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Human telomerase reverse transcriptase (hTERT) is highly ex-
pressed in many tumors and is essential for tumorigenesis and
metastasis in multiple cancers. However, the molecular mecha-
nisms underlying its high expression level in hepatocellular
carcinoma (HCC) remain unclear. In this study, we identified
X-ray repair cross-complementing 5 (XRCC5), a novel hTERT
promoter-binding protein in HCC cells, using biotin-streptavi-
din-agarose pull-down assay. We found that XRCC5 was highly
expressed inHCC cells, in which it transcriptionally upregulated
hTERT. Functionally, the transgenic expression of XRCC5 pro-
moted HCC progression and 5-fluorouracil resistance, whereas
short hairpin RNA knockdown of XRCC5 had converse effects
in vitro and in vivo. Moreover, hTERT overexpression reversed
XRCC5 knockdown- or 5-fluorouracil (5-Fu)-mediatedHCC in-
hibition.Mechanistically, nuclear-factor-erythroid-2-related fac-
tor 2 (NRF2) interacted with XRCC5, which in turn upregulated
hTERT.However, the upregulationwas insignificantwhenNRF2
was reduced, suggesting that the XRCC5-mediated hTERT
expression was NRF2 dependent. The HCC patients with high
expression levels of XRCC5 and hTERT had shorter overall sur-
vival times compared with those with low XRCC5 and hTERT
levels in their tumor tissues. Collectively, our study demonstrates
the molecular mechanisms of the XRCC5/NRF2/hTERT
signaling in HCC metastasis, which will aid in the identification
of novel strategies for the diagnosis and treatment of HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC), a solid malignant tumor fairly
common in humans, is currently the third leading cause of cancer
deaths worldwide.1,2 In many developed countries, the incidence
and mortality of HCC shows an ascendant trend, with approxi-
mately 750,000 people dying from the disease annually.3,4 Owing
to the subtle clinical presentations, more than 60% of HCC patients
are diagnosed at an advanced stage.5 Despite recent advances in the
diagnosis and treatment of HCC, the 5-year survival rate of HCC
patients remains unsatisfactory.6 Therefore, there is an urgent
Molecula
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need to identify more effective therapeutic targets for the treatment
of HCC.

Human telomerase reverse transcriptase (hTERT), the catalytic sub-
unit of telomerase, caps the ends of eukaryotic chromosomes with
telomeres, which are associated with genome stability and chromo-
some integrity for long-term proliferation.7–9 Given that the germline
reduction in telomerase function leads to telomere biology disorders
(TBDs), an optimum level of hTERT expression is required for tissue
homeostasis.9 Importantly, more than 90% of all human tumors are
characterized by hTERT-mediated upregulation of telomerase activ-
ity.10,11 Recently, numerous studies have established the strong posi-
tive correlation between the activation and relatively high expression
level of hTERT and oncogenesis and proposed hTERT as a molecular
marker for tumors. However, the molecular mechanisms underlying
the high expression level of hTERT in HCC remain unclear. There-
fore, we explored the molecular mechanisms underlying the tumor-
specific expression and activation of hTERT.

The Ku protein, composed of the Ku70 (X-ray repair cross-comple-
menting 6 [XRCC6]) and Ku80 (XRCC5) polypeptides, is a highly
conserved DNA-binding protein playing crucial roles in the mainte-
nance of chromosome stability.12 Previous studies have reported that
Ku80 is recruited during DNA double-strand break (DSB) repair and
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that Ku is highly associated with the development of various cancers,
including HCC.13,14 More interestingly, previous reports have re-
vealed that Ku80 deletion is associated with telomere loss and
abnormal telomere structure, indicating that Ku80 plays a role in telo-
mere structure maintenance.15

In this study, we have identified the XRCC5 protein as a transcrip-
tional regulatory factor that upregulates the expression of hTERT.
Mechanistically, the nuclear-factor-erythroid-2-related factor 2
(NRF2) interacts with XRCC5 and regulates hTERT expression
and thereby HCC progression. Our clinical data revealed that the
expression of XRCC5 and hTERT was positively correlated in
HCC tissues and that their elevated expression level was associated
with poor prognosis in HCC patients. Collectively, our study throws
light on the mechanisms and clinical significance of the XRCC5/
NRF2/hTERT signaling axis in HCC progression and will aid in
the identification of novel strategies for the diagnosis and treatment
of HCC.

