChemCORE Facility); or pLM-mCitrine-Sox2 and control vector (Addgene) plus packaging 

mix plasmids (Open Biosystems, Waltham, MA, USA). Conditioned medium containing 

lentivirus was collected 48–72 hrs later and used to infect cells. Cells were collected 48–72 

hrs after infection to assess transgene expression for mRNA or protein analysis. Three 

shRNA-POLD2 sequences were evaluated for POLD2 knockdown efficiency (sequence 1: 

CCCACTTGACACAGATAGGTT; sequence 2: CGAGTTTGATCCCACCAATTA; 

sequence 3: GCCAAATACCTCACCAAGAAA). Only sequence 3 was found to sufficiently 

knockdown POLD2 (>80%) and the sequence 3 was used for all shRNA-POLD2 

experiments. Cells were cultured in puromycin (1μg/ml) to establish stable shRNA-POLD2 

cell lines.

Cell culture and treatment

A172 and U87 cells were originally purchased from ATCC (Manassas, VA, USA). HEB 

normal glial cell line was purchased from the Chinese Academy of Sciences Cell Bank 

(Shanghai, China). A172, U87 and HEB cells were cultured as adherent monolayers in 

DMEM containing 10% FBS and GBM-derived neurosphere lines GBM1A, GBM1B and 

GBM-KK were cultured as spheres in serum-free medium containing DMEM/F-12 

(Invitrogen, Carlsbad, CA, USA), supplemented with 1% bovine serum albumin, 20 ng/ml 

epidermal growth factor and 10 ng/ml fibroblast growth factor as previously described [22–

24]. Subconfluent cells (~50% confluence) were transduced with lentivirus expressing either 

shRNA-POLD2 or shRNA-Control for 24 hrs before exposure to EGF and/or TMZ (0.6% 

DMSO) or γ-radiation.

Neutral comet assays

Neutral comet assays were performed using the Trevigen Neutral Comet Assay Kit 

according to the manufacturer’s instructions (Trevigen). Briefly, cells were mixed with 

melted LM Agarose (Trevigen). Neutral electrophoresis was conducted with 1X Neutral 

Electrophoresis Buffer at 21 V for 1 h at 4°C in the Comet Assay Electrophoresis System 

(Trevigen). The DNA was stained with SYBR Green I (Trevigen) and observed by 

fluorescence microscopy. Comet images were analyzed using CASP software (CASP, 

Wroclaw, Poland) [25]. Data are presented as the mean±SEM for 3 biological replicates with 

more than 40 cells analyzed per replicate.
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Immunoblotting, Immunohistochemistry and Immunofluorescence

Western blotting was performed using a quantitative Western blot system (LICOR 

Bioscience, Lincoln, NE, USA) as previously described [23, 26]. The primary antibodies are 

listed in Supplementary Table 1. For immunofluorescence, A172 cells were grown on 

coverslips and GBM1A neurospheres were collected by cytospin onto glass slides. Cells 

were fixed with 4% paraformaldehyde and immunostained with γH2AX antibody (Cell 

Signaling) according to manufacturers’ protocols, followed by secondary antibody. 

Secondary antibodies were conjugated with Cy3. Coverslips were treated with Vectashield 

antifade solution containing 4′6-diamidino-2-phenylindole (Vector Laboratories). Tumor 

cell proliferation and apoptotic cells were assessed by Ki-67 and cleaved caspase-3 

immunohistochemistry, respectively. Frozen tumor sections (7–8 μm thick) were 

immunostained with primary antibodies against Ki-67 and cleaved caspase-3 (Cell 

Signaling, Danvers, MA, USA) as previously described [22, 27, 28]. Apoptotic and cell 

proliferation indices were determined by computer-assisted quantification of the number of 

positively stained cells per microscopic field as previously described [22, 29].

Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was extracted from tissues and cell lines using RNeasy Mini Kit (Qiagen) 

following the manufacturer’s protocols. After reverse transcription reactions using the 

MuLV Reverse Transcriptase and Oligo (dT) primers from Applied Biosystems 

(ThermoFisher,Grand Island, NY, USA), qPCR was performed using Power SYBR green 

PCR kit (Applied Biosystems, ThermoFisher) with an iQ5 Detection System (Bio-Rad, 

Hercules, CA, USA). Gene expression was normalized to the 18S reference control. Forward 

and reverse primers for POLD2 are 5´- TCCAAATGAGACCCTTCCTG −3ánd 5´- 

CCACACAGCACTTCTCCTCA −3´, and for 18s are 5’- 

ACAGGATTGACAGATTGATAGCTC −3’ and 5’- 

CAAATCGCTCCACCAACTAAGAA-3’.

Cell proliferation, colony formation and neurosphere formation assay

Cell counting kit-8 (CCK-8) assay was conducted following the manufacturer’s protocols 

[28, 30]. Cells were transfected with POLD2 siRNA or control siRNA; alternatively, cells 

were transduced with lentivirus expressing shRNA-POLD2 or shRNA-control, POLD2 or 

control. For neurosphere formation, GBM1A cells expressing shRNA-POLD2 or shRNA-

Control were dissociated into single cells and cultured in ultra-low attachment flasks (2.5 

×104 cells per ml). After 10 days, GBM neurospheres were embedded in 1% agarose and 

stained with 0.1% Wright stain solution. The numbers of spheres were quantified using 

computer-assisted image analysis. For colony formation assays, A172 cells expressing 

transgenic POLD2 or isogenic control or A172 cells expressing shRNA-POLD2 or shRNA-

control were plated (500 cells/well) and cultured for 12 d. Cells were then fixed with 4% 

paraformaldehyde for 10 min, and stained with 0.1% crystal violet. Cells were destained by 

washing with water and plates were air-dried. Colonies of ≥50 cells were counted.
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Cell invasion assay

The effects of POLD2 expression on cell invasiveness were determined using a transwell 

invasion assay as previously described [31]. Briefly, cells were transfected with POLD2 

siRNA mix (or control siRNA) or transduced with lentivirus expressing shRNA-POLD2 (or 

shRNA-control) or POLD2 (or control) for 48 hrs. Transfected cells (1×105) were 

resuspended in 300 μL 0.1% FBS medium and placed in the upper chambers of the wells, 

600μL 10% FBS medium were placed in the lower chambers. After incubation for 6 hrs at 

37°C in 5% CO2, the cells on the upper membrane surface were mechanically removed. 

Cells that had migrated to the lower side of the membrane were fixed and stained with 0.1% 

crystal violet or DAPI. Migrated cells were counted under a microscope in five randomly 

chosen fields and photographs were taken.

Chromatin immunoprecipitation (ChIP)-PCR

So×2 binding sites 2kb upstream of the POLD2 translation start site were identified using 

the PROMO-algorithm. Chromatin immunoprecipitation was performed using the MAGnify 

Chromatin Immunoprecipitation System (Life Technologies Corporation) [24]. Briefly, 

DNA from 1×107 GBM1A neurospheres expressing Sox2 was crosslinked using 4% 

paraformaldehyde, and chromatin was isolated and fragmented by sonication. DNA 

fragments (~300 bp) were incubated with anti-So×2 (Cell Signaling) or IgG antibody 

overnight at 4 °C. Precipitation of DNA fragments complexed with So×2 at the POLD2 
promoter was quantified using qRT–PCR. Forward and reverse primer sequences for So×2 

Binding region −1 are 5´- AGATCGCACCACTGCACTC −3ánd 5´- 

CTACTTCCCTGGGCCTGTTT −3´; region-2 are 5’- CCAAAGTGGGAGACAGCACT −3’ 

and 5’- ACAGCTGCACACCAGCTTC −3’; region-3 are 

CTTGGGCCTTCTTTCTGTTG-3’ and 5’- CAGCCTCCTTGGTGAAGC −3.

