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. Telomerase Cajal body protein 1 (TCAB1), which is involved in Cajal body maintenance, telomere
elongation and ribonucleoprotein biogenesis, has been linked to cancer predisposition, including
nasopharyngeal carcinoma (NPC), due to its oncogenic properties. However, there are no specific

. reports to date on the functional relevance of TCAB1 and Epstein—Barr virus (EBV), which is considered

. tobe arisk factor for NPC. In this study, we first examined NPC clinical tissues and found a notable

. overexpression of TCAB1 in EBV-positive specimens. Secondly, on a cellular level, we also observed that

: TCAB1 expression rose gradually along with the increased duration of EBV exposure in NPC cell lines.

© Additionally, EBV infection promoted cell proliferation and telomerase activity, but the activation was
significantly inhibited after TCAB1 knockdown. Moreover, depletion of TCAB1 caused both cell cycle
arrest and apoptosis, and suppressed the activation of ataxia telangiectasia and Rad3 related protein

: (ATR)induced by EBYV, resulting in accumulation of DNA damage. Taken together, we here demonstrate

. thatup-regulated expression of TCAB1, induced by EBV in the development of NPC, is involved in
stimulating telomerase activity and regulating the DNA damage response within the context of EBV
infection.

: The WRAP53 gene, located on chromosome 17p13, encodes three functional products: WRAP53q, -3, and -~.
© WRAP53q is an antisense transcript that stabilises p53 by targeting the 5'-untranslated region of the p53 mRNA®2.
© WRAP538, also called WDR79 or telomerase Cajal body protein 1 (TCAB1), is a scaffold protein containing
© WDA40 repeats. Since 2009, TCABI has been known to be an essential component of the telomerase holoenzyme
involved in telomerase assembly and Cajal body formation®*. Germline mutations in TCABI affecting the WD40
domain have been linked to several genetic disorders, e.g., dyskeratosis congenita, a disease associated with pre-
mature aging and cancer predisposition®, and spinal muscular atrophy, a neurodegenerative disorder that is a
. leading genetic cause of infant mortality worldwide. In addition, TCABI dysfunction has been correlated with
* an elevated risk of developing a variety of sporadic tumours, including rectal, ovarian and oesophageal cancers”.
. Meanwhile, our previous study also implicated TCABI in the tumourigenesis or development of head and neck
. cancers'’. Indeed, evidence to date indicated that TCAB1 possesses oncogenic properties that could facilitate
: tumourigenesis and tumour development. These findings imply that TCAB1 might be a potential target for early
- diagnosis or molecular therapy for head and neck cancers.
: Nasopharyngeal carcinoma (NPC) is a malignancy associated with Epstein-Barr virus (EBV), a human
. ~-herpesvirus that occurs with a high incidence in East Asia, especially in Southern China'®'2. EBV has long
. been postulated to play an important role in several human malignancies including NPC!* %, Previous studies
. have indicated that EBV up-regulates the activity of telomerase in NPC cell lines by activating several differ-
. ent signalling pathways, such as nuclear factor kappa B (NF-kB), c-jun N-terminal kinase (JNK), pl16INK4A/
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pRb/E2F1, and mitogen-activated protein kinase (MAPK) pathways'>-"". In addition, evidence also suggested
that EBV would induce host genomic instability via accumulation of DNA damage'* 8. In the past few years,
although it has been reported that EBV, as well as other oncogenic viruses, attenuates the DNA damage response
(DDR) indirectly and possibly directly, the detailed regulatory mechanism remains unclear!® %, DNA dam-
age is a very frequent occurrence, and accordingly repair of such damage is critical for maintaining genome
integrity and preventing tumourigenesis®'. A recent study demonstrated that EBV infection leads to replication
stress-associated DNA damage and activation of ataxia telangiectasia and Rad3 related protein (ATR) in human
B cells®. Furthermore, up-regulation of signal transducer and activator of transcription 3 (STAT3) resulting from
EBYV infection was found to promote viral oncogene-driven cell proliferation and potentially result in tumour-
igenesis?. Nevertheless, the underlying oncogenic mechanisms of EBV in NPC remain enigmatic, and more
specific studies are required.

In addition to the involvement in telomerase holoenzyme trafficking and assembly, TCAB1 was recently
shown to be a scaffold for DNA double-strand break (DSB) repair®. As a novel essential regulator of the DNA
DSB response, TCAB1 or WRAP53( facilitates the accumulation of the E3 ligase RNF8 to DSB sites and promotes
efficient assembly of the damage repair complex; this highlights the function of TCABI in DDR*. In addition,
another study demonstrated that loss of TCAB1 in epithelial ovarian cancers significantly attenuates DDR, result-
ing in DNA DSB accumulation and poor patient survival®. Although it is known that EBV infection resulted in
DNA damage accumulation and attenuated the following response in NPC, whether TCABI that is significantly
up-regulated in EBV-positive NPC samples in our study is involved in this process is unclear. Therefore, it is
crucial and worth to explore the association between EBV and TCAB1 and to study the roles of TCABI in the
tumourigenesis and development of NPC.

In the current investigation, we found that up-regulation of TCAB1 induced by EBV participates in the activa-
tion of telomerase and ATR, indicating that TCAB1 might be involved in the carcinogenic mechanism mediated
by EBV in two different ways in the development of NPC.

Results

TCABL1 is overexpressed in EBV-positive NPC clinical specimens.  To investigate EBV infection in
fifty human NPC specimens, we performed immunohistochemistry (IHC) to examine expression of LMP1 and
observed a positivity rate of 76% (38 of 50 samples, Fig. 1A,B). We further detected EBV-encoded RNA (EBER)
by in situ hybridisation and found that 9 of the LMP1-negative samples were also EBV positive (Fig. 1C,D). Thus,
EBYV positivity was found in 47 of 50 samples. Furthermore, we assessed the expression level of TCABI in the
NPC specimens, revealing TCABI overexpression in 85.1% of EBV-positive NPC biopsies (40 of 47 samples,
Fig. 1E,F). Conversely, none of the EBV-negative NPC samples exhibited TCAB1 overexpression, with differences
that were significant (P < 0.05, Table 1).

