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Degree of genomic instability closely correlates with poor prognosis, drug resistance as well as poor survival across
human cancer of different origins. This study assessed the relationship between DNA damage response (DDR) and
chromosome instability in hepatocellular carcinoma (HCC). We investigated DDR signaling in HCC cells by analyzing
DNA damage-dependent redistribution of major DDR proteins to damaged chromatin using immunofluorescence mi-
croscopy and Western blotting experimentations. We also performed gene conversion and metaphase analyses to ad-
dress whether dysregulated DDR may bear any biological significance during hepatocarcinogenesis. Accordingly, we
found that HCC cell lines suffered from elevated spontaneous DNA double-strand breaks (DSBs). In addition, analyses
of HCC metaphases revealed marked aneuploidy and frequent sister chromatid exchanges when compared to immor-
talized hepatocytes, the latter of which were further induced following camptothecin-induced DSBs. We propose that
genomic instability in HCC may be caused by erroneous DNA repair in a desperate attempt to mend DSBs for cell sur-
vival and that such preemptive measures inadvertently foster chromosome instability and thus complex genomic
rearrangements.
Introduction

Liver cancer ranks among the top of all anatomical sites for cancer inci-
dence and remains one of the major causes for cancer-related mortality
worldwide [1,2]. Chronic liver conditions, including fatty liver disease,
hepatitis infection, and inflammation, could lead to liver cirrhosis and sub-
sequently liver cancer. Accordingly, the intrinsically high proliferative rate
of hepatocytes makes them especially vulnerable to oxidative stress, repli-
cative stress, and telomere exhaustion, where processing of collapsed repli-
cation forks or telomeric attrition may contribute to DNA double-strand
break (DSB) formation [3,4].

The mammalian DNA damage response (DDR) is the frontline barrier
against accumulation of spontaneous DNA damage from genotoxic stress
conditions. The two cell fate decisions in the extremities are either the
onset of programmed cell death or cellular transformation through the
gain of prosurvival modifications on the genome. Cells that survive through
these challenges share a characteristic of genomic instability, best illus-
trated by extensive chromosome instability and complex genomic rear-
rangements observed in cells derived from sporadic liver malignancies of
different etiologies and clinical stages. Themost prominent types of genetic
aberration observed in precancerous lesions of hepatocellular carcinoma
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(HCC) include aneuploidy, chromosome fragility, microsatellite instability,
as well as complex derivative chromosomes. Thus, isolating recurrent ge-
netic loci that fuel tumorigenesis represents an important means to delin-
eate the development of cancer [5].

With the advent in high-density array and sequencing technology, com-
plex genomic rearrangements previously reported by conventional
karyotyping techniques have been reassessed, and microrearrangements
have been appended onto existing complex conditions. Indeed, an integra-
tive analysis of genomic alterations derived from 18 HCC studies reported
chromosomal gains and losses inmore than 50% of the studies [6]. Compu-
tational study on somatic structural variations in human cancer genomes
identified tandem duplications as major somatic genomic alterations in
16 HCC, followed by deletion and intra- and interchromosomal transloca-
tions [7]. Moreover, a high-resolution pan-cancer somatic copy number al-
teration study revealed that as high as 25% of the 140 peak alteration
regions harbor oncogenes or tumor suppressor genes, including amplicons
where the EGFR, MYC, and TERC genes resides, and deletions that cover
the ATM and NOTCH1 gene loci [8]. However, little information is cur-
rently available to explain when and how these genetic aberrations have
arisen. The fact that no known oncogene or tumor suppressor gene was
found among the 75% peak alterations highlights the possibility that a
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large proportion of genomic alterations represent collateral events during
carcinogenesis and that they do not impose survival advantage to malig-
nant cells.