RESULTS
XRCC5 binds to the hTERT promoter in HCC cells

To identify the regulator-mediated activity of hTERT promoter in
HCC, we used the streptavidin-agarose bead pull-down experiment.
In this study, we used a novel 50-biotin-labeled 362-bp DNA probe
targeting the�321 to +41 region of the hTERT promoter (Figure 1A).
We incubated this probe with the nuclear proteins extracted from the
immortalized liver cell and the four HCC cell lines. Streptavidin-
agarose beads were used to pull down the nuclear proteins bound
to the 50-biotin-labeled probe. The proteins were separated on an
SDS-PAGE gel. Silver staining showed the dramatic enhancement
of a single protein band (between 70 kDa and 100 kDa) in HCC cells
compared with L02 cells (Figure 1B). Subsequently, we excised and
trypsinized this protein band and analyzed it using MALDI-TOF/
TOF mass spectrometry. The results indicated that this protein
possessed specific peptides with the sequence VITMFVQR (Fig-
ure 1C). Proteomic analysis revealed that the DNA-binding protein,
XRCC5, aligned with this sequence (https://blast.ncbi.ncbi.ncm.nih.
gov). Furthermore, owing to its nuclear localization, we hypothesized
that XRCC5 might be a promoter-binding protein. We verified this
immunofluorescence analysis of Hep3B and SNU449 cells (Fig-
ure 1D). Subsequently, we examined several HCC cell lines to identify
the nuclear protein expression levels of XRCC5 and hTERT using
western blot analysis. As shown in Figure 1E, the nuclear protein
levels of XRCC5 and hTERT were higher in the HCC cell lines
compared with the L02 cell line.

To further validate whether XRCC5 is a hTERT promoter-binding
protein, we pulled down the nuclear protein/DNA complex in
different HCC cell lines using the 50-biotin-labeled hTERT pro-
moter-binding probe or a nonspecific probe (NSP) and detected
XRCC5 in the nuclear protein/DNA complex using the XRCC5-spe-
cific antibody in western blot analysis. The results showed that
XRCC5 specifically bound to the hTERT promoter as a nuclear pro-
tein in HCC cells. However, very little amounts of XRCC5 bound to
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the hTERT promoter-binding probe in L02 (Figure 1F). Furthermore,
to confirm the interaction of XRCC5 with the hTERT promoter, we
examined its binding to the promoter in vivo using chromatin immu-
noprecipitation (ChIP) assay and found that XRCC5 had a high level
of association with the endogenous hTERT promoter in HCC cells
(Figure 1G).

XRCC5 protein activates hTERT promoter in HCC cells

To understand whether XRCC5 functions as a transcriptional regu-
latory factor in the regulation of hTERT promoter activity, we estab-
lished a dual-luciferase reporter construct containing the hTERT
promoter (�321 to +41 bp), which is located upstream of the
gene. The luciferase reporter assay demonstrated that XRCC5
knockdown resulted in a remarkable reduction in the promoter ac-
tivity of hTERT in Hep3B and HepG2 cells, while XRCC5 overex-
pression significantly increased the hTERT promoter activity in
SNU449 and PLC/PRF/5 cells (Figures 2A and 2B). To identify
the specific binding region of XRCC5 on the hTERT promoter,
eight reporter constructs containing deletions of the hTERT 50-
flanking regions were cloned upstream of the dual-luciferase gene
(Figure 2C). As shown in Figures 2D and 2E, there was no signifi-
cant change in promoter activity when co-transfected with reporter
constructs without the region between �144 and �70 bp in XRCC5
knockdown or overexpressing cells, suggesting that the region be-
tween �144 and �70 bp on the hTERT promoter was indispensable
for XRCC5 binding. These findings indicate that XRCC5 binds to
the region between �144 and �70 bp on the hTERT promoter
and enhances hTERT promoter activity in HCC cells.

XRCC5 promotes hTERT expression in HCC cell lines

To further explore the role of XRCC5 in modulating hTERT tran-
scription, we established XRCC5 knockdown and overexpression
HCC cell lines. As shown in Figures 2F–2I, the inhibition of
XRCC5 resulted in a decrease in the mRNA and protein levels of
hTERT in Hep3B and HepG2 cells. In contrast, XRCC5 overexpres-
sion led to an increase in the mRNA and protein levels of hTERT in
SNU449 and PLC/PRF/5 cells. Therefore, we concluded that XRCC5
enhances hTERT expression in HCC cells.

XRCC5 promotes cell proliferation and tumor growth via the

hTERT signaling pathway in HCC

To identify the function of XRCC5 in the proliferation of HCC cells,
we performed the cell viability and colony formation assays. We
found that XRCC5 knockdown inhibited cell viability and colony for-
mation in Hep3B and HepG2 cells compared with a nonspecific short
hairpin RNA (shRNA) control (Figures S1A and S1B). In contrast, the
overexpression of XRCC5 significantly increased the growth of HCC
cells belonging to SNU449 and PLC/PRF/5 cell lines (Figures 3A and
3B). Since XRCC5 modulates hTERT expression, we speculated that
XRCC5 promotes the growth of HCC cells through hTERT signaling.
To prove this hypothesis, we performed the hTERT overexpression
rescue experiment. We found that the inhibition of cell viability
and colony formation in Hep3B and HepG2 cells was mediated by
XRCC5 knockdown and that this effect could be partly reversed by

https://blast.ncbi.ncbi.ncm.nih.Gov
https://blast.ncbi.ncbi.ncm.nih.Gov


Figure 1. XRCC5 functions as a hTERT promoter-binding protein in HCC cells

(A) Schematic diagram of the streptavidin-agarose pull-down assay with 50-biotin-labeled 362-bp hTERT promoter-binding probe (�321 to +41 bp). (B) The putative band

(red frame) of hTERT promoter-binding proteins pulled down by 50-biotin-labeled hTERT promoter probes, separated on an SDS-PAGE gel and visualized by silver staining.