Stable infection of EBV increases expression of TCAB1 in NPC cell lines. To investigate the rela-
tionship between TCABI up-regulation and EBV infection, the cell lines CNE1, CNE1-LMP1, NP69 and HOK
were continuously exposed for three days to EBV at a multiplicity of infection (MOI) of 100. Immunofluorescence
staining showed high nuclear expression of EBV-determined nuclear antigen (EBNA) 2, verifying EBV infec-
tion (Supplementary Fig. 1). Next, we collected EBV-infected cells at passages 1 to 5 and assessed the level of
TCABI protein expression. The results showed TCAB1 to be significantly up-regulated by EBV in CNE1 and
CNEI-LMPI cells as well as in NP69 and HOK cells. Moreover, the expression level of TCABI1 increased gradu-
ally with the duration of exposure to EBV (Fig. 2A-H).

Up-regulated TCAB1 in EBV-positive CNE1 and CNE1-LMP1 cells was depleted using lentivirus carrying
shTCABI. The results of western blotting demonstrated that the level of TCABI protein was decreased upon
lentiviral infection, whereas negative control shNC had no effect (Supplementary Fig. 2).

Up-regulated expression of TCAB1 is involved in the promotion of telomerase activity induced
by EBV. Telomerase polymerase chain reaction-enzyme-linked immunosorbent assay (PCR-ELISA) was car-
ried out to detect telomerase activity in CNE1 and CNE1-LMP1 cells before and after EBV infection (Fig. 3).
With an absorbance of 2.5 for the positive control and 0.1 for the negative control, the absorbance for CNEI and
CNEI1-LMP1 cells was 1.0 and 2.2, respectively. After infection with EBV, the absorbance of CNEI1 cells increased
to 2.3 and that of CNE1-LMP1 to 2.7. These results indicate that EBV induces telomerase activity.

As TCABI is an essential component of the telomerase holoenzyme, we further investigated whether
up-regulated TCAB1 expression is associated with the telomerase activity induced by EBV through examining
telomerase activity in EBV-positive CNE1 and CNE1-LMP1 cells treated with shTCAB1 lentivirus. After deple-
tion of TCABI, the absorbance values for EBV-positive CNE1 and CNE1-LMP1 cells were 0.3 and 0.6, respec-
tively (Fig. 3). These data implicate the involvement of up-regulated expression of TCABI in the activation of
telomerase induced by EBV.

Depletion of TCAB1 inhibits cell proliferation driven by EBV and induces cell cycle alter-
ation. CCK-8 assay data showed that cells infected with EBV have higher proliferation potential than
EBV-negative cells, indicating that EBV promotes proliferation in NPC cell lines (Fig. 4A,B). To investigate the
potential function of TCAB1 in the pathogenic mechanism of EBV in NPC, we examined the proliferation of
EBV-positive CNE1 and EBV-positive CNE1-LMP1 cells treated with shTCABI lentivirus. Overall, cell prolifer-
ation was significantly inhibited (Fig. 4C,D). Our analyses also revealed that TCAB1 plays an essential role in the
cell proliferation promoted by EBV in vitro, with reduction of TCAB1 expression using exogenous shRNA leading
to a corresponding decrease in proliferation potential in EBV-infected cells.
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Figure 1. Representative photographs of LMP1 and TCABI expression in clinical samples of nasopharyngeal
carcinoma (NPC), as detected by immunohistochemistry and in situ hybridisation. Typical IHC results for
LMP1 ((A) positive (B) negative) in human NPC samples. Typical in situ hybridisation results for EBER ((C)
positive (D) negative) in human NPC samples. Typical IHC results for TCAB1 ((E) positive (F) negative) in
human NPC samples. (G) The detection rate of EBV-positive specimens by IHC and in situ hybridisation. (H)
Percentage of TCAB1-positive and -negative specimens among EBV-positive samples.

EBV-positive 47 40 (85.1) 7(14.9)

<0.05

EBV-negative 3 0(0.0) 3(100.0)

Flow cytometry (Fig. 5) was further performed to verify the results of the CCK-8 assay. Significantly higher
cell numbers of EBV-positive CNE1 cells with TCAB1 depletion were in sub-G1 phase and S phase (52.6% and
45.7%, respectively), compared to cells treated with shNC lentivirus (5.34% and 29.8%, respectively). These find-
ings indicate that depletion of TCABI induces apoptosis and cell cycle arrest in EBV-infected NPC cell lines.

Depletion of TCAB1 results in ATR suppression and DNA damage accumulation.  We observed
reduced proliferation potential and cell cycle arrest following TCAB1 knockdown. To investigate the underlying
mechanism, we studied the behaviour of TCABI in CNE1 and CNE1-LMP1 cells after DNA damage induced
by EBV. Phosphorylation of serine 139 in the C-terminal tail of the histone variant H2AX (termed YH2AX)
was evaluated by immunofluorescence staining. CNE1 and CNE1-LMP1 cells were infected with EBV and then
treated (or not) with shTCABI1 and shNC lentivirus, and EBV-induced foci formed by YH2AX were observed
after 24 h. Importantly, shRNA-mediated knockdown of TCAB1 enhanced the number of YH2AX foci, indicating
accumulation of DNA damage caused by EBV infection (Fig. 6A-D), and these results were confirmed by western
blotting (Fig. 6E,F). To better characterise the role of EBV-mediated activation and increase in TCAB1 in DDR,
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Figure 2. The expression level of TCABI is up-regulated by EBV in cell lines. (A,C,E,G) Protein level of TCAB1
in the first to fifth passages of CNE1, CNE1-LMP1, NP69 and HOK cells after EBV infection compared to
EBV-negative cells. (B,D,F,H) Quantitative results of TCAB1 protein levels relative to GAPDH in each cell line.
EBV+, EBV-positive; EBV —, EBV-negative. P1-5: passages 1-5 after EBV infection. The error bars represent
the mean & SD values. The statistical analysis was performed using Students ¢ test (*P < 0.05, **P < 0.01,