The twomajormammalianDSB repair pathways are homology-directed
repair (HDR) and nonhomologous end joining (NHEJ). Depending on the
homology pairing mechanism, HDR can be further categorized into homol-
ogous recombination (HR), single-strand annealing, and break-induced
replication (BIR). Ataxia telangiectasia mutated (ATM) and ATM and Rad
3-related (ATR) kinase signal activation underlie HR repair events that in-
volve genomic mobility induced by uncapped telomeres and common frag-
ile sites, respectively [9,10]. The ATM- and ATR-dependent DDR signaling
cascades converge to HR activation, effected via the recombinase RAD51
that mends DNA breaks in a manner that entails use of homologous tem-
plates [11]. In addition, RAD51 also enforces stable chromatin association
of fork proteins and replication fork restoration [12]. In contrast to HDR,
NHEJ repair does not require homologous DNA as repair templates. DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) is recruited to
DSB termini by the Ku70/80 heterodimers [13], where its formation as
homodimers serves as a molecular scaffold to bridge the DSB ends. DNA-
PKcs homodimerization also allows for its autophosphorylation, which
then signals the activation and/or recruitment of downstream repair pro-
teins, for example, the Artemis and polymerases, to initiate broken DNA
end processing [14]. Common to these protective strategies against geno-
mic instability is the prerequisite of a highly cooperative DNA repair ma-
chinery to accommodate the massive DNA damage within cells.

Considering the need to balance HDR and NHEJ in genomic stability
maintenance, especially in cancerous cells that experience overwhelming
amounts of DNA damage, we hypothesize that hyperactive DSB repair
may contribute to the manifestation of genomic instability in HCC. To ad-
dress this idea, we charted DDRs in HCC with the goal to identify patho-
genic DNA repair pathway(s) that may contribute to genomic instability
during hepatocarcinogenesis.

Materials and Methods

Cell Culture

Human liver cancer cell lines HEP3B, PLC/PRF/5, HUH7, and HEPG2
and immortalized hepatocyte MIHA were maintained in DMEM supple-
mented with 10% FBS and 1% penicillin and streptomycin in 37°C incuba-
tor with 5% CO2. HEP3B and PLC/PRF/5 are hepatocellular carcinoma
HBV-related cell lines established from an 8- year-old male and a 24-year-
old male, respectively. HUH7 is a non–HBV-/non–HCV-related hepatocel-
lular carcinoma cell line derived from a 57- year-old male. HEPG2 is a
non–HBV-/non–HCV-related hepatoblastoma cell line established from a
15- year-old male. MIHA is an immortalized nontumorigenic human hepa-
tocyte cell line established from a 59- year-old male.

Antibodies

ATM (Cell Signaling 2873s), ATM S1981 (Cell Signaling 4526L), ATR
(N19) (Santa Cruz sc-1807), BRCA2 [15], DNA-PKcs S2056 (Abcam
ab18192), gamma-H2AX [16], 53BP1 [17], RAD51 [15], Actin (Sigma
A5441), GAPDH (Chemicon MAB374), H3 (Cell Signaling 9715s), CHK1
(Santa Cruz sc-8048), and mouse anti-BrdU (BD Biosciences 347-580
B44) were used at 1:500 dilution. All secondary antibodies were purchased
from Jackson Immuno Research Laboratories and were used at 1:3000
dilution.

Immunofluorescence (IF) Microscopy

Cells seeded on coverslipswerewashedwith PBS, fixed at room temper-
ature with 3% paraformaldehyde for 15 minutes, permeabilized with 0.5%
Triton for 15 minutes, blocked with 3% milk in 1× PBS-T for 20 minutes,
and then immunostained with specified primary antibodies for 2 hours.
After incubation with primary antibodies, cells were washed twice with
2

PBS and were incubated with AlexaFluor 488–conjugated goat anti-
mouse and AlexaFluor 596–conjugated goat anti-rabbit antibodies for
2 hours. Nuclei were counterstained with DAPI. Images were visualized
and captured on Nikon Eclipse 800 microscope.