(C) The marked protein bands were excised, trypsinized, and analyzed by MALDI-TOF/TOF mass spectrometry. (D) Representative immunofluorescent images of XRCC5

expression in Hep3B and SNU449 cells. Green, XRCC5; blue, nucleus; red, cytoskeleton protein. Scale bar, 50 mm. (E) The nuclear protein levels of XRCC5 and hTERT

expression in HCC cell lines and immortalized liver cell line (L02) detected by western blot analysis (upper panel). Levels of XRCC5 expression in the HCC cell lines and L02

were quantified relative to Histone H3 (lower panel). Histone H3was used as the loading control. (F) Detection of the hTERT promoter-bound nuclear proteins in HCC and L02

cells using the streptavidin-agarose bead pull-down assay. A non-specific probe (NSP) was used as the negative control. (G) Chromatin immunoprecipitation (ChIP) assay

performed in HCC and L02 cells using anti-XRCC5 antibody. IgG was used as the negative control. Data are presented as mean ± SD of three independent trials, with **p <

0.01 determined by Student’s t test.
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Figure 2. XRCC5 activates the promoter and expression of hTERT in HCC cell lines

(A and B) Relative hTERT promoter activity in XRCC5 knocked down Hep3B and HepG2 cells (A). Relative hTERT promoter activity in XRCC5 overexpressing SNU449 and

PCL cells (B). Relative hTERT promoter activity was determined by dual-luciferase assay. (C) Construction of hTERT promoter-based reporters by 50 sequential deletion. (D
and E) Serially truncated hTERT promoter constructs co-transfected with XRCC5 or vector (D) or shNC or shXRCC5 (E) and their relative luciferase activity. (F–I) Expression of

hTERTmRNA, measured by qPCR, in XRCC5 knocked down Hep3B and HepG2 cells (F). hTERT protein expression, measured by western blot analysis, in XRCC5 knocked

down Hep3B and HepG2 cells (G). Expression of hTERT mRNA, measured by qPCR, in XRCC5-overexpressing SNU449 and PLC/PRF/5 cells (H). hTERT protein

expression, measured by western blot analysis, in XRCC5-overexpressing SNU449 and PLC/PRF/5 cells (I). Data are presented as mean ± SD of three independent trials,

with *p < 0.05, **p < 0.01, and ***p < 0.001 determined by Student’s t test.
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hTERT overexpression (Figures 3C and 3D). To further demonstrate
that XRCC5 promotes tumor growth via the hTERT signaling
pathway in vivo, we established an HCC xenograft model in nude
mice. BALB/c nude mice aged 4–6 weeks were randomly divided
into four groups. The flank of the nude mouse was inoculated with
Hep3B cells showing stable expression of XRCC5-shRNAs or control
shRNAs or groups of XRCC5 knockdown with or without hTERT
overexpression. Following monitoring of the tumor growth for
21 days, the tumors were excised from each mouse and the tumor
252 Molecular Therapy: Oncolytics Vol. 24 March 2022
size and weight were determined. We found that the size and weight
of HCC tumors in the XRCC5 knockdown group were significantly
reduced compared with the control shRNA group (Figures 3E, S1C,
and S1D). However, xenograft tumors in the group with XRCC5
knockdown and hTERT overexpression grew faster, both in size
and weight, compared with the group with XRCC5 knockdown alone
(Figures 3E, S1C, and S1D). These findings indicate that XRCC5 pro-
motes the proliferation of HCC cells via the hTERT signaling
pathway.



Figure 3. XRCC5 promotes tumor growth and metastasis via the hTERT signaling pathway in HCC

(A and B) Human SNU449 and PLC/PRF/5 cells transfected with an XRCC5-overexpressing vector or an empty vector. Cell viability (A) and colony formation (B) are analyzed by

the CCK8 and colony formation assays, respectively. (C and D) Hep3B andHepG2 cells transfected with control shRNA (shNC), XRCC5 shRNA (shXR), XRCC5 shRNA + control

vector (shXR+ vector), and XRCC5 shRNA+hTERToverexpressionplasmid (shXR+hTERT), respectively. Cell viability (C) and colony formation (D) are analyzedby theCCK8 and

colony formation assays, respectively. (E) Representative images of tumors derived from BALB/c nude mice subcutaneously injected with shNC, XRCC5-shRNA, XRCC5

knockdown and hTERT overexpression, or XRCC5 knockdown and control vector Hep3B cells. (F and G) Hep3B and HepG2 cells transfected with shNC, shXR, shXR + vector,

and shXR+ hTERT, respectively. Cell migration (F) and invasion (G) are analyzed by thewound healing and trans-well assays, respectively. Scale bars, 200 mm. (H) Representative

images (upper panel) and HE staining (lower panel) of the lung tissues from nude mice treated with shNC, XRCC5-shRNA, XRCC5 knockdown and hTERT overexpression, or

