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Introduction by methylation in a large fraction of common sporadic epithelial
~ malignancies [13]. Understanding how the WRN deficiency leads

Werner syndrome helicase (WRN), the protein defective ing a rapid heritable and sporadic carcinogenesis thus becomes a
Werner syndrome (WS) patients [1], belongs to the RecQ family otyritical task relevant to the new forms of treatment and prognosis
helicases, which are conserved fr@werichia coli to humans [2].  of cancer.
WRN has been shown to interact physically and functionally with  WRN has been suggested to be the “caretaker” of the genome
a number of cellular proteins, subsequently involving it in many[14], as its absence in WS patients leads to increased genomic
aspects of DNA metabolic processes including DNA repairinstability and predisposition to cancer. Interestingly however,
recombination, transcription and replication [3,4,5,6]. WS carriesstudies have continuously found that WRN deficient human
an enhanced risk of neoplasmas of mesenchymal origin [7,8fibroblasts derived from WS patients show a characteristically
Recent work has indicated that the role of WRN in human slower cell proliferation rate [15,16]. Acute depletion of WRN in
pathogenesis may be much broader than envisaged before, argtimary fibroblasts [17] and human cancer cell lines [18] led to
goes beyond the WS. The polymorphisms RN gene is  marked growth inhibition. These contradictory observations that
associated with increased risks of cancer development, includingRN loss in WS patients leads to increased and accelerated
but not limit to breast, gastric adenocarcinoma and bone and softumorigenesis while cells with WRN deficiency inhibit tumor cell
tissue sarcomas [9,10,11,12]. In additiétiRV gene is inactivated growth suggests a complex role for WRN in tumorigenesis.
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Figure 2. Silencing WRN increases YRB protein level and changes the cell replication rate in HL60 cells. (A) Total cell lysates from HL60
sh-WRN, HL60 sh-NSC, TK6 sh-WRN and TK6 sh-NSC cells were subjected to immunoblot analysis with indicated antibodies. Western blots are
representative of three independent experiments. (B) Quantification analysis of the cell cycle distribution was performed by flow cytometric based
methods. WRN loss increased the fraction of HL60 cells in S phase from 32% in HL60 sh-NSC cells to approximately 43% in HL60 sh-WRN cells across
all time points. In contrast, the cell cycle distribution remained comparable between WRN deficient TK6 cells and control cells.
doi:10.1371/journal.pone.0014546.9002