Cell Fractionation and Western Blot Analyses

Whole cell lysates (W)were prepared by lysing cells inNETN lysis buffer
[20 mM Tris–HCL (pH 8.0), 100 mM NaCl, 0.5% NP-40, 1 mM EDTA, 0.5
mM NaF, 1 mM β-glycerophosphate] with Benzonase (Merck Millipore)
and MgCl2 on ice for 30 minutes or until pellet dissolved. For soluble
(S) and insoluble (I) cell fractions, cells were lysed with NETN buffer on
ice for 30 minutes and then centrifuged at 13,000 rpm at 4°C. Supernatants
were collected and labeled as soluble fractions. The remaining pellets
enriched with chromatin were then washed three times with NETN. Subse-
quently, cell pellets were lysedwithNETNwith Benzonase until completely
dissolved. The resultant cell fractions were labeled as insoluble fraction (I).
Cell lysates were resolved on SDS-PAGE, transferred to PVDF membranes,
and probed with specified primary and secondary antibodies. Chemilumi-
nescence signals were captured by conventional x-ray film (Kodak)
exposure.

Gene Conversion Assay

Gene conversion assay was performed with method described previ-
ously [15]. Briefly, cells were electroporated with DR-GFP plasmid and 8
μg pCBAs-I-SceI plasmid or pEGFP at 250 V, 975 μF using Bio-Rad gene pul-
sar II and then plated onto 10-cm dishes and incubated in culture media for
48 hours. Cells were then analyzed on Becton-Dickinson FACSCanto with
green (FL1) versus orange (FL2) fluorescence plot. Results represent aver-
age of at least three independent experiments. Statistical analyses were per-
formed in ImageJ.

Sister Chromatid Exchange (SCE) Assay

Cells seeded at 20% confluency were labeled with 40 μMBrdU (Sigma)
for two doubling times and were treated with 0.03 μg/ml Colcemid
(Thermofisher) for 3 hours prior to harvest. Cells were collected and incu-
bated with KCl for 30 minutes and then fixed with 3:1 methanol:acetic
acid. Metaphases were spread onto clean dry glass slides and aged at
room temperature for 24 hours. To visualize SCE events, aged slides were
treated with 2 N HCl for 30 minutes at 37°C and then neutralized with
0.1 M boric acid. Slides were then immunostained with mouse anti-BrdU
antibody (BD Biosciences) and AlexaFluor 596–conjugated anti-mouse an-
tibody. Images of metaphases were captured using a Carl Zeiss LSM880
and were processed with Airyscan processing in ZEN software. Chromo-
somes and SCE events were quantified using ImageJ.

Drug Sensitivity Assay

Cells were seeded onto 96-well plates in triplicates for 24 hours before
treatment with different chemicals. After incubation for 72 hours with
chemicals, cells were incubated in 20 μl 5 mg/ml thiazolyl blue tetrazolium
blue (MTT, Sigma). Absorbance at 570 nm minus 690 nm was recorded by
Victor plate reader. Statistical analyses and charts from two or more exper-
iments were prepared with Prism 6.0.

Colony Formation Assay

HCC cells were seeded onto 60-mm dishes in triplicates for 24 hours be-
fore treatment with different chemicals. Cells were incubated until colonies
(>50 cells) were formed. Colonies were then stained and fixed with
Coomassie blue in methanol/acetic acid fixative for 20 minutes. Images
were acquired using Biorad GelDoc, and colonies were counted using
ImageJ. Statistical analyses and charts from two or more experiments
were prepared with Prism 6.0.
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Results

Elevated DNA Damage Response in HCC

Upon genotoxic challenge, DNA damage signaling or repair proteins are
rapidly recruited to sites of DNA breaks where they concentrate and form
cytologically discernable punctate structures. Gamma-H2AX (Serine139
phosphorylation) plays an established role in initiating and orchestrating
the local accumulation of DNA repair protein complexes at DNA damage
sites [18]. We used a specific antibody that detects only gamma-H2AX as
the surrogate marker of DNA breaks to estimate the level of DNA damage
in HCC cell lines and the immortalized hepatocytes [16]. Foci formation
IF experiments enabled the visualization of protein recruitment to the site
of DNA breaks with or without exogenous DNA damage (Figure 1). Upon
ionizing radiation [IR, 10 Gy (dose rate 10.85 Gy/min, recorded at 2004
July 06)], both HCC cell lines and immortalized hepatocytes demonstrated
prominent H2AX serine139 phosphorylation as well as its focal concentra-
tion at site of DSBs, indicating that DNA damage sensing function is pre-
served (Figure 1Ai). The higher level of gamma-H2AX foci formation in
cancerous cell lines compared to MIHA in the absence of exogenous DNA
damage suggested a higher level of spontaneous DNA damage response in
HCC cells (Figure 1Aii).

