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DNA Damage Induces Down-Regulation of Prp19 via
Impairing Prp19 Stability in Hepatocellular Carcinoma
Cells
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Abstract

Pre-mRNA processing factor 19 (Prp19) activates pre-mRNA spliceosome and also mediates DNA damage response. Prp19
overexpression in cells with functional p53 leads to decreased apoptosis and increases cell survival after DNA damage. Here
we showed that in hepatocellular carcinoma (HCC) cells with inactive p53 or functional p53, Prp19 was down-regulated due
to the impaired stability under chemotherapeutic drug treatment. Silencing Prp19 expression enhanced apoptosis of HCC
cells with or without chemotherapeutic drug treatment. Furthermore high level of Prp19 may inhibit chemotherapeutic
drugs induced apoptosis in hepatocellular carcinoma cells through modulating myeloid leukemia cell differentiation 1
expression. These results indicated that targeting Prp19 may potentiate pro-apoptotic effect of chemotherapeutic agents
on HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth most common
cancer and the fourth leading cause of cancer-related mortality
worldwide [1]. Although surveillance in high-risk population
allows diagnosis of HCC at early stage, most cases still present at
advanced and unresectable stage, and limited therapeutic options
are available [2]. The gloomy prognosis of the disease is also
attributed to inefficiency of traditional chemotherapeutic agents.

Apoptosis, an important physiological process of cell death,
occurs during tissue remodeling, immune regulation, and tumor
regression. Generally, chemotherapeutic drugs induce the death of
apoptotic cell in a mitochondrial pathway by activating BH3-only
proteins and neutralizing the anti-apoptotic proteins such as B-cell
lymphoma (BCL) 2, BCL-extra large (BCL-xL) and myeloid
leukemia cell differentiation 1 (MCLI) [3]. Activities of such anti-
apoptotic proteins are orchestrated by some tumor suppressors
including p53 [4], which also plays key roles in apoptosis. However
mutation in p53 barely presents in approximately 20-45% of
HCC [5], indicating that p53-independent mechanisms are
probably involved in chemotherapeutic-mediated apoptosis in
HCC. Thus exploring the unknown apoptotic regulator could
offer more insight into the chemotherapeutic resistance of HCC.

As an essential pre-mRNA splicing factor, pre-mRNA process-
ing factor 19 (Prpl9) plays a direct role in cellular response to
DNA damage including repairing DNA damage, repressing cell
cycle arrest and inhibiting apoptosis [6]. Depletion of Prpl9 in
HeLa cells results in accumulation of cellular apoptosis [7],
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whereas overexpression of Prpl19 in HeLa cells can provide a pro-
survival effect on DNA damage [8]. Therefore up-regulation of
Prpl9 may prolong human lifespan via reinforcing capacity of
DNA damage repair or resistance to stress [9,10]. In regard of its
significant role in DNA damage repair and increased expression in
colon and larynx cancer [11], it is reasonably argued that Prp19 is
involved in development of cancer. Recent works also indicate that
Prpl9-associated complex protects cells from irradiation-induced
apoptosis via inhibiting p53 mRNA expression or transcriptional
activity [12,13], function of Prp19 in HCC cells with mutated p53
remain, however, poorly understood. Therefore, we propose that
Prp19 may be required for HCC cells to antagonize chemother-
apeutic agents-induced apoptosis.

Materials and Methods

Cell Culture and Chemical Agents

Liver cancer cell lines (Huh7 and SMMC-7721) were purchased
from Cell Bank of Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China). Cells were cultured in Dulbecco’s
modified Eagle’s medium (Jinuo Biotec, Shanghai, china) with
10% fetal calf serum and a humidified incubator at 37°C in the
presence of 5% COy. Doxorubicin (Dox) and cisplatin (CDDP) are
obtained from Sigma (Sigma-Aldrich, St. Louis, USA). Cyclohex-
imide (CHX) is purchased from Beyotime (Beyotime, Nantong,
China).