levels was observed in all measured cells 24 hours after HQ WS is a classic chromosomal instability syndrome, and cells
exposure. HowevercH2AX levels were higher in the WRN isolated from WS patients demonstrate increased chromosomal
deficient cells, particularly the HL60 cells (Figure. 4A), in whichaberrations [36,37,38]. A higher frequency of HR has been
cH2AX was detected even at the lowest dose of HQ. implicated in inducing chromosomal aberrations, and thus
The HR signaling pathway, in which WRN is involved, is carcinogenesis [39,40]. As demonstrated in Figure 4C, elevated
highly regulated and dependent on RAD51 [34] and its levels of HR in WRN deficient HL60 cells resulted in increased
interactions with a number of other co-factors such as WRN,levels of chromosomal damage repair, completely changing the
BLM, p53, etc. to maintain genomic stability [35]. We showed cytogenetic characteristics of HL60 cells, and resulting in both the
that loss of WRN in HL60 cells leads to a dramatic increase indisappearance of the characteristic double minutes and the
RAD51 and BLM protein levels regardless of HQ treatment reduction in the total number of cells with abnormal chromosomal
(Figure. 4 A&B), suggesting that HR is constitutively elevated imumbers (Figure. 4 C&D and Figure. S1). As such, aneuploidy was
response to the increased DSBs in WRN deficient HL60 cells andiot as prevalent in WRN deficient HLE0 cells as compared to
may be occurring through compensation mediated by anothercontrol cells (Figure. 4D). Interestingly, HQ treatment also led to
helicase, BLM. However, the protein levels of nuclear RAD51effects similar to WRN deficiency, such as a dose-dependent
and BLM were slightly reduced in the TK6 cells, and HQ reduction of double minute chromosomes and aneuploid cells
treatment resulted in no changes on either RAD51 or BLM levels(Figure. S1 and Table S1). Both effects may be related to the
(Figure. 4 A&B). reduction of WRN levels as indicated by the reduction of WRN
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Figure 3. Silencing IW/”N leads to a differential response to HQ treatment between HL60 and TK6 cells. (A) Cells were exposed to HQ for
24 hours and the cell number and viability were calculated using a hemocytometer and the trypan blue exclusion assay. (B) Cell cycle analysis
showed HQ exposure induced a dose-dependent decrease of G1-phase and an increase of cells in S and G2 phase in HL60 sh-NSC cells. In contrast,
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HQ-induced DNA damage in HL60 sh-WRN cells led to a dose-dependent increase of G2 phase, while the proportion of cells in S phase was
unchanged despite HQ exposure. (C) HQ treatment induces a dose-dependent increase of phosphorylated CDC2, indicating the failure of cells to
protect genomic integrity during DNA replication. Total cell lysates from HL60 sh-NSC and HL60 sh-WRN cells were subjected to immunoblot analysis
with indicated antibodies. Western blots are representative of three independent experiments. (D) HQ treatment led to a dose-dependent increase in
the fraction of cells in G1 phase and decrease in S phase in both TK6 sh-NSC and TK6 sh-WRN cells. (E) HQ-induced DNA damage activated p53
regulated G1/S phase cell cycle checkpoint pathway in TK6 cells. Immunoblot analysis showed that the increase of the protein levels of cp53 and p21
and the decrease of E2F1 and cCDC2 protein levels were observed with HQ exposure, which were not affected by the loss of WRN.
doi:10.1371/journal.pone.0014546.9g003

levels with increasing HQ doses in control cells (Figure. 4A)the majority of the HL60 cells were in G1 phase (Figure. 2). Loss of
However, we also observed that loss of WRN in HL60 cellsWRN in HL60 cells resulted in a significantly increased fraction of
resulted in increased amounts of structural chromosomal aberrazells in S phase, suggesting that the rapid accumulation of cells in
tions when compared to control HL60 sh-NSC cells (Table S1)replication phase and the distinct cell cycle distribution pattern
Similarly, HL60 sh-WRN cells displayed a higher frequency ofcontributed to the increased proliferation rate in WRN deficient
sister chromatid exchange (SCE) than the HL60 sh-NSC cell$lL60 cells.
(Figure. 4 E&F). The frequency of SCE averaged to be 3.6 SCE Eukaryotic cells have evolved a collection of complex networks
per cell in HL60 sh-WRN cells versus 2.3 SCE per cell in thefor the regulation of the cell cycle, in which cell cycle checkpoints
HL60 sh-NSC cell (Data not shown). Sister chromatid exchangere crucial to preventing cells with damaged DNA from
(SCE) has been linked to disrepair resulting from the imbalance gfroceeding to the next phase, allowing verification of necessary
HR activity [41,42]. In contrast, WRN deficiency alone had little phase processes, and repairing DNA damage [45]. Dysregulation
effect in TK6 cells in terms of the non-banding chromosomalof the cell cycle components may cause the cell to uncontrollably
analysis. Rather, corresponding with the impaired HR activity multiply or lead to tumorigenesis. While there are several
resulting from HQ treatment in TK6 cells, the amount of checkpoints within the cell cycle, the G1/S transition is the rate-
abnormal chromosomal structures increased with HQ treatmentimiting step that plays a central role in deciding whether the cell
(Table S1), implying decreased activation of repair mechanismsshould divide, delay division, or enter a quiescent stage, which in
turn determines the cell proliferation rate. P53 and RB are
Discussion essential for the G1/S cell cycle checkpoint [46,47]. As expected,
the p53 mediated DNA repair pathway was activated in response
WRN deficiency in WS patients leads to rare premature agingto increased spontaneous DNA damage in WRN deficient TK6
syndromes associated with an excess of unusual cancer types [7,48lls, which resulted in delayed progression of cells into S phase
including soft tissue sarcomas, thyroid cancers, and meningiomagich that slower population growth followed. In contrast, in HL60
[44]. As the mechanism of how/RV mutations lead to cancer in cells, the data not only confirmed that p53 regulated G1/S
WS patients is still not entirely understood, researchers continue teheckpoint proteins were deficient, but also demonstrated that
pursue a better understanding of how these cancers evolve. Wre loss of WRN confers a dramatic increase in the level of
were especially interested in understanding how WRN deficienphosphorylated RB (Figure. 2) and thus progression into S phase.
cells are able to overcome their characteristic slower proliferation Under normal conditions, most cell types cycle through
rate [15,16] and induce tumorigenicity [7,44]. replication maintaining a consistent rate through each phase of
We previously reported that acute silencing I6RN signifi-  the cycle. Of great importance in regulating this rate is the RB
cantly accelerated the growth rate of HL60 cells [19]. Although anprotein, which serves as the gatekeeper of the restriction point (R)
in vivo Study reported that the loss of WRN in p53 null background during the late G1 phase. If this discrete check point is interrupted,
mice led to rapid tumorigenesis [20], this is the first time to ourthe cells lose their most important control mechanism for
knowledge that the silencing &RV has been shown to promote inhibiting unwanted proliferation [48]. As seen in our study, the
cell growthin vitro. Here, we show that the loss of WRN leads to aincreased levels oRB led to the release of E2F1, a transcription
dramatic increase in the growth rate of p53-deficient HL60 cellsfactor that both induces the synthesis of S phase associated
(Figure. 1), while its loss in TK6 cells leads to a decreasegroteins and drives the G1/S phase transition, and unregulated
proliferation rate consistent with other WRN deficient cell linesaccelerated proliferation of HL60 sh-WRN cells. We further
[15,16]. Under normal culturing conditions, TK6 cells grow faster showed that increased protein levels of cyclin D3 might be
than HL60 cells, consistent with the observation that the majoritycontributing to the elevatedRB level, but we are unsure if this is
of control TK6 cells were in the replication phase (S phase), whil¢he sole protein responsible for the increase. Moreover, our data