#45P < 0,001).
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Figure 3. TCABI is involved in the promotion of telomerase activity induced by EBV. A telomerase assay was
performed using telomerase PCR-ELISA. A lysate of 293 cells was heated at 85 °C for 10 min as the negative
control; the unheated lysate was used as the positive control. The error bars represent the mean =+ SD values.
The statistical analysis was performed using Students ¢ test (*P < 0.05, ®P < 0.01, comparing with EBV-negative
CNE1; P < 0.05, 9P < 0.01, comparing with EBV-negative CNE1-LMP1). Telomerase was activated by EBV in
CNEI and CNE1-LMP1 cells, and inhibited by TCABI depletion in EBV-positive cells.

we examined the expression of ATR, the function of which is to regulate the repair of damaged DNA replication
forks. As shown in Fig. 6E, the levels of phospho (p)ATR increased after EBV infection. As a reliable marker of
ATR activation?* %, phosphorylation at $33 of the 32-kDa subunit of replication protein A (RPA32) was also
detected following EBV infection. In contrast, after selection with puromycin, only small amounts of pATR and
PRPA32 were detected in CNE1 cells treated with shTCABI1 lentivirus. As expected, the level of the critical check-
point kinase Chk1, the downstream target of ATR that is critical for checkpoint activation upon DNA damage,
was also reduced after TCAB1 depletion. These results indicate that TCABI is involved in ATR activation induced
by EBV in response to replication stress-associated DNA damage.

No insertion mutation in the TCAB1 gene is detected after EBV infection. To explore the regula-
tory effect of EBV on TCAB1, we examined the TCABI gene sequence in CNE1 and CNE1-LMP1 cells before and
after EBV infection using PCR and agarose gel electrophoresis. However, no difference in the amplified TCABI
products was found between the EBV-negative and EBV-positive cells.
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Figure 4. Depletion of TCABI reduces the proliferation of EBV-positive cells in vitro. (A) EBV promoted
proliferation in CNEI cells. (B) EBV promoted proliferation in CNE1-LMP1 cells. (C) Depletion of TCABI1 by
exogenous shRNA lentivirus decreased proliferation in CNE1 cells infected with EBV. (D) Depletion of TCAB1
reduced proliferation in CNE1-LMP1 cells infected with EBV. The statistical analysis was performed using
Student’s ¢ test (**P < 0.01, ***P < 0.001).
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Figure 5. Depletion of TCAB1 promotes apoptosis and cell cycle arrest in vitro. Depletion of TCAB1 using
exogenous shTCABI lentivirus inhibited cell cycle progression of EBV-positive CNE1 cells, and significantly
more sShTCABI-treated cells were in sub-G1 phase than in S phase. The statistical analysis was performed using
Student’s ¢ test (***P < 0.001).

Discussion

EBV is known as an important risk factor to push the occurrence and development of NPC through mediating
a variety of cellular processes. In our current investigation, significant overexpression of TCAB1 was found in
EBV-positive clinical tissues. In spite of the limited number of EBV-negative clinical samples, this finding pre-
sumedly alluded to an oncogenic property of TCABI and also gave a hint that up-regulation of TCAB1 might
be important to the process of EBV infection during NPC tumourigenesis, prompting us to further investigate
the potential association between TCABI and EBV at a cellular level. However, future research needs expanded
sample size and randomized observation. Subsequently, we examined the expression level of TCAB1 in two NPC
cells and two control cell lines before and after EBV infection, and elevated TCAB1 expression was found as the
duration of EBV infection increased. This was consistent with the results for clinical specimens, suggesting that
TCABI is up-regulated by EBV in most, if not all, NPC tissues. In addition, up-regulated expression of TCAB1
was also detected in NP69 and HOK cells after EBV infection, indicating that TCABI might also play a key role
in the cell immortalisation triggered by EBV. Moreover, the fold increase in TCAB1 expression was higher in
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Figure 6. Depletion of TCABI inhibits phosphorylation of ATR and its respective downstream target Chkl,
resulting in DNA damage accumulation following EBV infection. (A,B) CNE1 and CNE1-LMP1 cells were
treated with EBV, and some cells were further infected by shTCAB1 and shNC lentivirus for 24 h, followed by
immunostaining for YH2AX. (C,D) Quantification of the results in (A,B) showing the percentage of nuclei
containing >10 NH2AX foci among the 200 cells counted for each experiment. The statistical analysis was
performed using Student’s ¢ test (***P < 0.001). (E) CNEI infected with EBV was subjected to western blotting
using different antibodies. (F) After exposure to EBV, depletion of TCABI interrupted ATR-to-Chkl signalling
in CNE1 cells.
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HOK cells than that in the other three cell lines derived from human nasopharyngeal epithelium, suggesting a
dependence on cell origin, yet further investigation is required to detect the regulatory effect of EBV on TCAB1
expression in multiple cell lineages.

After infection with EBV, the proliferation potential of CNE1 and CNE1-LMP1 cells was significantly
enhanced, which is consistent with a previous study?%. In addition, our recent study showed that TCAB1 could
promote CNE1 cell proliferation!?. Based on these results, it appears that EBV and TCABI have a similar effect
on stimulating NPC cell proliferation, which might be the result of synergy or linear superposition. To assess
whether the effect of EBV and TCAB1 on NPC cells is synergic or linear superposition, TCABI was knocked
down using shRNA lentivirus in CNE1 and CNE1-LMP1 cells. Although proliferation was significantly reduced
upon TCABI depletion, this reduction could not be recovered in CNE1-LMP1 cells, in which LMP1, the princi-
pal oncoprotein of EBYV, is stably expressed. These results indicate that EBV promotes proliferation in NPC cells
by enhancing the expression of TCAB1.