Cell cycle analysis

Cell cycles were analyzed by flow cytometry on a FACSCalibur (Becton-Dickinson, 

Mountain View, CA) [32]. Cells were transfected with POLD2 siRNA mix or control siRNA 

for 48 hrs. Cells were subsequently trypsinized, dissociated and fixed with 75% ethanol at 

4°C for 30 min. Cells were then incubated with DNase-free RNase at 37°C for 30 min 

followed by propidium iodide (100ng/ml) for 1 h at 37°C. The percentage of cells at each 

cell-cycle phase (G1/G0, S and G2/M) was analyzed using CellQuest software (Becton-

Dickinson).

Tumor implantation and animal treatments in vivo

The effects of POLD2 on in vivo tumor growth were tested in an intracranial GBM 

xenograft model as previously described [26, 27, 32]. 0.5×104 GBM1A cells expressing 

shRNA-POLD2 or shRNA-control were stereotactically implanted into the right caudate/

putamen of SCID immunodeficient mice (N=18/each group). After 6 weeks, the animals 

implanted with GBM1A cells expressing shRNA-control or shRNA-POLD2 were divided 

into two groups and treated with or without radiation (300cGy once per week) for three 

weeks. We irradiated animals using the small animal radiation research platform [33]. The 

animals were sacrificed 1 week following the last radiation dose by perfusion with 4% 
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paraformaldehyde. Brains were removed, sectioned and stained with hematoxylin/eosin. 

Tumor sizes were quantified by measuring maximum tumor cross-sectional area on 

hematoxylin and eosin–stained brain coronal sections using computer-assisted image 

analysis (MCID software) and then applying the formula Volume = (square root of 

maximum cross-sectional area) [32, 34]. All animal procedures were approved by the Johns 

Hopkins Institutional Animal Care and Use Committee. Activated caspase-3 and Ki-67 

immunohistochemistry were conducted using anti-cleaved caspase-3 (Cell Signaling 

Technology, Beverly, MA) and anti Ki-67 antibodies (Dako Corp., Carpinteria, CA), 

respectively, as previously described [35]. Apoptotic and cell proliferation indices were 

determined by computer-assisted quantification of the number of positively stained cells per 

microscopic field as previously described [22, 29].

Statistical analysis

Data are presented as mean ± standard error of mean (SEM). Significance of differences was 

determined by the GraphPad Prism (GraphPad Software, La Jolla, CA). Means were 

compared using analysis of one-way ANOVA. Post-hoc tests included either Student’s t-test, 

Dunnet’s test or Tukey test as indicated. Statistical significance was defined with a P-value 

of less than 0.05.

Results

Clinical gliomas express POLD2 and high levels of POLD2 are associated with poor 
survival.

We analyzed POLD2 mRNA and protein expression in surgical glioma specimens. qRT-PCR 

revealed significantly elevated POLD2 expression (2.5–3.2 fold) in 46 glioma samples 

(WHOII, n=15; WHOIII, n=14; WHOIV, n=17) compared with non-tumor tissues (n=7) 

(Figure 1A, left panel). No significant differences were observed between the different 

glioma grades. Consistent with the qRT-PCR results, western blotting identified higher 

levels of POLD2 protein (3.2–3.8 fold) in glioma tissues compared with non-tumor tissues 

(Figure 1A, right panel). POLD2 expression was also analyzed in clinical specimens (https://

gliovis.bioinfo.cnio.es). The Gravendeel dataset revealed significantly higher POLD2 

expression in WHOII-IV glioma tissues with a trend of higher levels in WHOI tumors 

compared with non-tumor tissues (Figure 1B). Similarly, TCGA analysis showed higher 

POLD2 expression in GBM compared with non-tumor tissues (Figure 1C). Log-rank 

analysis of Kaplan-Meier survival curves in MGMT unmethylated GBM revealed a 

statistically significant association between high POLD2 expression and shorter survival 

(p=0.013) (Figure 1D) and a statistically insignificant trend (p=0.102) of shorter survival in 

MGMT methylated GBM patients (Figure 1E). These results suggest that POLD2 might 

play a role in therapeutic resistance especially in MGMT unmethylated GBMs that are 

currently the most therapeutically challenging.