Table 1. DNA damage in HL60 cells treated with HQ for 6 hours analyzed by COMET assay.

HL60 sh-NSC HL60 sh-WRN
Mean Tail Tail % Tail Tail Tail % Tail
(£ STM) Length Moment DNA Length Moment DNA
[HQIMM 0 1.22+0.26 0.14+0.04 3.29+0.24 1.94¥*+0.22 0.33**£0.04 6.10¥£0.49
10 2.31*+0.67 0.50%+0.32 3.49+0.39 6.64**+1.08 1.35%*+0.37 9.22**+0.74
20 7.98+0.94 243+0.46 9.81%0.60 17.30***1.14 4.92**+0.42 19.37**£0.80
50 10.46+0.83 2.74%0.29 1531£0.72 24.52**+1.26 9.77***+0.64 28.43**+0.86

Note: Mann-Whitney test was used to compare DNA damage between HL60 sh-WRN cells and HL60 sh-NSC cells (*p value <0.05, **p value <0.01).
doi:10.1371/journal.pone.0014546.t001
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Figure 5. A hypothetical etiological model for cancer development related with WRN deficiency. On the basis of this study and outside
literature, a multi-step model for tumor development is proposed in WS patients and other human cell types with reduced functionalities of WRN. We
speculate that either complete or partial loss of function of WRN can lead to both increased genomic instability and an increase of somatic mutation rate,
which in turn can result in an increased susceptibility for the gain or loss of functions of other genes. The functional loss of WRN in combination with a
deficiency in other key regulators of the cell cycle or DNA damage repair pathway may result in an accelerated conversion from pre-cancerous to cancerous
cell line, thus allowing for rapid progression of tumorigenesis and cancer formation in WS patients and other diseases related to WRN deficiency.
doi:10.1371/journal.pone.0014546.9g005