HDR and NHEJ are competing DNA repair mechanisms. It has been
demonstrated that 53BP1 loading at DSBs counters DNA end resection
and suppresses RPA loading, and thus plays a role in determining the
choice of DSB repair pathways [19]. In IF experiment in Figure 1A,
we observed that, in both HCC cells and immortalized hepatocytes,
53BP1 colocalized with gamma-H2AX at sites of IR-induced DSBs, as
demonstrated with the large overlapping foci (red) that colocalize
with gamma-H2AX foci (green) in nuclei (Figure 1Ai). In addition,
colocalization of 53BP1 and gamma-H2AX foci was also readily ob-
served in nonirradiated cells, highlighting the presence of spontane-
ous DNA damage in liver cancer cells. Similar to gamma-H2AX, the
number of 53BP1 foci formation was higher in cancerous cell lines
compared to immortalized hepatocytes (Figure 1Aii). The presence
of both gamma-H2AX and 53BP1 foci suggests that both HDR and
NHEJ were functional and in force in both cancerous cell lines
HEPG2, HUH7, HEP3B, and PLC/PRF/5 and immortalized hepato-
cytes for the maintenance of genome integrity against genotoxic
stress.

RAD51 is a key component in the ATM-dependent DNA repair pathway
and plays a role in the Fanconi anemia repair pathway [11]. RAD51 recruit-
ment to chromatin is indicative of the processivity of the DNA broken ends
by HDR as it displaces RPA complexes from single-strand DNA. Dysregula-
tion in DDR signaling or replication will affect RAD51 redistribution upon
DNA damage. We thus utilized RAD51 as readout to detect any altered
DDR signaling and integrity of HDR in HCC. We assessed the functional
concentration of RAD51 at DSBs in response to DNA damage (Figure 1B).
Accordingly, the ability to support formation of ionizing radiation-
induced foci of RAD51 suggests that HDR repair is functional in the HCC
cells examined.Moreover, a higher level of spontaneousHDRwas indicated
by the higher level of RAD51 foci in nonirradiated HCC cells when com-
pared to immortalized hepatocytes MIHA.
Apical DNA Damage and Repair Protein in HCC

Upon detection of DSBs, DNA damage signaling and repair factors
would accumulate in the chromatin surrounding DSBs as functional enti-
ties. Activated ATM triggers rapid amplification of downstream DDRs.
BRCA2 is an essential recombination-mediating protein in HDR. On the
other hand, DNA-PKcs is required for NHEJ repair [20]. We examined the
expression level of the three proteins as well as their chromatin loading
upon IR-induced DNA damage. Soluble and insoluble (chromatin) fractions
as well as whole cell lysates were collected before and after ionizing irradi-
ation damage (IR, 10 Gy) (Figure 2).
3

Activation of ATM Autophosphorylation in HCC with Ionizing Radiation
ATM undergoes autophosphorylation at serine 1981 upon DSBs, caus-

ing homodimer dissociation and thus allowing phosphorylation of its
downstream targets [21]. We examined if ATM protein kinase expressed
in liver cancer cells and immortalized hepatocytes is catalytically active
and responsive to DNA damage. Western blot results on whole cell lysates
demonstrated that ATM was ubiquitously expressed in both liver cancer
cells and immortalized hepatocytes (Figure 2A, Supplementary
Figure 1A). Majority of ATM proteins were found in soluble fractions in
cells without genotoxic stress. Notably, 6 hours after IR-induced DNA dam-
age, ATM autophosphorylation at serine 1981was observed in all cells with
pATM serine 1981 phosphorylation antibody. Significant chromatin load-
ing of the catalytically active pATMwas also detected in insoluble fraction,
suggesting functional activation of ATM-regulatedDDR.Higher levels of ac-
tivated pATM recruitment to chromatin in HCC cells were observed com-
pared to nontumorigenic hepatocytes MIHA in response to IR.