XRCC5 knockdown and control vector Hep3B cells. Arrowheads showed the representative results of metastatic lung nodules. Scale bar, 100 mm. (I) The amount of metastasis

tumor nodules was calculated. Data are presented as mean ± SD of three independent trials, with *p < 0.05, **p < 0.01, and ***p < 0.001 determined by Student’s t test.
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XRCC5 promotes cell migration, invasion, and tumormetastasis

via the hTERT signaling pathway in HCC

Metastasis is a significant determinant of the prognosis and overall
survival time of HCC patients. Therefore, we investigated the role
of XRCC5 in the migration and invasion of HCC cells. As shown in
Figures S1E and S1F, XRCC5 overexpression promoted the migration
and invasion of SNU449 and PLC/PRF/5 cells compared with the
control vector. Similarly, XRCC5 knockdown suppressed the
Molecular Therapy: Oncolytics Vol. 24 March 2022 253
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migration and invasion of Hep3B and HepG2 cells (Figures 3F and
3G). Moreover, the suppression of the migration and invasion of
Hep3B and HepG2 cells by XRCC5 knockdown could partly be
reversed by hTERT overexpression (Figures 3F and 3G). Moreover,
in the lung metastatic model, we found that stable knockdown of
XRCC5 significantly reduced the number of lung metastatic nodules
(Figures 3H and 3I). However, the group with XRCC5 knockdown
and hTERT overexpression rescued the number of lung metastatic
nodules compared with the group with XRCC5 knockdown alone
(Figures 3H and 3I). Collectively, we proved that XRCC5 enhances
the cell migration, invasion, and tumor metastasis via the hTERT
signaling pathway in HCC.

XRCC5 regulates the chemosensitivity of HCC cells to 5-Fu via

hTERT signaling

Clinically, 5-fluorouracil (5-Fu) is a chemotherapeutic drug that is
commonly used for HCC patients. However, resistance to 5-Fu is
becoming a major problem, since it affects its efficiency in HCC treat-
ment. Since a previous report demonstrated that 5-Fu could promote
the anti-telomerase activity of HCC cells,16 we hypothesized that the
XRCC5-mediated regulation of hTERT expression might be respon-
sible for the sensitivity of HCC cells to 5-Fu. To test this hypothesis,
HCC cells in which XRCC5 was knocked down or overexpressed were
exposed to a medium containing various concentrations of 5-Fu for
48 h. As shown in Figures 4A and 4B, XRCC5 or hTERT overexpres-
sion increased the resistance to 5-Fu in SNU449 and PLC/PRF/5 cells,
while XRCC5 knockdown increased the sensitivity to 5-Fu in Hep3B
and HepG2 cells. The half-maximal inhibitory concentration (IC50)
values of 5-Fu in SNU449 and PLC/PRF/5 cells overexpressing
XRCC5 or hTERT were higher compared with the corresponding
control cells (Figure S2A), while the IC50 values of 5-Fu in HCC cells
in which XRCC5 was knocked down were lower compared with the
corresponding control cells (Figure S2B). Moreover, the inhibition
of colony formation, migration, and invasion caused by 5-Fu could
be reversed by hTERT overexpression (Figures 4C–4E and S2C).
Furthermore, we explored whether XRCC5 regulates the chemosensi-
tivity of HCC cells to 5-Fu in vivo via the hTERT signaling pathway.
We found that the size and weight of xenograft (Figures 4E, S2D, and
S2E), as well as the number of lungmetastatic nodules (Figures 5F and
S2F), in the control shRNA group receiving 5-Fu treatment were
reduced in contrast to the shRNA group receiving PBS. In addition,
a prominent reduction was seen in the tumor size and weight, as
well as the number of lung metastatic nodules, of the XRCC5-shRNA
group receiving 5-Fu treatment, and the efficiency of 5-Fu could be
partly reversed by hTERT overexpression (Figures 4E, 4F, and
S2D–S2F). Collectively, these findings suggest that XRCC5modulates
the chemosensitivity of HCC cells to 5-Fu through the hTERT
signaling pathway in vitro and in vivo.

XRCC5 regulates hTERT expression and HCC progression in a

NRF2-dependent manner

NRF2 is a transcription factor that plays an important role in the
development of various human tumors, including HCC.17 Previous
reports reveal that NRF2 is a transcription factor of hTERT.18 Our
254 Molecular Therapy: Oncolytics Vol. 24 March 2022
result also showed that NRF2 was a hTERT promoter-binding protein
(Figure 5A). We hypothesized that XRCC5 functions synergistically
with NRF2 and modulates hTERT expression and HCC progression.
To verify this hypothesis, we performed the immunofluorescence
assay and studied NRF2 localization, since subcellular distribution
frequently determines protein function. We found that NRF2 was
located in the nucleus, co-localized with XRCC5 (Figure 5B). The
expression level of NRF2 was positively correlated with XRCC5 in
HCC cell lines (Figure S3A). Further, co-immunoprecipitation assay
showed that XRCC5 interacted with NRF2 (Figures 5C and 5D). As
shown in Figure S3B, the inhibition of NRF2 resulted in a decrease
in the protein levels of hTERT in Hep3B and HepG2 cells. However,
the expression of XRCC5 did not change significantly with NRF2
knockdown. Functionally, NRF2 knockdown inhibited cell viability,
colony formation, migration, and invasion in Hep3B and HepG2 cells
(Figures S3C–S3F). In addition, we found that XRCC5-mediated
hTERT upregulation was insignificant when NRF2 was knocked
down, suggesting that XRCC5-regulated hTERT expression is
NRF2 dependent (Figure 5E). We also demonstrated that the promo-
tion of cell viability, colony formation, migration, and invasion of
HCC cells by XRCC5 via hTERT signaling was NRF2 dependent (Fig-
ures 5F–5I). These findings suggest that XRCC5 regulates hTERT
expression and HCC progression in a NRF2-dependent manner.