February 2014 | Volume 9 | Issue 2 | 89976


http://creativecommons.org/licenses/by/4.0/

Antibodies and Western Blot Assay

Mouse anti-GAPDH, anti-p53 and anti-Prp19 were purchased
from Santa Cruz Technology (Santa Cruz, CA, USA). Rabbit
anti—BCL-2, anti—MCL-1, anti—BCL-XL and cleaved poly
(adenosine diphosphate-ribose) polymerase (PARP) were pur-
chased from Cell Signaling Technology (Beverly, MA, USA).

For western blot, cells were lysed in lysis buffer (20 mM Tris-
HCIL, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-
100 with protease inhibitor), and their extracts were clarified via
centrifugation. The cell lysate proteins were separated on 10%
SDS-PAGE gel and then transferred to polyvinylidene difluoride
membrane (Millipore, Billerica, MA, USA). The membranes were
blocked in blocking solution (50 mM Tris-HCI, 150 mM NaCl,
5% (w/v) non-fat dry milk and 0.1% Tween-20) at room
temperature for 2 h, followed by incubation with appropriate
primary antibodies at 4°C overnight. After incubating with
appropriate secondary antibodies at room temperature for 1 h,
gels were scanned and quantified using using ImageQuant LAS
4000 mini (GE Healthcare, NY, USA).

Real-time reverse transcription PCR (qPCR)

Total RNA was exacted by TRIzol (Invitrogen, NY, USA). The
first strand cDNA synthesis was carried out with AMV RNA PCR
kit (TaKaRa, Dalian, China) according to the manufacturer’s
protocol. Subsequent qPCR was performed using a SYBR Green
Premix Ex Taq (TaKaRa, Dalian, China) on ABI StepOne Plus
system (Applied Biosystems, CA, USA). The relative mRNA level
of specific genes was calculated using the 3t method after
normalization against Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). The primers of interested genes were as follows:
Prpl9: 5'-GTGCC AAGTT CCCAA CCAAG TGTT-3' (for-
ward) and 5'-AGCAC AGTGG CTTTG TCTTG AAGC-3'
(reverse), and GAPDH: 5'-TCGAC AGTCA GCCGC ATCTT
CTTT-3" (forward) and 5'-GCCCA ATACG ACCAA ATCCG
TTGA-3' (reverse).

RNA Interference

A small interfering RNA (100 pmol/L) against Prp19 (Gene-
pharma, Shanghai, China) was transfected into cells in 6-well
plates using Lipofectamine 2000 (Invitrogen, NY, USA) according
to the manufacturer’s instructions. Forty-eight hours after trans-
fection, gene silencing effects were measured by western blot. The
siRNA sequences were listed in Table 1.

Table 1. List of siRNAs for suppressing Prp19.

siRNAs Sequence (5’ to 3’)

GGCUC AUCGA GAAGU ACAUT T
AUGUA CUUCU CGAUG AGCCT T
GCCAC UAUCA GGAUU UGGUT T
ACCAA AUCCU GAUAG UGGCT T
GCCAA GUUCA UCGCU UCAAT T
UUGAA GCGAU GAACU UGGCT T
UUCUC CGAAC GUGUC ACGUTT

ACGUG ACACG UUCGG AGAAT T

siRNA1 Prp19 sense

siRNA1 Prp19 antisense
SiRNA2 Prp19 sense

siRNA2 Prp19 antisense
siRNA3 Prp19 sense

siRNA3 Prp19 antisense
siRNA Negative control sense

siRNA Negative control antisense

doi:10.1371/journal.pone.0089976.t001
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Terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL) Assay

HCC cells were treated with CDDP or doxorubicin for 24 h.
Apoptotic cells were detected with the In Situ Cell Death
Detection Kit (Roche, Mannheim, Germany) according to the
manufacturer’ protocol, followed counterstained with 4', 6 -
diamidino-2-phenylindole. Apoptotic cells were imaged with a
Nikon microscope with NIS Element F3.2 software (Nikon, Tokyo,

Japan).