POLD2 expression enhances GBM cell proliferation, clonogenicity and invasiveness

We assessed the effects of POLD2 expression on multiple parameters linked to glioma 

malignancy. POLD2 levels were significanty inhibited in GBM cells transfected with 

POLD2 siRNA mix or shRNA-POLD2, and elevated in cells transduced with lentivirus 
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expressing full length POLD2 (Supplementary Figure 2–A,B,C). Following POLD2 

knockdown, cell proliferation over 5 days was significantly reduced by 37 ± 2% in A172 

cells and by 53 ± 1% in U87 cells, respectively, but did not significantly change cell 

proliferation in human normal glial cells (Figures 2A and Supplementary Figure 2D); colony 

formation was inhibited by 75.8 ± 9.1% in A172 cells (Figure 2B); and neurosphere 

formation was inhibited by 78.2 ± 2.1% and 50± 3.6% in GBM1A and GBM1B sphere cells, 

respectively (Figures 2C and Supplementary Figure 2E). Moreover, POLD2 inhibition 

significantly reduced the transwell invasion of A172 cells by 41 ± 2.9%, GBM1A spheres 

cells by 63.4±8.9% and U87 cells by 35 ± 2.5% (Figure 2D and Supplementary Figure 2F). 

POLD2 knockdown also increased the G0/G1 fraction from 72 ± 0.7% to 81 ± 0.7 % in 

A172 cells and from 76 ± 0.7% to 89 ± 1.6% in U87 cells and the percentage of S phase 

cells concurrently decreased from 20 ± 1% to 12 ± 1.4% in A172 cells and from 10 ± 1% to 

6 ± 0.9% in U87 cells (Figures 2E and Supplementary Figure 2G). Conversely, forced 

POLD2 expression increased cell proliferation on the 4th day by 76 ± 1% (Figure 2F), 

colony formation by 60 ± 1.9% (Figure 2G) and the invasion of A172 cells by 88 ± 3.3% 

(Figure 2H).

Inhibition of POLD2 expression sensitizes GBM cells to temozolomide and γ-radiation

A172 cells and GBM1A neurospheres expressing shRNA POLD2 or shRNA control were 

treated +/− 10Gy radiation. POLD2 inhibition substantially increased DNA double-strand 

breaks (DSBs) in untreated control cells and in response to γ-radiation as determined by γ-

H2AX immunofluorescence and western blot (Figure 3A and Supplementary Figure 3A–B). 

Comet assay showed that POLD2 knockdown also increased baseline DNA fragmentation in 

untreated cells and in response to 10 Gy γ-radiation (Figure 3B). Quantitative analysis 

confirmed more DNA damage occurred in shRNA POLD2 cells (Figure 3C). The effects of 

POLD2 inhibition on GBM cell death induced by either the alkylating agent temozolomide 

or γ-radiation were quantified by trypan blue assay. POLD2 inhibition significantly 

increased TMZ-induced A172 cell death from 20 ± 2% to 45 ± 2.5% and γ-radiation-

induced A172 cell death from 19 ± 3% to 31 ± 5% (Figure 3D, right panel). Similar results 

were observed in patient-derived neurospheres (GBM1A) expressing shRNA-POLD2 or 

shRNA-Control (Figure 3D, left panel). Western blot analysis of cleaved caspase-3 showed 

that POLD2 knockdown increased the apoptosis response induced by either temozolomide 

or γ-radiation in A172 cells and in GBM1A neurospheres (Figure 3E). Conversely, forced 

POLD2 expression reduced temozolomide- and γ-radiation-induction of caspase-3 cleavage 

in A172 cells (Figure 3F), and decreased DNA double-strand breaks as determined by γ-

H2AX immunofluorescence in GBM1A neurospheres in response to TMZ and γ-radiation 

(Supplementary Figure 3C).