High level of XRCC5 and hTERT expression is associated with

poor clinical outcome in HCC patients

To further explore the association between XRCC5 and hTERT in
HCC patients, we used two individual cohorts (cohort 1 [n = 94]
and cohort 2 [n = 90]) of HCC tissues with corresponding non-tumor
tissues to determine the expression levels of XRCC5 and hTERT (Ta-
ble S1). Both XRCC5 and hTERT levels were significantly increased in
HCC tissues compared with that in non-tumor tissues (Figures 6A,
6B, and S4A). Moreover, analysis of The Cancer Genome Atlas
(TCGA) database also found that both XRCC5 and hTERT were
frequently upregulated in HCC tissues (Figures S4B and S4C). Corre-
lation analysis revealed that the expression of XRCC5 was positively
associated with that of hTERT (Figure 6C). Multivariate analysis indi-
cated that Edmondson grade, tumor size, and XRCC5 level were
independent prognostic factors for the overall survival (OS) of
HCC patients (Table 1). Furthermore, we explored the association be-
tween XRCC5 level and different clinicopathological variables in
HCC patients in two cohorts. High expression level of XRCC5 was
associated with Edmonson grade, American Joint Committee on
Cancer (AJCC) grade, T stage, and tumor size (Tables S2–S4). In
addition, we investigated the potential role of XRCC5 and hTERT
on the prognosis of HCC. Based on the median value of XRCC5 or
hTERT expression levels, 184 HCC patients were divided into two
groups. Patients with high expression levels of XRCC5 and/or hTERT
showed remarkably lower overall survival times compared with those
with low expression levels of XRCC5 and/or hTERT (Figures 6D–6F
and S4D–S4G). In conclusion, the XRCC5 expression is positively
correlated with that of hTERT and the synergistic expression of
both XRCC5 and hTERT is strongly associated with the poor prog-
nosis of HCC.



Figure 4. XRCC5 regulates the chemosensitivity of HCC cells to 5-Fu via the hTERT signaling pathway

(A) Cell viability, determined by the CCK8 assay, in XRCC5-overexpressing, hTERT-overexpressing, or control vector containing SNU449 and PLC/PRF/5 cells treated with

5-Fu. (B) Exposure of Hep3B and HepG2 cells transfected with shNC, shXR, or shXR + hTERT to 5-Fu. Cell viability was determined by the CCK8 assay. (C and D) Exposure

of Hep3B and HepG2 cells transfected with shNC, shXR, or hTERT-overexpressing plasmid to 5-Fu. Cell migration (C) and invasion (D) were detected by the wound healing

and trans-well assays, respectively. Scale bars, 200 mm. (E) Representative images of tumors at 21 days post-subcutaneous injection of Hep3B cells with XRCC5-shRNA,

control shRNA, or hTERT overexpression and intraperitoneal injection of 5-Fu into BALB/c nude mice every 2 days. (F) Representative images (upper panel) and HE staining

(lower panel) of the lung tissues from nude mice treated with Hep3B cells with XRCC5-shRNA, control shRNA, or hTERT overexpression and intraperitoneal injection with 5-

Fu. Arrowheads showed the representative results of metastatic lung nodules. Scale bar, 100 mm. Data are presented as mean ± SD of three independent trials, with *p <

0.05, **p < 0.01, and ***p < 0.001 determined by Student’s t test.
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DISCUSSION
In the current study, XRCC5 was identified as a transcriptional reg-
ulatory factor binding to the hTERT promoter and activating the
transcription of hTERT. Furthermore, XRCC5 regulated hTERT
expression in a NRF2-dependent manner (Figure 6G). XRCC5
was found to be overexpressed in HCC tissues, relative to the cor-
responding, adjacent non-tumor tissues in two cohorts. The expres-
sion of XRCC5 was closely associated with the size and Barcelona
Clinic Liver Cancer (BCLC) stage of the tumor. XRCC5 expression
also showed strong correlation with HCC formation and progres-
sion. Thus, our results indicate that XRCC5 functions as an onco-
gene in HCC and that it can be considered as a potential prognostic
indicator of HCC.

hTERT is overexpressed in 80%–95% of cancers, including HCC. It
plays a pivotal role in cell immortalization and malignant
Molecular Therapy: Oncolytics Vol. 24 March 2022 255
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Figure 5. XRCC5 regulates hTERT expression and HCC progression in a NRF2-dependent manner

(A) Chromatin immunoprecipitation (ChIP) assay performed in HepG2 cells using anti-NRF2 antibody. IgG was used as the negative control. (B) Representative immuno-

fluorescent images of XRCC5 and NRF2 expression in Hep3B and HepG2 cells. Green, XRCC5; red, NRF2; blue, nucleus. Scale bar, 50 mm. (C and D) Immunoprecipitation

of the extracted Hep3B and HepG2 cell proteins with anti-NRF2 antibody (C) or anti-XRCC5 antibody (D). The precipitates were analyzed by western blot. (E) The expression

of hTERT protein, measured by western blot analysis, in control vector and NRF2-siNC or XRCC5 overexpression and NRF2-siRNA Hep3B cells. GAPDH was used as the

loading control. (F and G) Cell viability and (F) colony formation (G) measured in SNU449 and PLC/PRF/5 cells with XRCC5 overexpression, XRCC5 overexpression and