Flow Cytometry Assay

Pretreated Huh7 cells were stained with FITC-AnnexinV and
propidium iodide (PI), and then evaluated for apoptosis by flow
cytometry according to the manufacturer’s protocol (Multi-
sciences, Hangzhou, China). Briefly, cells were harvested after
the incubation period, washed twice in cold phosphate-buffered
saline (PBS), and centrifuged at 2000 rpm for 5 min. About 1 x10°
cells were re-suspended in 500 pL 1 X annexin-binding buffer and
transferred to a sterile flow cytometry glass tube. 5 uL. FITC-
AnnexinV and 10 uLL PI were added to each tube, followed by
incubation at room temperature for 5 min in the dark. Following
incubation, samples were analyzed by flow cytometry (Epics Altra,
Beckman, USA).

Statistical analysis

Statistical analyses were conducted on SPSS 19.0 for Windows.
Student’s ¢ test was used to compare differences between different
groups. Statistical significance was set at P<<0.05.

Results

Dox or CDDP induces Prp19 down-regulation in HCC
cells

In contrast to normal hepatocyte L02 and liver tissue, HCC cell
lines and tissue displayed greater abundance of Prpl9 expression
(unpublished data), suggesting that Prpl9 may be involved in
hepatocarcinogenesis. In normal human fibroblast, DNA cross-
linking agent CDDP causes biophasic induction of Prpl9,
accompanied by p53 activation [14]. To investigate the response
of Prp19 to DNA damage agents in HCC cells with mutated p53,
Huh7 cells, expressing mutated p53 [15], was treated with CDDP
at different time intervals with different doses. The results shown
that the protein level of Prp19 was down-regulated by CDDP in a
dose- (Fig. 1A) and time-dependent (Fig. 1B) manner, whereas p53
was not activated. In concomitant with the down-regulation of
Prpl19, cleaved PARP, an apoptotic marker, was increased with
CDDP treatment (especially at 20 pM and 24 h) in our study. The
decreased Prpl9 and increased cleaved PARP by CDDP
treatment can also be observed in SMMC-7721 cells, which
contain wild-type p53 [16] (Fig. 1C and D). Further, Dox, a DNA
double-strand break agent, also induced down-regulation of Prp19
in Huh7 cells in a dose- and time-dependent manner (Fig. 1E and
F), and in SMMC-7721 cells in a dose-dependent manner (Fig. 1G)
but not in a time-dependent manner (Fig. 1H). These data indicate
that, DNA damage drugs can lead to Prpl9 down-regulation in
HCC cells in regardless of p53 status.

CDDP or Dox treatment compromises Prpl9 stability in
HCC cells. To examine whether Prpl9 down-regulation was
induced at transcriptional level by DNA damage agents,
Prpl9 mRNA level in Huh7 cells and SMMC-7721 cells was
analyzed. The results showed that Prpl9 mRNA level was not
obviously affected by these agents in Huh7 cells (Fig. 2A), while
similar results was observed in SMMC-7721 cells (Fig. 2B). These
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Figure 1. Cisplatin (CDDP) or doxorubicin (Dox) induces Prp19 down-regulation in HCC cells. (A) Huh7 cells were treated with the
indicated concentration of CDDP for 24 h and cell lysates were probed with indicated antibodies. (B) Time course of 10 uM CDDP treatment in Huh7
cells. (C) SMMC-7721 cells were incubated with the indicated concentration of CDDP for 24 h. (D) Time course of 10 uM CDDP treatment in SMMC-
7721 cells. (E) Huh7 cells were treated with the indicated concentration of Dox for 24 h. (F) Time course of 2 uM Dox treatment in Huh7 cells. (G)
SMMC-7721 cells were treated with the indicated concentration of Dox for 24 h. (H) Time course of 2 uM Dox treatment in SMMC-7721 cells.

doi:10.1371/journal.pone.0089976.g001

results suggest that CDDP or Dox treatment modulates Prpl9
expression in HCC cells at post-transcriptional level.

It has been reported that DNA damage induces ubiquitination
of Prpl9 in HeLa cells [8], which is another post-transcripational
modification affecting protein stability. To examine whether DNA
damage agents modulated the Prpl9 stability in Huh7 and
SMMC-7721 cells, the stability of Prp19 was measured by treating
cells with cycloheximide (CHX) in the presence of CDDP or Dox
in a time-course experiment. As shown in Fig. 2C; the percentage
of Prpl9 protein in Huh7 cells incubated with CHX and DNA
damage agents was markedly decreased as compared to incubated
with CHX alone. In line with findings in Huh7 cells, CDDP or
Dox treatment also impaired the stability of Prpl9 in SMMC-
7721 cells (Fig. 2D). These data suggest that down-regulation of
Prpl19 in Dox- or CDDP- treated HCC cells was mainly due to
decreased stability of Prpl9.