Upregulated BRCA2-Chromatin Loading in HCC
BRCA2 harbors RAD51-binding BRC-repeats at its C terminus [22] and

is required at DSBs to facilitate RPA displacement by RAD51. Absence of
BRCA2 compromises RAD51 loading onto chromatin and in turn impairs
HDR repair [23]. We asked if BRCA2 is functionally recruited to DSBs in
HCC cells by analyzing its chromatin association. Western blot analyses
using specific antibody against BRCA2 demonstrated that the overall ex-
pression of BRCA2 was higher in all cancer cells compared to MIHA
(whole cell lysate, W) (Figure 2B, Supplementary Figure 1B). Constitutive
BRCA2 chromatin loading was observed in all cells before and after exoge-
nous genotoxic stress (IR 10 Gy) (insoluble fraction, I). More robust loading
of BRCA2 onto chromatin was observed in insoluble protein fractions from
HCC cells. These observations are in agreement with the higher number of
RAD51 foci in HCC cells compared to MIHA in IF microscopy examination
(Figure 1B), as BRCA2 is themajor recruiting partner of RAD51 for chroma-
tin recruitment. It also suggests thatHDR repair is in effect in both liver can-
cer cells as well as in the immortalized hepatocyte MIHA. However, the
higher level of total BRCA2 observed in malignant cells (both soluble and
insoluble form) may allow a more rapid response to activate HDR repair
and higher rate of repair upon sensing of DSBs.

Relatively Lower DNA-PKcs Chromatin Recruitment in HCC
DNA-PKcs expression was highly responsive to ionizing radiation (10

Gy IR) in MIHA (Figure 2B). While its expression was maintained at basal
level in the absence of exogenous DNA damage, both protein expression
and chromatin loading (insoluble fraction) of DNA-PKcs in MIHA were sig-
nificantly induced upon IR. Comparable induction of DNA-PK expression
and chromatin recruitment was not observed in HCC cells. HEPG2 and
HUH7 demonstrated negligible induction of DNA-PKcs, while that in
HEP3B and PLC/PRF/5 was suboptimal compared to MIHA. The disparity
suggests that NHEJ repair pathway was downregulated in HCC and/or
DNA repair might have been redirected to other repair mechanism(s).

Homology-Directed Recombination in HCC

Based on our findings on protein expression and chromatin recruitment
of HDR proteins, we further examined if HCC cells may display upregula-
tion in HDR for repairing DSBs.

Gene Conversion in HCC and Immortalized Noncancerous Hepatocytes
We employed the gene conversion functional assay to study HR capabil-

ity of HCC cells in comparison to the noncancerous hepatocyte MIHA
(Figure 3A, Supplementary Figure 2). All malignant HCC and noncancerous
hepatocytes demonstrated capability in gene conversion to restore a com-
plete GFP allele that gave green fluorescence signal in FACS analyses. The
results indicate the existence of functional HR in these cells, albeit at differ-
ent efficiencies. Highest gene conversion was observed in hepatitis B–car-
rier HEP3B, while the non–virus-related HEPG2 demonstrated the lowest
level of gene conversion. However, statistical significance was not reached
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Figure 1.Elevated endogenous DNAdamage inHCC. Immortalized hepatocyteMIHAandHCC cell lines were seeded onto 6-well culture plateswith coverslips and treated (i)
with or (ii) without IR (10Gy). After recovery for 6h, fixed and permeabilized cells were immunostained with (a) gamma-H2AX and 53BP1 and, (b) RAD51 and 53BP1
antibodies, followed by fluorescent-conjugated secondary antibodies. Nuclei were counterstained with DAPI. Images were captured on Nikon Eclipse 800 microscope.
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Figure 2. Homology-directed repair regulators were upregulated in HCC. Immortalized hepatocyte MIHA and HCC cell lines were seeded onto 100mm culture dishes and
treated with IR (10Gy) as indicated. After 6h recovery, whole cell lysates (W), soluble fractions (S) and insoluble fractions (I) were collected. (a) Activation of ATM
autophosphorylation in HCC. Protein fractions were blotted with ATM and ATM Serine1981 phosphorylation (pATM S1981) antibodies. (b) Protein expression and
subcellular distribution of BRCA2 and DNA-PKcs. Signal intensities were measured and normalized using ImageJ and plotted as bar chart using Prism 6.
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whenwe looked at HCC cell lines collectively againstMIHA as a noncancer-
ous control [Kruskal-Wallis test (P= .0013) with Dunn's multiple compar-
ison post hoc test (P > .05)].