NRF2-siRNA, or XRCC5 overexpression and control siRNA. (H and I) Cell migration (H) and invasion (I) detected in SNU449 and PLC/PRF/5 cells with XRCC5 overexpression,

XRCC5 overexpression and NRF2-siRNA, or XRCC5 overexpression and control vector. Scale bars, 200 mm. Data are presented as mean ± SD of three independent trials,

with *p < 0.05, **p < 0.01, and ***p < 0.001 determined by Student’s t test.
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transformation.19 However, the underlying molecular mechanisms of
the re-activation of hTERT during tumorigenesis is not fully under-
stood. Previous studies have indicated that hTERT gene amplification
and mutation are responsible for its overexpression in tumors.20,21

We previously reported that RBFOX3, a hTERT promoter-binding
protein, transcriptionally upregulated hTERT expression in HCC
cells.22 Here, we demonstrated for the first time that the high expres-
256 Molecular Therapy: Oncolytics Vol. 24 March 2022
sion level of the XRCC5 protein was another factor responsible for the
upregulation of hTERT expression in HCC cells.

XRCC5, also known as Ku80, is best known for its function in DNA
damage repair. It forms a heterodimer with Ku70 and facilitates homol-
ogous recombination (HR) and non-homologous end joining
(NHEJ).12,23 However, increasing evidence has shown that XRCC5



Figure 6. High expression level of XRCC5 and hTERT is associated with poor clinical outcomes in HCC patients

(A) Representative images of the immunohistochemical staining of XRCC5 and hTERT proteins in HCC tumor or non-tumor tissues. Scale bar, 200 mm. (B) Immunohis-

tochemistry assay for the expression of XRCC5 in HCC tumor or non-tumor tissues from 184 patients. (C) Pearson correlation analysis between XRCC5 and hTERT

expression in 184 HCC tissue samples. (D and E) Kaplan-Meier overall survival curves for HCC patients with high (red line) or low (blue line) expression level of XRCC5 (D) or

hTERT (E) from cohort 1 + 2. (F) Kaplan-Meier overall survival curves for HCC patients with high (red line) or low (blue line) expression level of XRCC5 and high (yellow line) or

low (green line) expression level of both XRCC5 and hTERT. (G) The schematic diagram illustrating molecular mechanisms by which XRCC5 drove tumor progression and 5-

Fu insensitivity in hepatocellular carcinoma. ***p < 0.001 determined by Student’s t test.
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participates in cellular processes associatedwith cancerdevelopment.24–
30 Apart from its role inDNAdamage repair, XRCC5 has been reported
to function as a transcriptional regulatory factor. For example, XRCC5
binds to the promoter of grp94,31 apolipoproteinC-IV,32 S100A9,33 and
interleukin-2 (IL-2)34 and regulates their genetic transcription. With
respect to cancer, Mayeur et al. reported the involvement of XRCC5
in the transcriptional recycling coactivator of the androgen receptor
in prostate cancer cells.35 Our previous studies showed that XRCC5
regulates the transcription of COX-2 and PDK-1 in lung cancer and
melanoma, respectively.36,37 In this study, we identified that XRCC5
functions as a hTERT promoter-binding protein.

With regards to the mechanisms underlying the regulation of
hTERT expression in lung cancer, we have demonstrated for the
first time that hTERT is transcriptionally activated by XRCC5 in
a NRF2-dependent manner. NRF2 is a transcription factor that
is activated by cell stress.38 Upon activation, NRF2 accumulates
in the nucleus and binds to its consensus sequence in the promoter
Molecular Therapy: Oncolytics Vol. 24 March 2022 257
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Table 1. Univariate and multivariate analyses of OS in 184 HCC patients by Cox regression analysis

Variables

Univariate analysis Multivariate analysis

HR 95% CI p value HR 95% CI p value

Gender male versus female 0.397 NS

Age (years) ＞55 versus %55 0.352 NS

Edmondson grade I + II versus III + IV 0.797 0.640–0.993 0.043 0.799 0.643–0.992 0.042a

AJCC grade 1 + 2 versus 3 + 4 0.055 NS

Tumor size (cm) ＞3 versus %3 0.623 0.423–0.918 0.017a 0.625 0.425–0.919 0.017a

XRCC5 high versus low 3.737 2.451–5.698 ＜0.001a 2.485 1.549–3.987 ＜0.001a

CI, confidence interval; HR, hazard ratio; NS, not significant.
ap < 0.05 was considered statistically significant
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of the target genes, thereby inducing their transcription. Increasing
evidence suggests that NRF2 plays an important role in the pro-
motion of tumorigenesis in certain models.39 Recently, NRF2 has
been described as an oncogene in HCC, and it plays an important
role in cell proliferation and tumorigenesis.40–43 In this study, we
demonstrated that NRF2 interacts with XRCC5 and then binds to
the hTERT promoter to activate the transcription of hTERT.