Silencing Prpl9 enhances apoptosis of HCC cells induced
by Dox or CDDP. Next, to evaluate the effect of Prpl9 on
apoptosis of HCC cells induced by DNA damage agents, Prp19
protein expression was repressed using siRNA against Prp19 and
then incubated with DNA damage agents. Finally apoptosis was
detected by TUNEL assay and flow cytometry after staining with
Annexin V and PIL In contrast to negative control siRNA, Prp19
siRNA3 efficiently inhibited Prpl9 expression in these two cell
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lines, and was then used in following transient transfection
experiments (Fig. 3A). TUNEL assay revealed that knockdown
Prp19 significantly potentiated CDDP-induced apoptosis in Huh7
and SMMC -7721 cells (Fig. 3B and C). Similar to TUNEL assay
results, flow cytometry histogram showed that repressing Prpl19 in
Huh7 cells enhanced CDDP- or Dox- induced apoptosis (Fig. 3D).
These results provide evidence that depletion of Prpl9 in HCC
cells render them more sensitive to DNA damage agents-induced
apoptosis.

Down-regulation pro-survival
proteins expression and increases PARP cleavage in HCC
To explore the underlying mechanisms, we measured the

of Prpl9 decreases

cells.
expression of pro-survival proteins in Prp19-defective HCC cells.
Transient knockdown Prp19 in both Huh7 and SMMC-7721 cells
down-regulated MCL-1 expression, while BCL-XL. and BCL-2
levels were not affected (Fig. 4). Moreover, increased cleaved
PARP was also observed after repressing endogenous Prpl9
expression in HCC cells (Fig. 4), indicating that depletion of Prp19
resulted in increased basal apoptosis. These observations indicate
that Prpl9 may implement its regulation on apoptosis of HCC
cells by affecting expression of anti-apoptotic proteins MCL-1.
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Figure 2. CDDP or Dox treatment compromises Prp19 stability in HCC cells. (A and B) Relative mRNA expression of Prp19 in SMMC-7721 or
Huh?7 cells treated with 10 uM CDDP and 2 uM Dox for 24 h. Data were presented as mean =+ SD; n=4. (C and D) SMMC-7721 cells or Huh7 cells was
treated with 50 pg/mL cycloheximide (CHX) in the presence of 10 uM CDDP or 2 uM Dox at different time durations, and then Prp19 protein
expression were analyzed. Densitometric values were detected and presented.

doi:10.1371/journal.pone.0089976.9002

Discussion

Although patients with unresectable HCC benefits from
chemoembolization with Dox or CDDP, benefit of this adjuvant
modality for HCC remains less investigated [17]. Resistance to
Dox or CDDP induced-apoptosis partially contributes to this
therapeutic issue [18]. In cancer cells with functional p53, DNA
damage triggers activation of p53 and its target genes, resulting in
cell cycle arrest and apoptosis [19]. In the absence of p53, DNA
damage can also induce apoptosis in cancer cells via other
mechanisms [20,21].

Previous studies have revealed that Prpl9 plays diverse role in
DNA damage repair, resulting in decreased cell apoptosis and
enhanced cell survival under DNA damage [9,14]. Prp19 alone or
in combination with its complex can interact with DNA repair
proteins such as terminal deoxynucleotidyl transferase and
Metnase to implement damage repairing and suppress apoptosis
[14,22]. Furthermore, Prp19 interacts with PHD3 to lessen cell
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death under hypoxic conditions [23]. In response to several DNA
damage agents, biphasic induction of Prp19 is observed in normal
human fibroblast to execute its pro-survival function [14]. Here we
found that upon DNA damage, Prpl9 was down-regulated in a
time- and dose-dependent manner in HCC cells with mutated or
wild-type p53. Silencing Prpl9 enhanced CDDP or Dox-induced
apoptosis in these two HCC cells, which was in line with previous
findings in HeLa cells [8].