EGFR signaling has been shown to be involved in the cellular response to chemotherapy and 

radiotherapy through modulation of DNA repair mechanisms in GBM [36–38]. Gene 

expression analysis of clinical specimens reveals a positive correlation between POLD2 and 

EGFR in GBM specimens (supplementary Figure 4A). Moreover, we found that EGFR 

pathway activation induced POLD2 expression in a time-dependent manner (Supplementary 

Figure 4B). To determine if POLD2 mediates the effects of EGF on cytoprotection and cell 

proliferation, A172 cells expressing shRNA-POLD2 or shRNA-control were pretreated with 
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EGF before treatment with TMZ or γ-radiation. The cell death and cell proliferation were 

measured by trypan blue staining, immunoblotting and CCK-8 assay. POLD2 inhibition 

attenuated the cytoprotective response to EGFR pathway activation. In shRNA-control-

transfected cells treated with TMZ, EGF reduced cell death by 56% from 22 ± 0.7% to 10 ± 

0.4%. In shRNA-POLD2transfected cells treated with TMZ, EGF reduced cell death by 14% 

from 42 ± 3.6% to 36 ± 2.1% (Figure 3G, left panel). In shRNA-control-transfected cells 

treated with γ-radiation, EGF reduced cell death by 35% from 18 ± 0.5% to 11.7 ± 0.7%. In 

shRNA-POLD2-transfected cells treated with γ-radiation, EGF reduced cell death by 8% 

from 33 ± 0.6% to 30 ± 1.4% (Figure 3G, right panel). Consistent with the trypan blue 

exclusion results, western blotting analysis showed that EGF treatment decreased caspase-3 

cleavage by 35.1% in shRNA-con-transfected cells treated with TMZ and by 17.2% in 

shRNA-POLD2-transfected cells treated with TMZ. Similarly, EGF treatment decreased 

caspase-3 cleavage by 59.3% in shRNA-con-transfected cells treated with γ-radiation and 

by 18.6% in shRNA-POLD2-transfected cells treated with γ-radiation (Figure 3H). These 

findings demonstrated that POLD2 functions to protect cells from chemo/radiation-induced 

DNA damage and apoptosis.

POLD2 expression associates with GBM stem-like cells

Our findings linking POLD2 expression to therapeutic resistance led us to ask if POLD2 

expression associates with the GBM stem-like phenotype. We examined POLD2 expression 

in GBM cell fractions enriched for stem-like tumor-propagating cells. CD133+ and SSEA-1+ 

cell fractions from two distinct GBM neurosphere lines were separated from their 

prospective marker negative cells using flow cytometry [23, 26] and POLD2 expression was 

measured by qRT-PCR. POLD2 expression was 3.2–5.6 fold higher in CD133+ cells relative 

to CD133− cells and 3.7–4.1 fold higher in SSEA-1+ cells relative to SSEA-1- cells (Figure 

4A). An analysis of TCGA gene expression data revealed a statistically significant 

correlation in the expression of POLD2 and SOX2, a marker and driver of the stem-like 

tumor-propagating phenotype (Figure 4B) [39, 40]. A functional relationship between Sox2 

and POLD2 expression was confirmed using a complementary gain-of-function approach. 

Overexpressing Sox2 in 293FT, A172, GBM1A, and GBM1B cells significantly induced the 

expression of POLD2 mRNA and protein (Figure 4C–D). Conversely, forcing differentiation 

of GBM neurospheres, a condition that inhibits So×2 expression [23], significantly inhibited 

POLD2 expression (Figure 4E). To determine if So×2 regulates POLD2 expression through 

promoter binding in GBM spheres, the human POLD2 promoter sequence was found to 

contain several putative SO×2 binding sites (http://alggen.lsi.upc.es/) (Figure 4F, up panel). 