MATERIALS AND METHODS
Cell lines and cell culture

The Hep3B, HepG2, PLC/PRF/5, and SNU449 cell lines were obtained
from the American Type Culture Collection (ATCC) (Manassas, VA,
USA), while the L02 cell line was obtained from the Chinese Academy
of Sciences Cell Bank (Shanghai, China). The cells were authenticated
by short tandem repeat (STR) profiling and were confirmed to be
mycoplasma free before use. All cell lines were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and antibiotics in a
humidified atmosphere with 5% CO2 at 37�C.

Drugs and antibodies

5-Fu (99.9% purity) was purchased from Selleck Chemicals (Houston,
TX), dissolved in DMSO (20 mol/L), and stored at �20�C. The stock
was diluted with culture medium before use. Immunoglobulin G
(IgG) (no. 2729) and antibodies for XRCC5 (no. 2753), NRF2 (no.
12721), and GAPDH (no. 5174) were purchased from Cell Signaling
Technology (Danvers, MA), while the hTERT antibody was pur-
chased from Novus Biologicals (NB100-317).

Streptavidin-agarose pull-down assay

Briefly, a biotin-labeled, double-stranded DNA probe corresponding
to the nucleotides in the region �875 to +40 bp of the hTERT pro-
moter was synthesized by PCR with a pair of biotin-labeled primers
(forward: 5ʹ-GCCCTCGCTGGCGTCCCTGC-3ʹ; reverse: 5ʹ-GGCC
GGGGCCAGGGCTTCCCACG-3ʹ). Nuclear proteins were extracted
from the cell lines. Approximately 8 mg of the hTERT promoter probe
was mixed with 800 mg of nuclear proteins and 80 mL of streptavidin-
agarose beads, with constant rotation, at 4�C overnight. Subsequently,
the beads were collected by low-speed centrifugation and washed
three times with lysis buffer. The samples were then eluted with
SDS loading buffer by boiling at 100�C for 5–10 min. The pulled-
258 Molecular Therapy: Oncolytics Vol. 24 March 2022
down proteins were separated by polyacrylamide gel electrophoresis
and visualized by silver staining.

ChIP assay

For ChIP assay, about 107 cells of each sample were cross-linked using
1% formaldehyde for 10 min at room temperature with slow shaking.
Subsequently, the cross-links were quenched by adding 1.375 M
glycine. Following centrifugation at 1,000 rpm for 5min, the sediment
was collected and lysed with ChIP lysis buffer on ice for 30 min.
Following centrifugation at 14,000 rpm in a cold room for 15 min,
the supernatant was removed. The sediment was re-suspended in lysis
buffer and sonicated for 10min and centrifuged at maximum speed in
a cold room for 10min. Following centrifugation, the supernatant was
collected. Antibody and sheared salmon sperm DNA were added to
the supernatant and incubated overnight in a cold room with rota-
tion. The mixture was then washed thrice with wash buffer and twice
with TE buffer. To reverse the cross-links, the beads were re-sus-
pended in ChIP elusion buffer supplemented with 1 mL proteinase
K and incubated overnight at 65�C. Subsequently, DNA purification
was performed using a DNA purification kit (TAKARA) and the pu-
rified DNA was used as template in a PCR.

Transient transfection

The Hep3B and HepG2 cells were cultured and transfected with
NRF2-specific small interfering RNA (siRNA) (siNRF2) (50-UAAUU-
GUCAACUACUGUCAGUU-30) or negative control (siNC) using
Lipofectamine 3000 (Invitrogen, USA), according to manufacturer’s
instructions. The treated and control cells were grown in an incubator
for 48 h and collected subsequently for experimental use.

Lentiviral construction and cell transfection

Stable expression cells were constructed using the lentiviral system.
XRCC5 was knocked down in Hep3B and HepG2 cells using a
XRCC5 lentiviral construct expressing XRCC5-targeted shRNA
(shXR1, 50-CTAAAGTGGATGAGGAACA-30 and shXR2, 50-GCAA
AGAAGGTGATAACCA-30; Genechem, Shanghai, China). Cells
with reduced expression of XRCC5 were selected with puromycin
(1.0 mg/mL) for 7–14 days following lentiviral infection. Cells overex-
pressing XRCC5 were constructed using a lentivirus overexpressing
XRCC5, following the aforementioned procedure.
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Promoter reporters and dual-luciferase assay

The hTERT promoter was cloned into the pGL3-basic vector to
construct the luciferase reporter plasmid. To detect the relative lucif-
erase activity, the HCC cells were seeded in 96-well plates, at a density
of 3.0 � 103 cells/well, and transfected with promoter-luciferase
plasmid and pRL-CMV (Renilla luciferase). The luciferase activity
was measured using a dual-luciferase assay kit (Promega, Madison,
WI) at 48 h post-transfection.

Cell viability assay

HCC cells were seeded in 96-well plates, and the cell viability was as-
sessed using a cell counting kit-8 (CCK-8) (KeyGEN BioTECH,
Jiangsu, China). Following 72 h of growth, the absorbance was
measured at 450 nm using a microplate reader.