Several studies have demonstrated that EBV infection and EBV gene expression results in genomic instability,
facilitating the development of NPC?*» 26, As an oncogenic virus, EBV can modulate components of the DDR
pathway, particularly the histone variant H2AX, to promote oncogenesis. Phosphorylated H2AX, a mediator
of DDR, was found to be associated with EBV infection in NPC cells?’. In the present study, NPC cells exhib-
ited YH2AX expression upon EBV infection, consistent with the results of a previous study?®. Moreover, our
findings demonstrate that EBV infection leads to activation of ATR; a similar effect of EBV was also detected
in B lymphocytes?. In addition, TCAB1 was recently reported to be an essential regulator of DDR in an ataxia
telangiectasia-mutated (ATM)-dependent manner, promoting the interactions necessary for an appropriate bio-
logical response®. Nonetheless, few studies have reported the roles of TCAB1 in the ATR/Chk1 pathway. Here, we
found that knockdown of TCAB1 blocked the activation of ATR induced by EBV and interrupted ATR-to-Chk1
signalling. Thus, accumulation of cells in S phase may be attributed to aggravation of the DNA damage caused
by suppression of TCAB1. Our findings support the results of a recent study, which found that TCAB1 interacts
with YH2AX at sites of DNA damage in an ATR-dependent manner®. In the future, it would be very interesting
to investigate the exact role of TCAB1 in DDR in EBV-associated tumours.

Induction of EBV elicits DDR with a delay or arrest of cell cycle progression, and activation of ATM signal
transduction has been well studied?*>*. In contrast, there are few reports to date regarding activation of the ATR
replication checkpoint pathway. One recent study found that STAT3 impairs Chkl1 function to relax the intra-S
phase checkpoint during EBV-driven cell proliferation®?. In our study, accumulation of cells in S phase was also
detected after suppression of TCAB1 in EBV-infected cells. Together with the observation of inhibited phospho-
rylation of ATR and its respective downstream target Chk1 induced by TCAB1 depletion, our findings suggest
that TCABI is involved in intra-S phase DDR via the ATR-ChkI1 pathway.

Furthermore, we suggest that aggravation of DNA damage might be a direct reason for the observed rapid and
extensive apoptosis that occurs after TCABI silencing. As we know, TCABI has been identified as an essential
factor for Cajal body maintenance, which is not imperative for telomerase biogenesis and function in human
cancer cells®’. Even though many processes in this organelle are important for survival, Cajal bodies per se are not
essential for viability of cells. Also, previous studies indicated that Cajal bodies did not trigger apoptosis upon dis-
ruption®-34, suggesting that other functions of TCABI are essential for cancer cell survival. In general, telomerase
dysfunction results in critical shortening of telomeres during progressive cell divisions. This time period is called
the lag phase about decades cell divisons®. Eventually, the DDR triggered by critically shortened telomeres elicits
an irreversible cell cycle arrest termed replicative cellular senescence®®. Our results revealed rapid and massive
apoptosis in EBV-infected cells after transfection of shTCABI lentivirus. This might depend on the accumulation
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of DNA damage rather than on the regulation of telomere shortening following a decrease to a certain threshold.
The result may be the direct induction of telomerase dysfunction or disruption of the shelterin complex, eventu-
ally causing cell cycle arrest and apoptosis™.

In NPC cells, EBV may induce oncogenic development by interfering with several intracellular mecha-
nisms***. One such mechanism by which EBV induces cell immortalisation and malignant transformation is
via activation of telomerase during cancer development*"*>. A number of studies have focused on the fact that
EBV regulates telomerase activity by promoting expression and phosphorylation of human telomerase reverse
transcriptase (WT'ERT), the key determinant of the telomerase activity'>**. Recently, TCAB1 was identified as a
subunit of the telomerase holoenzyme, and it was found to be important for telomere maintenance in human
cancer cells’. It is possible that factors involved in enhanced telomerase expression, such as EBV, also contribute
to TCABI overexpression in the development of NPC. Our data presented here show that in NPC cells, TCAB1
might play an important role in the telomerase activation induced by EBV. However, we did not find an insertion
in the TCABI gene sequence after EBV infection in NPC cell lines. Regardless, we cannot yet rule out the possible
influence of EBV on TCABI at the genetic level, which remains to be further investigated.

In addition, TCABI also has a role to guide a class of RNA molecules referred to as small Cajal body-specific
RNAs (scaRNAs) to Cajal bodies, which are required for catalyzing post-transcriptional modifications of the
snRNA component of small nuclear ribonucleoproteins (snRNPs)*. Nevertheless, the exact manner in which
the different functions and regulators of TCABI1 are coordinated is not yet clear. TCAB1 has now been shown to
associate specifically with the CAB box of scaRNAs and promote their targeting to Cajal bodies* >. However, the
factors responsible for this targeting long remained unknown. It is worth studying for the molecular mechanism
of splicing regulation of the overexpressed TCABI induced by EBV. Therefore, in the future research, we will
further probe into the changes in the splicing capacity under the guidance of TCABI in the pathogenesis of NPC.

In summary, our findings give new insight into the role of TCABI in human NPC, providing the first evi-
dence that EBV enhances expression of TCABI in vitro. Furthermore, we identify TCABI as a novel player in
DDR following EBV infection, indicating the regulation of TCABI in the DNA damage resulting from EBV
oncogene-induced replication stress. This might be a predominant cause of the overexpression of TCAB1 in NPC
and a novel mechanism by which EBV drives malignancy.

Methods

Collection of NPC clinical specimens. A total of fifty paraformaldehyde-fixed paraffin-embedded NPC
tissues with histopathology reports were collected. All clinical specimens were achieved from Sichuan Province
Tumour Hospital during 2011 to 2012. This study was approved by the local ethics committee of Sichuan
University. Informed consent was obtained from all study participants. The experiments were carried out in
accordance with approved guidelines.

Immunohistochemistry and in situ hybridisation. Immunohistochemical analyses of pathological
specimens were performed as described previously'®. Slides were incubated with a primary antibody against
TCABI (1:200 dilution, Novus, USA) or LMP1 (1:100 dilution, Santa Cruz Biotechnology, USA) and detected
using the ChemMateTM EnVision kit (Dako, Carpinteria, CA). Inmune reactivity was analysed and quantified
using imageScope software (Aperio, Technology, Vista, CA). For LMP1-negative samples, EBER was detected to
further examine EBV infection with the in situ hybridisation technique according to the manufacturer’s recom-
mended protocol (Pan Path, Amsterdam).