Prominent Hyperploidy and SCEs in HCC
We also set up metaphase spreading and SCE assays to determine both

chromosomal abnormality and SCE incidences. In analyses on metaphases
collected from HEP3B, HUH7, and MIHA, a significant difference was ob-
served in the number of chromosomes per metaphase (Kruskal-Wallis
test, P < .0001) (Figure 3B, Supplementary Figure 3). Chromosome num-
ber in HCCs (mostly tetraploid, 4N) deviated significantly from the noncan-
cerous diploid (2N) MIHA.

SCE frequency is reflective of HDR capacity. Cells with hyperactive HDR
would show notable increase in SCE frequency and vice versa (Figure 3C).
By analyzing BrdU signals, we observed an average of 8.29 ± 2.76 SCE
events per metaphase in MIHA, which is comparable to that of the reported
spontaneous SCE per metaphase in normal cycling cells [24]. By contrast,
both non–virus-related HUH7 and HBV-related HEP3B demonstrated fre-
quent spontaneous recombination incidence between sister chromatids,
with an average number of SCE events per metaphase of 38.8 ± 11.59
events and 28.00 ± 4.53 events, respectively. The frequent SCE in HCCs
led to the formation of Harlequin chromosome; examples are shown in
Figure 3E. Statistical analyses of SCE events per metaphase from HCCs
andMIHA by Kruskal-Wallis test indicated that HCC demonstrated a signif-
icantly more frequent SCE than MIHA (P < .0001) (Figure 3C).

We examined whether HDR could be further elevated by the introduc-
tion of replication-dependent spontaneous DSBs, thus leading to more se-
vere SCE phenotype in HCC. HEP3B was treated with low-dose 1 nM
camptothecin (CPT) in the second BrdU-labeling cell cycle before meta-
phaseswere collected. CPT is a topoisomerase-I inhibitor that would induce
replication-associated DSBs by stalling TOPOI on replication forks [25].
Chromosome numbers and ploidy status in CPT-treated HEP3B metaphase
remained comparable to untreated control (Figure 3B, D). Nonetheless,
5

both the number of “Harlequin” chromosomes and that of SCE in each
metaphase with CPT treatment were increased significantly (P < .001)
(Figure 3B, E).

Testing Knowledge-Based Chemotherapy Design for HCC

We performed follow-up study to test if the disparity in HDR capability
and capacity in HCC could serve as predictive marker for targeted chemo-
therapy. We tested if CPT would have selective cytotoxic activity towards
HCC cells. While treatment with rucaparib (PARP inhibitor), mitomycin C
(DNA cross-linker), and etoposide (topoisomerase II inhibitor) demon-
strated no differential cytotoxicity to HCC, the MTT assay demonstrated a
significant selective anticancer effect of CPT towards HCC at concentration
1 × 10−8 to 1 × 10−6 M (P < .05-.0001) (Figure 4A). We further tested
the cytotoxicity of CPT on HCC using long-term colony formation assay.
Agreeing to our finding in MTT tests, CPT demonstrated specific cytotoxic-
ity towards HCC at 1 × 10−7 M concentration (Figure 4B).