Direct involvement of Prp19 in DNA damage response has been
reported in several studies. Prpl9 is ubiquitinated in HeLa cells
under DNA damage, leading to enhanced stability of other
components within Prp19-associated complex[8]. Recently, ATM
dependent phosphorylation of Prpl9 upon DNA damage or
oxidative stress is identified to be necessary for mediating the
resistance to apoptosis upon oxidative stress and elongating the
cellular life span [9]. Since both DNA damage and Prpl9
overexpression can trigger self-ubiquitination [8], the fall back
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Figure 3. Silencing Prp19 enhances apoptosis of HCC cells induced by Dox or CDDP. (A) Huh7 cells were transfected with negative control
siRNA and three siRNAs targeting Prp19, followed to assess the effect of silencing. (B and C) Huh7 or SMMC-7721 cells were transfected with negative
control siRNA and Prp19 siRNA2 for 48 h, and incubated with 10 uM CDDP for another 24 h. Apoptosis was detected by in situ nick end-labeling of
fragmented DNA with terminal deoxynucleotidyl transferase assay. The apoptotic index, defined as the percentage of apoptotic cells, was calculated
and summarized in the bar chart. The values represent the mean standard deviation of 3 independent experiments (Scale bar, 50 um; *P<<0.001). (D)
Huh7 cells were transfected with negative control siRNA and Prp19 siRNA2 for 48 h, and incubated with 10 uM CDDP (left) or 2 uM Dox (right) for
another 24 h. Apoptosis was determined by flow cytometry. Cells stained with Annexin-V-fluorescein isothiocyanate were counted as apoptotic, and
the apoptotic index was defined as the percentage of apoptotic cells.

doi:10.1371/journal.pone.0089976.9g003
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after the peak of Prpl9 induction may be due to increased self-
ubiquitination and subsequent impaired stability [14]. Our current
study also displayed DNA damage-mediated down-regulation of
Prp19 in HCC cells was mainly attributed to impairment in Prp19
stability. Hence, more studies are required to answer whether

References

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, et al. (2011) Global cancer
statistics. CA Cancer J Clin 61: 69-90.
2. El-Serag HB (2011) Hepatocellular carcinoma. N Engl J] Med 365: 1118-1127.
. Youle RJ, Strasser A (2008) The BCL-2 protein family: opposing activities that
mediate cell death. Nat Rev Mol Cell Biol 9: 47-59.

4. Vousden KH, Prives C (2009) Blinded by the Light: The Growing Complexity of
p53. Cell 137: 413-431.

5. Forner A, Llovet JM, Bruix J (2012) Hepatocellular carcinoma. Lancet 379:
1245-1255.

6. Yin J, Zhu JM, Shen XZ (2012) New insights into pre-mRNA processing factor
19: A multi-faceted protein in humans. Biol Cell 104: 695-705.

7. Zhang N, Kaur R, Lu X, Shen X, Li L, et al. (2005) The Pso4 mRNA splicing
and DNA repair complex interacts with  WRN for processing of DNA
interstrand cross-links. J Biol Chem 280: 40559—40567.

8. Lu X, Legerski RJ (2007) The Prpl9/Pso4 core complex undergoes
ubiquitylation and structural alterations in response to DNA damage. Biochem
Biophys Res Commun 354: 968-974.

9. Dellago H, Khan A, Nussbacher M, Gstraunthaler A, Lammermann I, et al.
(2012) ATM-dependent phosphorylation of SNEVhPrp19/hPso4 is involved in
extending cellular life span and suppression of apoptosis. Aging (Albany NY) 4:
290-304.

10. Voglauer R, Chang MW, Dampier B, Wieser M, Baumann K, et al. (2006)
SNEV overexpression extends the life span of human endothelial cells. Exp Cell
Res 312: 746-759.

11. Confalonieri S, Quarto M, Goisis G, Nuciforo P, Donzelli M, et al. (2009)
Alterations of ubiquitin ligases in human cancer and their association with the
natural history of the tumor. Oncogene 28: 2959-2968.

12. Kuo PC, Tsao YP, Chang HW, Chen PH, Huang CW, et al. (2009) Breast
cancer amplified sequence 2, a novel negative regulator of the p53 tumor
suppressor. Cancer Res 69: 8877-8885.