Cell lines, cell culture and EBV isolation. The following established cell lines were used in this study:
two NPC cell lines, CNE1 (an EBV-negative, low-differentiated NPC cell line) and CNE1-LMP1 (a stable
LMP1-integrated NPC cell line); NP69 (an immortalised normal human nasopharyngeal epithelial cell line);
HOK (a human oral keratinocyte) and B95-8 (a marmoset EBV-immortalised B-cell line). CNE1 and B95-8
cells were obtained from the State Key Laboratory of Oral Diseases. CNE1-LMP1 and NP69 cells were pur-
chased from the Cancer Research Institute at Xiangya School of Medicine, Central South University, China.
HOK cells were provided by Dr. Qianming Chen and were obtained from the American Type Culture Collection
(ATCC, 11303). CNE1, CNE1-LMP1 and B95-8 cells were cultured in RPMI-1640 (HyClone, Logan, UT, USA)
with 10% foetal bovine serum (Gibco, Grand Island, NY, USA) and 1% penicillin-streptomycin (Thermo Fisher
Scientific, Waltham, MA USA). NP69 cells and HOK cells were maintained in serum-free keratinocyte medium
supplemented with human recombinant epidermal growth factor (0.1-0.2 ng/mL) and bovine pituitary extract
(20-30 pg/mL) (Gibceo). All cells were cultured in a humidified incubator at 37 °C with 5% CO,.

To isolate EBV from B95-8 cells, multigelation and ultrasonication were used with cells in late log phase. The
virus solution was obtained after filtration of the treated culture fluid using a 0.22-pm-pore-size filter. The virus
titre was calculated to be 1.0 x 10° copies/mL using real-time PCR and used for experiments.

Immunofluorescence.  Cells were grown on sterilised coverslips and fixed with 4% paraformaldehyde (PFA)
for 15min at room temperature. The cells were then permeabilised with 0.2% Triton X-100 for 5 min followed by
30min of blocking in 4% foetal bovine serum. The cells were incubated with primary antibodies against EBNA2
(1:200 dilution, Abcam, USA) or YH2AX (1:200 dilution, Signalway Antibody, USA) for 2h and then with an
Alexa Fluor 594 dye-conjugated secondary antibody (1:500 dilution, Thermo Fisher) for 1h before counterstain-
ing the nucleus with Hoechst 33342 (Sigma-Aldrich, USA) at room temperature. Finally, the slides were covered
with fluorescence mounting medium (Dako) and photographed under a fluorescence microscope (Olympus,
Tokyo, Japan).

Western blotting. Cells were trypsinised, harvested, washed, and lysed in ice-cold Radio
Immunoprecipitation Assay buffer (RIPA lysis buffer, Beyotime, Jiangsu, China). Western blotting was performed
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according to standard procedures. Primary antibodies against TCABI (1:4000 dilution, Novus), YH2AX (1:1000
dilution, Santa Cruz), pATR (1:5000 dilution, Abcam), pRPA32 (1:1000 dilution, Santa Cruz) and Chk1 (1:1000
dilution, Santa Cruz) were diluted in 5% BSA. GAPDH (1:1000 dilution, Santa Cruz) was used as an internal
control.

Lentivirus assembly and infection. The shTCABI lentivirus was assembled using pCMV-dR8.2 dvpr
(Addgene), pCMV-V-SVG (Addgene) and shTCAB1 (shRNA, targeting CACCCAACCTGAGAACTTCTT,
Sigma Aldrich). The shNC control vector was constructed using a scramble shRNA sequence. After infection
with EBV, CNE1 and CNE1-LMP1 cells were infected by shTCABI1 lentivirus using polybrene (5pg/mL, EMD
Millipore Temecula, CA, USA) and selected using puromycin (Thermo). shNC lentivirus was used as a negative
control.

Telomerase activity assay. Telomerase activity was measured using the telomerase PCR-ELISA assay
(Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer’s instructions. Cells were
washed in phosphate-buffered saline (PBS), trypsinised, counted, and centrifuged at 3000 x g for 10 min. The
pelleted cells were resuspended in lysis reagent, incubated on ice for 30 min at 4°C, and centrifuged at 16000 x g
for 20 min at 4 °C. Cell extracts from 10° cells were then used in the telomerase PCR-ELISA assay. Positive con-
trols for telomerase activity consisted of extracts of 293 cells. Negative controls were cell extracts heat-treated for
10 min at 85°C to degrade the RNA component of telomerase. Telomeric repeat amplification was performed as
follows: 30 min at 25 °C for primer elongation; 5 min at 94 °C for telomerase inactivation; 30 cycles of 30s at 94°C,
30s at 50°C, and 90's at 72 °C for amplification; a final cycle for 10 min at 72 °C. Aliquots of the PCR products
were denatured, hybridised to a digoxigenin (DIG)-labelled probe complementary to telomere repeat sequences,
and incubated with an anti-DIG-peroxidase antibody in a streptavidin-coated microtitre plate. The PCR products
were then visualised by colour development after adding a peroxidase substrate. Absorbance was measured at
450 nm with a reference wavelength at 690 nm using a Thermo Scientific Varioskan Flash (Thermo Scientific).
The results are expressed as the average of duplicate samples normalised to their respective heat-treated controls.

CCK-8 assay for cell proliferation. Cell proliferation was measured using Cell Counting Kit-8 (CCK-8,
Dojindo, Japan). Briefly, cells were seeded in 96-well plates at a density of 10° per well, and duplicates of 4 wells
each were prepared for each time point. Cell viability was assessed every 24 h after seeding. Absorbance at 450 nm
was measured using a Thermo Scientific Varioskan Flash (Thermo Scientific).