Discussion

In this study, we report elevated DNA damage and HDR in HCC cells.
The excessive DNA damage foci observed in HCC cells without exogenous
genotoxic stress indicated that the level of spontaneous DNA damage is
higher among HCC cell lines. Theoretically, the number of DNA lesions
that resulted from difference sources of endogenous DNA damage, includ-
ing oxidation (400-1500), depurination (104), cytosine deamination (100-
500), and SAM-induced methylation (10 – 4 × 103) per cell per day,
could have activated programmed cell death [26] before cells acquire ade-
quate prosurvival oncogenic genetic modification or inactivation in the ap-
optotic signaling pathway(s). To survive from all the genotoxic stresses
during the course of hepatocarcinogenesis, the highly proliferative hepato-
cytes would need to tailor DDRs to accommodate the excessive DNA dam-
age in the cell.
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significant data point (p<0.005) by Kruskal-Wallis test. d) Representative metaphases demonstrating “Harlequin” chromosomes in HCC but MIHA. Number of Harlequin
chromosomes increased with camptothecin treatment.

S.M.-H. Sy et al. Translational Oncology 13 (2020) 100796
Our study showed that HDR is functional and is augmented for DSB re-
pair in HCC. The observed upregulated phosphorylation of ATM in HCC
(Figure 2a) suggests that ATM activation and the downstream ATM-
licensed molecular pathways might be essential in the initiation and/or
progression of hepatocarcinogenesis. Indeed, hepatocarcinogenesis was
abrogated in ATM null mouse model [27]. On the contrary,
diethylnitrosamine treatment in knockout mouse model lacking Ku70, an
essential protein for Ku70/Ku80 heterodimer that recruits DNA-PK for
NHEJ repair initiation, suggests that NHEJ may be dispensable for
hepatocarcinogenesis [28].

It was demonstrated in Bloom (Blm tumor suppressor)-deficient mouse
model that elevated mitotic recombination is a major mechanism for the
loss of heterozygosity (LOH) and also increased tumor susceptibility [29].
The elevated HDR observed in HCC could be the primary driving
mechanism for LOH. In fact, frequent LOH and allelic losses in primary
6

HCC have been repeatedly reported [30–32]. The fact that there were no
significant differences in the frequency of allelic losses with different HCC
etiologies suggests that HDR and LOH might be fundamental to
hepatocarcinogenesis.

With the highly rearranged genome and frequent LOH at a variety of
loci observed in HCC, it is possible that hyperactive HDR in HCC might
take advantages of nonallelic homologous templates for recombination pro-
cesses. The availability of homologous template is one of the rate-determin-
ing steps for HDR [33]. Heightened replicative stress and increased DNA
damage during cell proliferation might prompt HCC cells to switch to the
use of nonallelic homologous recombination (NAHR) so as to speed up
the rate of DNA repair and avoid the onset of cell death. NAHR recognizes
only small stretches of homologous regions for speedy template matching.
The utility of nonallelic repair template compromises thefidelity of HDR re-
pair processes and thus leads to allelic imbalances and LOH. It is also
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Figure 4. Cytotoxic effect of camptothecin on HCC. (a) Drug sensitivity of HCC upon treatment with i. PARP inhibitor Rucaparib, ii. DNA crosslinker mitomycin C, iii.
Topoisomerase II inhibitor etoposide and iv. Topoisomerase I inhibitor camptothecin was assessed. Two-way ANOVA and Dunnett’s posthoc test were employed for
statistical significance. Asterisks (*) indicates significant data points. N.s.: no statistical significance was observed. (b) Long term cytotoxic effect of CPT was assessed
using colony formation assay on HCC and MIHA.
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reported that telomere attrition, i.e., single-sided DSB lesions at eroded
telomeric ends, could induce NAHR between chromosomes, which in turn
causes massive GCRs and genomic imbalances through “breakage-fusion-
bridge” cycles [34].

Under physiologic condition, replication stress is a major source of
spontaneous DNA damage as a result of vigorous cell proliferation. Most
of the recurrent chromosome aberrations occur at fragile sites, where
7

nucleotide content andmicrohomologymake the locations difficult for rep-
lication. Problematic DNA replicationmay lead to replication fork collapse,
subsequent premature chromosome condensation, and the formation of
DSBs. Results from our metaphase experiments confirmed the higher geno-
mic instability in HCC cells. The significantly higher exchange events be-
tween sister chromatids directly reflected a hyperrecombination
phenotype in HCC. Results from CPT treatment in HEP3B also
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demonstrated that acute replication-dependent DNA damage can induce
genomic instability through HDR (Figure 3, C-D).