13. Sorrells S, Carbonneau S, Harrington E, Chen AT, Hast B, et al. (2012) Ccdc94
protects cells from ionizing radiation by inhibiting the expression of p53. PLoS
Genet 8: €1002922.

[35)

PLOS ONE | www.plosone.org

DNA Damage Induces Down-Regulation of Prp19

DNA damage-mediated down-regulation of Prpl9 is dependent
on ubiquitin/proteasome.

In addition, exogenous Prpl9 lowers basal DNA damage and
apoptosis, elongating cellular life span [9]. Here we also
demonstrated that knockdown endogenous Prpl9 enhanced
cleaved PARP without extracellular stress, which indirectly
supported its pro-survival role in both normal human cells and
cancer cells. Furthermore, we found that Prpl9 modulated
expression of pro-survival proteins MCL-1, which may be helpful
to elucidate the function of Prpl9 in HCC cells under DNA
damage.

In summary, our work, for the first time, demonstrated that
DNA damage impaired Prpl9 stability and resulted in Prpl9
down-regulation. Knockdown of Prpl9 in HCC cells potentiated
the pro-apoptotic effect of chemotherapeutic drugs, suggesting that
targeting Prp19, together with chemoembolization, can make this
treatment more efficient. Moreover, investigating the mechanism
for Prpl9-mediated expression of MCL-1 may provide more
insights into chemotherapeutic resistance in HCC.

Author Contributions

Conceived and designed the experiments: JY JMZ XZS. Performed the
experiments: JY YAZ. Analyzed the data: JY YAZ. Contributed reagents/
materials/analysis tools: T'TL. Wrote the paper: JY JMZ XZS.

14. Mahajan KN, Mitchell BS (2003) Role of human Pso4 in mammalian DNA
repair and association with terminal deoxynucleotidyl transferase. Proc Natl
Acad Sci U S A 100: 10746-10751.

15. Muller M, Strand S, Hug H, Heinemann EM, Walczak H, et al. (1997) Drug-
induced apoptosis in hepatoma cells is mediated by the CD95 (APO-1/Fas)
receptor/ligand system and involves activation of wild-type p53. J Clin Invest 99:
403-413.

16. Sun L, Zhang G, Li Z, Lei T, Huang C, et al. (2008) Cellular distribution of
tumour suppressor protein p53 and high-risk human papillomavirus (HPV)-18
E6 fusion protein in wild-type p53 cell lines. J Int Med Res 36: 1015-1021.

17. Oliveri RS, Wetterslev J, Gluud C (2011) Transarterial (chemo)embolisation for
unresectable hepatocellular carcinoma. Cochrane Database Syst Rev:
CD004787.

18. Gish RG, Porta C, Lazar L, Ruff P, Feld R, et al. (2007) Phase III randomized
controlled trial comparing the survival of patients with unresectable hepatocel-
lular carcinoma treated with nolatrexed or doxorubicin. J Clin Oncol 25: 3069
3075.

19. Norbury C]J, Zhivotovsky B (2004) DNA damage-induced apoptosis. Oncogene
23: 2797-2808.

20. Lanni JS, Lowe SW, Licitra EJ, Liu JO, Jacks T (1997) p53-independent
apoptosis induced by paclitaxel through an indirect mechanism. Proc Natl Acad
Sci U S A 94: 9679-9683.

21. Strasser A, Harris AW, Jacks T, Cory S (1994) DNA damage can induce
apoptosis in proliferating lymphoid cells via p53-independent mechanisms
inhibitable by Bel-2. Cell 79: 329-339.

22. Beck BD, Park SJ, Lee YJ, Roman Y, Hromas RA, et al. (2008) Human Pso4 is a
metnase (SETMAR)-binding partner that regulates metnase function in DNA
repair. J Biol Chem 283: 9023-9030.

23. Sato M, Sakota M, Nakayama K (2010) Human PRP19 interacts with prolyl-
hydroxylase PHD3 and inhibits cell death in hypoxia. Exp Cell Res 316: 2871
2882.

February 2014 | Volume 9 | Issue 2 | e89976