Flow cytometry to examine the cell cycle. Dissociated cells were fixed and permeabilised overnight
with 70% pre-cooled ethanol at 4 °C; the cells were then incubated with RNase A at 37 °C for 30 min and stained
with propidium iodide (PI) at 4°C for 30 min (Cell Cycle Detection Kit, KeyGEN, Jiangsu, China). A cell cycle
assay was performed using a flow cytometer (Beckman Coulter, USA).

Primer design and detection of TCAB1 insertion. Genomic DNA was extracted from CNEI and
CNE1-LMP1 cells before and after infection with EBV using the Blood and cell culture DNA mini kit (Qiagen,
Valencia, CA, USA). The primers used for detecting the TCABI gene are provided in Supplementary Table 1.
The amplification conditions were denaturation at 94 °C for 30s (3 min for the first cycle), annealing at 51 °C for
30s and extension at 72 °C for 1 min (10 min for the last cycle) for 30 cycles. The PCR product was separated by
agarose gel electrophoresis.

Statistical analysis. SPSS 19.0 software (Chicago, IL, USA) and GraphPad Prism software, version 6 (San
Diego, CA, USA) was used for statistical analysis. Student’s ¢-test was used for comparisons of two independent
groups. P value less than 0.05 was considered statistically significant.

References
1. Mahmoudi, S. et al. Wrap53, a natural p53 antisense transcript required for p53 induction upon DNA damage. Mol Cell. 33,
462-471, doi:10.1016/j.molcel.2009.01.028 (2009).
2. Farnebo, M. Wrap53, a novel regulator of p53. Cell Cycle. 8, 23432346, d0i:10.4161/cc.8.15.9223 (2009).
3. Venteicher, A. S. et al. A human telomerase holoenzyme protein required for Cajal body localization and telomere synthesis. Science.
323, 644-648, doi:10.1126/science.1165357 (2009).
4. Tycowski, K. T., Shu, M. D., Kukoyi, A. & Steitz, J. A. A conserved WD40 protein binds the Cajal body localization signal of scaRNP
particles. Mol Cell. 34, 47-57, d0i:10.1016/j.molcel.2009.02.020 (2009).
5. Zhong, F. et al. Disruption of telomerase trafficking by TCAB1 mutation causes dyskeratosis congenita. Genes Dev. 25, 11-16,
doi:10.1101/gad.2006411 (2011).
6. Mahmoudi, S. et al. WRAP53 is essential for Cajal body formation and for targeting the survival of motor neuron complex to Cajal
bodies. PLoS Biol. 8, €1000521, doi:10.1371/journal.pbio.1000521 (2010).
7. Zhang, H., Wang, D. W,, Adell, G. & Sun, X. . WRAP53 is an independent prognostic factor in rectal cancer-a study of Swedish
clinical trial of preoperative radiotherapy in rectal cancer patients. BMC Cancer. 12, 294, doi:10.1186/1471-2407-12-294 (2012).
8. Hedstrdm, E. et al. Downregulation of the cancer susceptibility protein WRAP538 in epithelial ovarian cancer leads to defective
DNA repair and poor clinical outcome. Cell Death Dis. 6, €1892, doi:10.1038/cddis.2015.250 (2015).
9. Rao, X. et al. Overexpression of WRAP53 is associated with development and progression of esophageal squamous cell carcinoma.
PLoS One. 9, €91670, doi:10.1371/journal.pone.0091670 (2014).
10. Sun, C. K. et al. TCABI: a potential target for diagnosis and therapy of head and neck carcinomas. Mol Cancer. 13, 180,
doi:10.1186/1476-4598-13-180 (2014).
11. Wei, K. R. et al. Nasopharyngeal carcinoma incidence and mortality in China in 2010. Chin J Cancer. 33, 381-387, doi:10.5732/
¢jc.014.10086 (2014).
12. Yang, L. et al. Targeting EBV-LMP1 DNAzyme enhances radiosensitivity of nasopharyngeal carcinoma cells by inhibiting telomerase
activity. Cancer Biol Ther. 15, 61-68, d0i:10.4161/cbt.26606 (2014).
13. Anagnostopoulos, I. & Hummel, M. Epstein-Barr virus in tumours. Histopathology. 29, 297-315, d0i:10.1111/his.1996.29.issue-4
(1996).

SCIENTIFICREPORTS |7:3218 | DOI:10.1038/s41598-017-03156-3 8


http://1
http://dx.doi.org/10.1016/j.molcel.2009.01.028
http://dx.doi.org/10.4161/cc.8.15.9223
http://dx.doi.org/10.1126/science.1165357
http://dx.doi.org/10.1016/j.molcel.2009.02.020
http://dx.doi.org/10.1101/gad.2006411
http://dx.doi.org/10.1371/journal.pbio.1000521
http://dx.doi.org/10.1186/1471-2407-12-294
http://dx.doi.org/10.1038/cddis.2015.250
http://dx.doi.org/10.1371/journal.pone.0091670
http://dx.doi.org/10.1186/1476-4598-13-180
http://dx.doi.org/10.5732/cjc.014.10086
http://dx.doi.org/10.5732/cjc.014.10086
http://dx.doi.org/10.4161/cbt.26606
http://dx.doi.org/10.1111/his.1996.29.issue-4

www.nature.com/scientificreports/

14. Chiu, S. H. et al. Epstein-Barr virus BALF3 mediates genomic instability and progressive malignancy in nasopharyngeal carcinoma.
Oncotarget. 5, 8583-8601, doi:10.18632/oncotarget.2323 (2014).

15. Yang, J. et al. Epstein-Barr virus LMP1 induces telomerase activity of nasopharyngeal carcinoma cells through NF-«B. Prog Biochem
Biophy. 29, 556-561 (2002).

16. Ding, L. et al. Latent membrane protein 1 encoded by Epstein-Barr virus induces telomerase activity via p16INK4A/Rb/E2F1 and
JNK signaling pathways. ] Med Virol. 79, 1153-1163, doi:10.1002/jmv.20896 (2007).