According to a high-coverage whole genomic sequence analysis on so-
matic structural variation in various human cancers, the major structural
aberration observed in HCC patient samples was tandem duplications [7].
The major DNA repair mechanisms that could lead to tandem duplications
are SCE by HR and the formation of palindromic sequence that causes tan-
dem repeat inversion duplications in inverted orientations [35]. The fre-
quent tandem duplications observed by high-coverage whole genomic
sequence analysis could be the resultant phenotype for elevated HDR ob-
served in HCC.

The effect of CPT on the elevated frequencies of SCE and Harlequin
chromosomes in HCC highlights the role of HDR in the restoration of col-
lapsed replication fork and genomic instability. It was demonstrated that
CPT-induced DSBs require replication. It is possible that BIR, one of the al-
ternative recombination mechanisms, participates in the repairing of col-
lapsed forks that arise from CPT treatment. BIR would cause chain
reaction of leading strand invasion to dsDNA with short homology, thus
resulting in massive nonrecurrent rearrangements [36]. BIR might be re-
sponsible for the ongoing chromosome instability observed during HCC
progression.

Inducing Synthetic Lethality in HCC

In order to induce synthetic lethality, the lack of HDR where DSBs
would be directed to NHEJ repair is a prerequisite to the action of PARP in-
hibitor. PARP inhibitors would deregulate DNA-PK and thus the error-
prone NHEJ repair [37]. Sensitivity towards PARP inhibitors was observed
in other cancer types that demonstrated defective HR, such as familial
breast and ovarian cancer with mutated BRCA1, BRCA2, or RAD51 [38].
However, our DNA repair functional assays revealed that HDR repair is aug-
mented in liver cancer cells. In this scenario, DSBs will be repaired by HDR,
which leaves the NHEJ pathway redundant, and thus, inhibition on NHEJ
with PARP inhibitor, e.g., rucaparib, gave no lethal phenotype. Nonethe-
less, the recently identified novel action of vascular endothelial growth fac-
tor receptor inhibitor cediranib might serve as adjunct targeted therapy for
liver cancer [39].

It was demonstrated that cediranib can downregulate expression of
BRCAproteins and RAD51, thus suppressing HR in cancer cells [40]. A clin-
ical trial on ovarian cancer patients demonstrated that combining the
inhibiting action of cediranib onHRproteinswith olaparib significantly im-
proved progression-free and overall survival in patients without BRCAmu-
tations [41,42]. Elaborating on the scenario and applying to the equation
for synthetic lethality in liver cancer where HDR serves as the major repair
pathway, the use of cedirarib alone or in combination with PARP inhibitors
and/or DNA damaging agents would induce therapy sensitivity in HCC
8

(Figure 5). However, this therapeutic approach should be adopted with
care as simultaneous blockade of both HDR and NHEJ repair pathways
could lead to the loss of therapeutic specificity towards cancer cells and
be detrimental to adjacent noncancerous tissues. Albeit targeting both
HDR and NHEJ repair pathways could be toxic to noncancerous tissues, it
also could allow for lower doses of each drug to be used in combination
which could also reduce overall toxicity to adjacent tissue.

With our new findings describing augmented HDR repair in HCC, HDR
could be useful targets for the development of prognostic biomarkers for
predicative prescription in HCC therapy. Information on DDR molecular
signature of HCC might be a useful tool for clinical decision on radiation
and chemotherapies. HDR biomarker(s) could aid the identification of
HCC patients who are suitable for treatment with therapeutic reagent
(s) that targets the DDR pathway(s). Owing to the use of only cell line
models in the current study, it would be best to extend the study to
human primary HCC cells for consolidation on the role of HDR in
hepatocarcinogenesis.
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