We used chromatin immunoprecipitation (ChIP) to determine if So×2 binds to the human 

POLD2 promoter. Anti-So×2 chromatin immunoprecipitation-PCR analysis showed 

enriched POLD2 promoter region 1 by ~ 2093-fold, promoter regions 2 and 3 by ~ 168 and 

~ 13-fold, respectively, in GBM1A neurospheres expressing Sox2 isolate (Figure 4F, bottom 

panel). Taken together, these results demonstrate that POLD2 expression associates with 

GBM stem-like cells.

POLD2 inhibition and ionizing radiation cooperatively inhibit GBM in vivo

Our in vitro findings suggest that POLD2 knockdown and γ-radiation may have cooperative 

anti-tumor effects in vivo. To test this, pre-established orthotopic tumor xenografts derived 
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from GBM neurospheres expressing shRNA-POLD2 (or shRNA-control) were treated +/− 

γ-radiation (300 cGy/week × 3 weeks) beginning on post-implantation week 6. Animals 

were sacrificed 7 days after completion of radiation, and tumor volumes were quantified 

from H&E-stained brain sections (Figure 5A). Radiation alone and POLD2-KD alone each 

inhibited tumor growth by ~ 80–85% (5 mm3 vs 24 mm3 and 4.6 mm3 vs 24 mm3, 

respectively). Combining radiation + POLD2-KD inhibited tumor growth by >99% (0.14 

mm3 vs 24 mm3). Following radiation, an aggressive and invasive phenotype was observed 

at tumor edge derived from GBM1A expressing shRNA-control but not from GBM1A 

expressing shRNA-POLD2 (Figure 5B). Consistent with its effects in vitro, POLD2-KD 

increased the tumor apoptotic index (Figure 5C) and decreased the tumor proliferative index 

(Figure 5D) compared to both control tumors and tumors treated with radiation only as 

determined by immunohistochemistry for cleaved caspase3 and Ki-67, respectively. Tumors 

in the POLD2-KD + radiation group were not amenable to quantitative IHC analysis due to 

their exceedingly small sizes.

Discussion

Several publications have shown the importance of human DNA polymerase (Pol δ) in DNA 

damage response (DDR) [1, 2, 41]. POLD2 as a subunit of the DNA polymerase Polδ 
exonuclease complex plays a crucial role in nucleotide excision repair (NER) [42]. However, 

the roles of POLD2 in chemo-/radiation therapy-induced DDR are unknown, especially in 

GBM. We now show for the first time that POLD2 expression is significantly higher in 

glioma compared with the non-tumor and link POLD2 up-regulation to multiple oncogenic 

mechanisms including cell proliferation, invasion, cell cycle progression and sensitivity to 

chemo-/radiation therapy. Inhibition of POLD2 expression significantly sensitized GBM 

cells to temozolomide and γ-radiation induced cell death in vitro and cooperated with 

radiation to substantially enhance GBM cell apoptosis and GBM xenograft growth inhibition 

in vivo. The capacity for POLD2 to mediate resistance to DNA-damaging therapeutics is 

likely due to its ability to complex with Pol ζ4 and thereby increases the efficiency of DNA 

synthesis [42]. Our findings are consistent with the recent findings of Givechian et al 

showing that POLD2 expression significantly associates with poor overall survival and 

cisplatin-based therapy resistance in bladder urothelial carcinoma [43].

Aberrant POLD2 expression has been detected in several neoplastic cell types but not 

previously in neoplastic stem cells [18, 20, 43]. We now show that POLD2 expression is 

enriched in GBM tumor-initiating SCs. POLD2 expression is shown to positively correlate 

with SO×2 expression in TCGA GBM datasets. Our findings demonstrate that SO×2 induces 

POLD2, that POLD2 silencing inhibits GBM SC self-renewal as spheres establish a 

mechanistic basis for this clinical association, and we provide evidence that POLD2 induces 

glioma malignancy, at least in part, by supporting the pool of GBM SCs. The capacity for 

POLD2 to support the neoplastic SC phenotype is particularly relevant in light of its role in 

chemo/radiation resistance. No other Pol δ subunits were found to be induced by So×2 in 

GBM neurospheres (Supplementary Figure 5), suggesting a unique oncogenic role for 