17. Yip, Y. L. et al. Efficient immortalization of primary nasopharyngeal epithelial cells for EBV infection study. PLoS Orne. 8, €78395,
doi:10.1371/journal.pone.0078395 (2013).

18. Liu, M. T. et al. Epstein-Barr virus latent membrane protein 1 induces micronucleus formation, represses DNA repair and enhances
sensitivity to DNA-damaging agents in human epithelial cells. Oncogene. 23, 2531-2539, doi:10.1038/sj.0nc.1207375 (2004).

19. Hau, P. M. et al. Role of ATM in the formation of the replication compartment during lytic replication of Epstein-Barr virus in
nasopharyngeal epithelial cells. ] Virol. 89, 652-668, d0i:10.1128/JV1.01437-14 (2015).

20. Nikitin, P. A. et al. An ATM/Chk2-mediated DNA damage-responsive signaling pathway suppresses Epstein-Barr virus
transformation of primary human B cells. Cell Host Microbe 8, 510-522, doi:10.1016/j.chom.2010.11.004 (2010).

21. Jackson, S. P. & Bartek, J. The DNA-damage response in human biology and disease. Nature. 461, 1071-1078, d0i:10.1038/
nature08467 (2009).

22. Koganti, S. et al. STAT3 interrupts ATR-Chk1 signaling to allow oncovirus-mediated cell proliferation. Proc Natl Acad Sci USA 111,
4946-4951, d0i:10.1073/pnas.1400683111 (2014).

23. Henriksson, S. et al. The scaffold protein WRAP53 beta orchestrates the ubiquitin response critical for DNA double-
strand break repair. Genes Dev. 28, 2726-2738, doi:10.1101/gad.246546.114 (2014).

24. Zhao, Y. et al. LMP1 stimulates the transcription of eIF4E to promote the proliferation, migration and invasion of human
nasopharyngeal carcinoma. FEBS J. 281, 3004-3018, doi:10.1111/febs.12838 (2014).

25. Lo, K. W,, To, K. F. & Huang, D. P. Focus on nasopharyngeal carcinoma. Cancer Cell. 5, 423-428, d0i:10.1016/S1535-
6108(04)00119-9 (2004).

26. Deng, W. et al. Epstein-Barr virus-encoded latent membrane protein 1 impairs G2 checkpoint in human nasopharyngeal epithelial
cells through defective Chkl activation. PLoS One. 7, €39095, doi:10.1371/journal.pone.0039095 (2012).

27. Fang, C. Y. et al. Recurrent chemical reactivations of EBV promotes genome instability and enhances tumor progression of
nasopharyngeal carcinoma cells. Int ] Cancer. 124, 2016-2025, doi:10.1002/ijc.v124:9 (2009).

28. Yang, J. et al. Epstein-Barr virus BZLF1 protein impairs accumulation of host DNA damage proteins at damage sites in response to
DNA damage. Lab Invest. 95, 937-950, doi:10.1038/labinvest.2015.69 (2015).

29. Rassoolzadeh, H., Coucoravas, C. & Farnebo, M. The proximity ligation assay reveals that at DNA double-strand breaks WRAP5303
associates with YH2AX and controls interactions between RNF8 and MDCI. Nucleus. 6, 417-424, doi:10.1080/19491034.2015.110
6675 (2015).

30. Choudhuri, T., Verma, S. C., Lan, K., Murakami, M. & Robertson, E. S. The ATM/ATR signaling effector Chk2 is targeted by
Epstein-Barr virus nuclear antigen 3C to release the G2/M cell cycle block. ] Virol. 81, 6718-6730, doi:10.1128/JV1.00053-07 (2007).

31. Stern, J. L., Zyner, K. G., Pickett, H. A., Cohen, S. B. & Bryan, T. M. Telomerase recruitment requires both TCAB1 and Cajal bodies
independently. Mol Cell Biol. 32, 2384-2395, doi:10.1128/MCB.00379-12 (2012).

32. Walker, M. P, Tian, L. & Matera, A. G. Reduced viability, fertility and fecundity in mice lacking the cajal body marker protein, coilin.
PLoS One 4, 6171, doi:10.1371/journal.pone.0006171 (2009).

33. Liu, J. L. et al. Coilin is essential for Cajal body organization in Drosophila melanogaster Cajal body. Mol Biol Cell. 20, 1661-1670,
doi:10.1091/mbc.E08-05-0525 (2009).

34. Whittom, A. A., Xu, H. & Hebert, M. D. Coilin levels and modifications influence artificial reporter splicing. Cell Mol Life Sci. 65,
1256-1271, doi:10.1007/s00018-008-7587-3 (2008).

35. Jafri, M. A, Ansari, S. A., Alqahtani, M. H. & Shay, J. W. Roles of telomeres and telomerase in cancer, and advances in telomerase-
targeted therapies. Genome Med. 8, 69, doi:10.1186/s13073-016-0324-x (2016).

36. Liu, C. C. et al. Distinct Responses of Stem Cells to Telomere Uncapping-A Potential Strategy to Improve the Safety of Cell Therapy.
Stem Cells., doi:10.1002/stem.2431 (2016).

37. Garcia-Beccaria, M., Martinez, P,, Flores, J. M. & Blasco, M. A. In vivo role of checkpoint kinase 2 in signaling telomere dysfunction.
Aging Cell. 13, 810-816, doi:10.1111/acel.2014.13.issue-5 (2014).

38. Herrmann, K. & Niedobitek, G. Epstein-Barr virus-associated carcinomas: facts and fiction. J Pathol. 199, 140-145, doi:10.1002/
path.1296 (2003).

39. Murray, P. G. & Young, L. S. The role of the Epstein-Barr virus in human disease. Front Biosci. 7, d519-d540, doi:10.2741/murray
(2002).

40. Eliopoulos, A. G. & Young, L. S. LMP1 structure and signal transduction. Semin Cancer Biol. 11, 435-444, doi:10.1006/
scbi.2001.0410 (2001).