Colony formation assay

Approximately 500 cells were seeded in 6-well plates and cultured for
14 days. Subsequently, the colonies were stained with 1% crystal violet
and the number of colonies were counted.

Wound healing and trans-well invasion assays

In HCC cells that grew naturally to full confluency in 6-well plates, a
vertical wound was inflicted using a 200 mL sterile pipette tip. The
wounded cells were incubated for 6 h in DMEM without FBS.
Following incubation, they were washed with PBS to remove the
detached cells. Subsequently, the cells were treated with different re-
agents. They were incubated in DMEM without FBS for another 24
or 48h, and thewound gapwasmeasured. The cellswere photographed
using an inverted microscope. Subsequently, the trans-well invasion
assay was performed to test the invasion of cells. Briefly, the inner
side of the bottom of the upper chamber (BD Biosciences) was coated
with 1 mg/mLMatrigelMatrix (BectonDickinson, Franklin Lakes, NJ)
such that each well contained 20 mL, and the wells were air dried natu-
rally. The lower chamber contained 500 mL DMEM with 20% FBS.
About 3 � 105 cells in 100 mL DMEM without FBS were added to
the upper chamber, which was placed in a 24-well plate and incubated
at 37�C with 5% CO2 for 22 h. The cells in the underside of the filter
were fixed using 4% paraformaldehyde for 15 min. Subsequently, the
cells were stained with crystal violet for 15 min. Cell images were ob-
tained using an inverted microscope at 50� magnification.

Western blot

Cells were lysed using lysis buffer on ice for 30 min. Subsequently,
they were centrifuged at 14,000 rpm at 4�C. The proteins in the super-
natant were collected and boiled with SDS loading buffer at 100�C for
8min. The protein concentration wasmeasured using a bicinchoninic
acid (BCA) kit. SDS-PAGE and western blot analysis were performed
according to standard procedures.

RT-PCR and real-time PCR (qPCR)

Total RNA was extracted using the RaPure Total RNA Micro Kit
(Magen, Guangzhou, China). First-strand cDNA was synthesized
using HiScript II One Step RT-PCR Kit (Vazyme, Nanjing, China),
according to the manufacturer’s instructions. qPCR was performed
using ChamQ SYBR qPCR Master Mix (Vazyme, Nanjing, China)
following the manufacturer’s instructions.

Co-immunoprecipitation assays (coIP)

For coIP, about 1.0 � 107 cells were collected and lysed with IP lysis
buffer on ice for 30 min. Following centrifugation at 14,000 rpm at
4�C for 10 min, the supernatant was collected and incubated with
specific antibody overnight at 4�C with rotation. Subsequently, pro-
tein A/G agarose was added and the mixture was incubated at 4�C
with rotation for 2 h. The beads were spun down at 2,500 rpm for
1 min, and the supernatant was removed. The beads were washed
thrice with washing buffer A for 5 min, once with washing buffer
B, and twice with washing buffer C. Subsequently, the beads were
spun down at 2,500 rpm for 1 min and the supernatant was
removed. The beads were then eluted in SDS sample loading buffer
and boiled for 5 min. Finally, the proteins were separated by SDS-
PAGE.

Confocal immunofluorescence

Briefly, cells were fixed with 4% paraformaldehyde for 15 min, per-
meabilized with 0.5% Triton X- for 5 min, and blocked with 5%
BSA for 30 min. Subsequently, primary antibodies were incubated
with the cells at 4�C overnight, with 1% BSA in PBS as the negative
control. Later, secondary antibodies were added to the samples and
incubated at room temperature for 30 min. The cell nuclei were
stained with 0.5 mg/mL of 40,6-diamidino-2-henylindole (DAPI)
and visualized under a microscope.

Immunohistochemistry (IHC) staining

HCC tissues were fixed in 10% neutral-buffered formalin overnight
and dehydrated using increasing concentration gradients. Paraffin-
embedded tumor tissues were processed for immunohistochemical
staining with XRCC5 and hTERT antibodies and incubated overnight
at 4�C in a humidified chamber. Subsequently, they were washed
thrice with PBS and treated with a non-biotin horseradish peroxidase
detection system, according to manufacturer’s instructions (Dako).
IHC scores were calculated using the Image-Pro Plus 6 software, ac-
cording to the manufacturer’s instructions.

Animal study

Animal experiment protocols were approved by the Animal Care
Committee of Sun Yat-sen University Cancer Center. All animal pro-
cedures were performed in accordance with the Guide for the Care
and Use of Laboratory Animals (NIH publications nos. 80-23, revised
1996) and the Institutional Ethical Guidelines for Animal Experi-
ments developed by Sun Yat-sen University. BALB/c female nude
mice (Vital River Laboratory Animal Technology, Beijing, China)
aged 4–6 weeks were injected with Hep3B cells, control shRNA,
XRCC5 shRNA, vector, or hTERT overexpression plasmid. Five ani-
mals were used for each group. Following tumor development, the
length (L), width (W), and height (H) of each tumor was measured
using calipers. At the end of the experiment, the mice were humanely
sacrificed and tumors and lungs were harvested. The volume (V) was
calculated as follows: V (mm3) = p/6 � L � W2.
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