POLD2.
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Multiple mechanisms likely contribute to the up-regulation of POLD2 in astroglial 

malignancies. The gene for POLD2 resides on chromosome 7p13, which shows frequent 

gains in all WHO grades of astrocytoma [44]. POLD2 expression is down-regulated by the 

PTEN tumor suppressor [45], which is commonly lost and typically functions to repress 

oncogenic signaling pathways (e.g. Akt, receptor tyrosine kinase signaling) that are 

commonly hyperactive in malignant astrocytoma [45–48]. EGFR plays an important role in 

the cellular response to chemotherapy and radiotherapy through modulation of DNA repair 

mechanisms; as seen in previous studies, aberrant expression and activation of the epidermal 

growth factor receptor (EGFR) occur in up to 50% of GBM [49, 50]. TCGA transcriptional 

data reveals a positive correlation between POLD2 and EGFR in GBM specimens 

(supplementary Figure 4A). Our finding that POLD2 expression knock-down attenuates 

EGFR-dependent cell proliferation (supplementary Figure 4C) and cytoprotection 

establishes a direct oncogenic consequence for the link between POLD2, EGFR and 

potentially other PTEN-regulated signaling pathways. These, together with our novel 

findings, identify POLD2 as a potential therapeutic target in malignant glioma especially if 

used in conjunction with chemo/radiation therapy.

Supplementary Material

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

1. POLD2 is highly expressed in surgical glioma specimens and its expression 

correlates with poor patient survival.

2. POLD2 expression promotes GBM malignancy.

3. Inhibition of POLD2 expression sensitizes glioma cells to temozolomide and 

γ-radiation.

4. POLD2 expression is enriched in GBM stem-like cells.

5. POLD2-KD + γ-radiation cooperatively inhibit in vivo glioblastoma 

xenograft growth.
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Figure 1. Human glioma expresses POLD2 and high levels of POLD2 are associated with poor 
clinical outcome.
Total mRNA and protein were isolated from glioma surgical specimens (N=46) and non-

neoplastic brain (N=7) and analyzed for POLD2 expression by qRT-PCR (A, left panel) and 

immunoblotting (A, right panel). POLD2 is highly expressed in WHOII-IV grade gliomas. 

The immunoblot show a representation of POLD2 protein in WHOII-IV grade gliomas. The 

bar graph represents immunoblot quantification by optical density (OD). Gravendeel and 

TCGA datasets show higher POLD2 expression in the WHOI-IV grade gliomas compared to 

normal tissues (B–C). TCGA dataset shows significantly poor survival for high POLD2-

expressing patients in MGMT unmethylated GBM group. Survival data was retrieved from 
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the GlioVis portal (http://gliovis.bioinfo.cnio.es/). Optimal expression cutoff was set using 

statistical algorithm by the GlioVis portal (D). *P < 0.05, **P < 0.01.
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Figure 2. Inhibition of endogenous POLD2 inhibits brain tumor cell proliferation, neurosphere 
formation, cell cycle progression and cell invasion.
A172 glioma cells were transfected with either POLD2 siRNA mix or control siRNA mix 

and assessed for cell proliferation by CCK-8 assay (A, n=6, ± SEM); A172 cells expressing 

shRNA-POLD2 or shRNA-control were plated (500 cells/well) and cultured for 12 d. 

Colonies of ≥50 cells were counted to estimate clonogenic potential (B); GBM1A spheres 

were transduced with lentivirus expressing shRNA-POLD2 or shRNA-control. Equal 

numbers of viable cells were cultured for 10 days and the number of spheres was quantified 

by computer-assisted image analysis (C); Cell invasions were measured by transwell 

invasion assay in A172 cells transfected with POLD2 siRNA or control siRNA (D, left 
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panel) and GBM1A spheres transduced with lentivirus expressing shRNA-POLD2 or 

shRNA-control (D, right panel); Cell cycles were analyzed by propidium iodide flow 