41. Ding, L. et al. Epstein-Barr virus encoded latent membrane protein 1 modulates nuclear translocation of telomerase reverse
transcriptase protein by activating nuclear factor-kappaB p65 in human nasopharyngeal carcinoma cells. Int ] Biochem Cell Biol. 37,
1881-1889, doi:10.1016/j.biocel.2005.04.012 (2005).

42. Li, H. M. et al. Molecular and cytogenetic changes involved in the immortalization of nasopharyngeal epithelial cells by telomerase.
Int ] Cancer. 119, 1567-1576, doi:10.1002/ijc.22032 (2006).

43. Zheng, H., Li, L. L., Hu, D. S., Deng, X. Y. & Cao, Y. Role of Epstein-Barr virus encoded latent membrane protein 1 in the
carcinogenesis of nasopharyngeal carcinoma. Cell Mol Immunol. 4, 185-196 (2007).

Acknowledgements

We would like to thank Prof. Hong Li for helping with the virus culture and isolation with Key Laboratory of Birth
Defects and Related Diseases of Women and Children, Ministry of Education, West China Second University
Hospital, Sichuan University. We would also like to thank Dr. Qianming Chen at Stomatology of West China
Hospital, Sichuan University for providing us with the HOK cells. This study is supported by the National
Natural Science Foundation of China (81172579, 81502351) and Sichuan Provincial Department of science and
technology project (2013SZ0039).

Author Contributions

K.W. collected the samples, supervised the overall experiment, and drafted the manuscript. Y.G. and C.N.
supervised the overall experiment, performed the data analysis and drafted the manuscript. B.C., ].D., X.H. helped
collect samples and draft the manuscript. J.C. and Y.L. participated in the data processing and design of the study.
K.W,, B.Z,LX,, C.S. and Y.L. conceived of the overall study and participated in the study design, coordination
and revision of the manuscript. All authors read and approved the final manuscript.

SCIENTIFICREPORTS |7:3218 | DOI:10.1038/s41598-017-03156-3 9


http://dx.doi.org/10.18632/oncotarget.2323
http://dx.doi.org/10.1002/jmv.20896
http://dx.doi.org/10.1371/journal.pone.0078395
http://dx.doi.org/10.1038/sj.onc.1207375
http://dx.doi.org/10.1128/JVI.01437-14
http://dx.doi.org/10.1016/j.chom.2010.11.004
http://dx.doi.org/10.1038/nature08467
http://dx.doi.org/10.1038/nature08467
http://dx.doi.org/10.1073/pnas.1400683111
http://dx.doi.org/10.1101/gad.246546.114
http://dx.doi.org/10.1111/febs.12838
http://dx.doi.org/10.1016/S1535-6108(04)00119-9
http://dx.doi.org/10.1016/S1535-6108(04)00119-9
http://dx.doi.org/10.1371/journal.pone.0039095
http://dx.doi.org/10.1002/ijc.v124:9
http://dx.doi.org/10.1038/labinvest.2015.69
http://dx.doi.org/10.1080/19491034.2015.1106675
http://dx.doi.org/10.1080/19491034.2015.1106675
http://dx.doi.org/10.1128/JVI.00053-07
http://dx.doi.org/10.1128/MCB.00379-12
http://dx.doi.org/10.1371/journal.pone.0006171
http://dx.doi.org/10.1091/mbc.E08-05-0525
http://dx.doi.org/10.1007/s00018-008-7587-3
http://dx.doi.org/10.1186/s13073-016-0324-x
http://dx.doi.org/10.1002/stem.2431
http://dx.doi.org/10.1111/acel.2014.13.issue-5
http://dx.doi.org/10.1002/path.1296
http://dx.doi.org/10.1002/path.1296
http://dx.doi.org/10.2741/murray
http://dx.doi.org/10.1006/scbi.2001.0410
http://dx.doi.org/10.1006/scbi.2001.0410
http://dx.doi.org/10.1016/j.biocel.2005.04.012
http://dx.doi.org/10.1002/ijc.22032

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03156-3

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:3218 | DOI:10.1038/s41598-017-03156-3 10


http://dx.doi.org/10.1038/s41598-017-03156-3
http://creativecommons.org/licenses/by/4.0/

	Epstein-Barr virus-induced up-regulation of TCAB1 is involved in the DNA damage response in nasopharyngeal carcinoma

	Results

	TCAB1 is overexpressed in EBV-positive NPC clinical specimens. 
	Stable infection of EBV increases expression of TCAB1 in NPC cell lines. 
	Up-regulated expression of TCAB1 is involved in the promotion of telomerase activity induced by EBV. 
	Depletion of TCAB1 inhibits cell proliferation driven by EBV and induces cell cycle alteration. 
	Depletion of TCAB1 results in ATR suppression and DNA damage accumulation. 
	No insertion mutation in the TCAB1 gene is detected after EBV infection. 

	Discussion

	Methods

	Collection of NPC clinical specimens. 
	Immunohistochemistry and in situ hybridisation. 
	Cell lines, cell culture and EBV isolation. 
	Immunofluorescence. 
	Western blotting. 
	Lentivirus assembly and infection. 
	Telomerase activity assay. 
	CCK-8 assay for cell proliferation. 
	Flow cytometry to examine the cell cycle. 
	Primer design and detection of TCAB1 insertion. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Representative photographs of LMP1 and TCAB1 expression in clinical samples of nasopharyngeal carcinoma (NPC), as detected by immunohistochemistry and in situ hybridisation.
	Figure 2 The expression level of TCAB1 is up-regulated by EBV in cell lines.
	Figure 3 TCAB1 is involved in the promotion of telomerase activity induced by EBV.
	Figure 4 Depletion of TCAB1 reduces the proliferation of EBV-positive cells in vitro.
	Figure 5 Depletion of TCAB1 promotes apoptosis and cell cycle arrest in vitro.
	Figure 6 Depletion of TCAB1 inhibits phosphorylation of ATR and its respective downstream target Chk1, resulting in DNA damage accumulation following EBV infection.
	Table 1 Examination of EBV and TCAB1 in NPC clinical specimens.