cytometry in A172 cells transfected with POLD2 siRNA or control siRNA for 48 hrs (E). 
Controversly, cell proliferation (F), colony formation (G) and cell invasion (H) were 

analyzed in A172 cells transduced with lentivirus expressing transgenic POLD2 or isogenic 

control. *P<0.05, **P < 0.01
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Figure 3. Inhibition of POLD2 sensitizes glioma cells to chemo/radiation.
A172 cells and GBM1A neurospheres expressing shRNA-POLD2 or shRNA-control were 

treated +/− γ-radiation (10Gy) and the phosphorylated histone variant H2AX (γH2AX) was 

determined by immunofluorescence (A); Comet assay demonstrated increased DNA 

fragmentation in response to POLD2 inhibition + γ-radiation (B); Quantitative analysis of 

comet assay tail moments showed increased DNA fragmentation in response to POLD2 

inhibition + γ-radiation (C); A172 cells and GBM1A neurospheres expressing shRNA-

POLD2 or shRNA-control were treated with TMZ or γ-radiation for 48h. The percentage of 
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dead cells was determined by trypan blue staining (D); Cleaved caspase-3 was evaluated by 

immunoblotting in cells expressing shRNA-POLD2 or shRNA-control (E) and in cells 

expressing POLD2 or control (F) treated +/− TMZ or +/− γ-radiation; A172 cells were 

transduced with lentivirus expressing shRNA-POLD2 or shRNA-control for 24 hrs prior to 

stimulation with EGF for 1hr and then treated +/− TMZ or +/− γ-radiation for 48 hrs. Dead 

cells were measured by trypan blue staining (G) and cleaved caspase-3 was evaluated by 

immunoblot (H). *P < 0.05, **P < 0.01.
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Figure 4. POLD2 is correlated with SOX2 and associated with the stem-like phenotype in GBM 
cells.
CD133+/− and SSEA-1+/− cells were separated from GBM neurospheres by flow cytometry. 

CD133+ and SSEA-1+ cells express higher levels of POLD2 compared with CD133− and 

SSEA-1- cells as determined by normalized qRT-PCR (A); TCGA transcriptional dataset 

shows a positive correlation between Sox2 expression and POLD2 expression (B); POLD2 

expression was quantified by qRT-PCR in GBM1A and GBM1B neurospheres expressing 

transgenic So×2 vs isogenic control (C); Immunoblotting showed elevated POLD2 

expression in the cells expressing transgenic So×2 compared with cells expressing isogenic 

control (D); Forced differentiation inhibited POLD2 expression in patient-derived GBM1A, 

GBM1B and GBM-KK neurospheres (E); Ch-IP-PCR to measure binding of So×2 to the 

portion of the POLD2 promoter containing Sox2 binding sites in GBM1A cells expressing 

So×2 (F). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. POLD2 expression inhibition and ionizing radiation cooperatively inhibit GBM 
growth, aggressive phenotypes and increase apoptosis in vivo.
Equal numbers of GBM1A neurosphere cells expressing shRNA-POLD2 or shRNA-control 

(5,000 cells/animal, shRNA-control: N=18, shRNA-POLD2: N=18) were injected into the 

right striatum of mice. At 6 weeks post-implantation, animals were treated with or without 

ionizing radiation (IR, 300 cGy/dose, once/per week) for three weeks. Animals were 

sacrificed one week following the last radiation treatment. Representative brain sections are 

shown (A, left panel). Tumor volumes were quantified by computer-assisted analysis of 
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H&E-stained histological sections (A, right panel); H&E-stained representative 

photomicrographs at the tumor edge from GBM1A expressing shRNA-con, GBM1A 

expressing shRNA-con+IR, GBM1A expressing shRNA-POLD2, GBM1A expressing 

shRNA-POLD2+IR are shown (B); Tumor cell apoptosis was quantified by 

immunohistochemistry for cleaved caspase-3 (C) and tumor cell proliferation was quantified 

by Ki-67 imunohistochemistry (D). *P < 0.05, **P < 0.01.
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