HL60 cells with a functional p53 protein. However, it is clear that Generation of shRNA and retroviral transduction

additional studies using other p53 wild-type/null cell line variants  The detailed design and sequencesi@\ shRNA construct

or cells deficient in other key players, such as RB or its regulatorQSh_WRN) and non-target shRNA control (sh-NSC) have been
are necessary to strengthen our hypothesis. previously reported [19]. Briefly, lentiviruses were produced by
transfection of 293FT cells with the packaging plasmids along with
the lentiviral shRNA vector, according to the manufacturer’'s
instructions (Invitrogen, Carlsbad, CA). HL60 and TK®6 cells were
transduced and put in selection media containinggdml and

. . 8 mg/ml of blasticidin respectively 48 hours post-transduction.
th?l American Typ_e IC'\;J:;L"\T g%lgglog (M:’El)r_lassasé AVA)'_t:ILGO Cells resistant to blasticidin were isolated and assayed for protein
cells were grown In ( » >an PIego, ) wi ~__expression levels using Western blot analysis.

glutamine and 20% fetal bovine serum (Omega Scientific, San
Diego, CA). TK6 cells were maintained in RPMI 1640 medium
with 10% fetal bovine serum in standard conditions. Hydroqui- Cell Proliferation

none (Sigma Aldrich, St. Louis, MO) was dissolved in 1XPBS for Control (HL60 sh-NSC and TK6 sh-NSC) an#/RN knock

all experiments. Cells were treated with 1XPBS and 10, 20, odown (HL60 sh-WRN and TK6 sh-WRN) cell lines were seeded at
50 uM hydroquinone for HL60 cells or 5, 10 and 20 uM 26 10° and allowed to grow under normal conditions. Cells were
hydroquinone for TK6 cells at a cell density of -85 cells/ml. enumerated daily for seven days using the trypan blue assay. Cell

Materials and Methods

Cell Culture and chemical treatments
Human hematopoietic HL60 and TK6 cells were obtained from
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proliferation and viability were measured in triplicate in three Non-banding chromosome aberration analysis

independent experiments. Colcemid (0.Ing/ml, Invitrogen, Carlsbad, CA) was added to
each culture 2 hours before harvesting to arrest cells at
Single-cell gel electrophoresis (COMET) metaphase. After hypotonic treatment (0.075 M KCI) for

The alkaline Comet assay was performed as previousl30 min at 31C, the cells were fixed three times with freshly
described [70] with some modifications. To observe endogenougrepared Carnoy’s fixative (methanol: glacial acetic acid = 3:1).
DNA damage, cells were seeded in culture for 3 days andhe fixed cells were dropped onto glass slides, allowed to air dry
maintained at a cell density 083.0° cells/ml. Cells were collected and stored at—20uC. The cells on the slides were then stained
at 6 and 24 h for analysis. To measure chemically induced DNAwith Giemsa and metaphase spreads were scanned and localized
damage, cells were seeded as above and exposed to hydroguinangomatically using Metafer software (MetaSystems, Altlussheim,
for 6 h prior to DNA damage analysis. Five hundred randomly Germany). Metaphases were scored at B0O@agnification
chosen cells per slide were scanned and analyzed automaticatly detect numerical and structural chromosomal aberrations.
using CometScan imaging software (Metasystems, Germanyyletaphase spreads were considered scorable if the cells appeared
Cells were subsequently screened manually to exclude cells thatact with the chromosomes condensed and well spread out as
did not meet stringent requirements (i.e. poor staining, loss ofvell as if the centromeres and chromatids were readily visible.
focus, or oddly shaped). Mean tail length, moment and percentagé&he structural chromosomal aberrations were defined according
of tail DNA [71], all measurements of total DNA damage, were to An International System for Human Cytogenetic Nomencla-
calculated for 400 cells. All slides were coded to prevent observeture (2005). All slides for all assays were coded to prevent
bias. Non-parametric method Mann-Whitney U test was used toobserver bias.
compare DNA damage between WRN deficient and control cells

(*» value <0.05, *% value <0.01). Sister-chromatid Exchange Analysis
For SCE analysis, filter sterilized solution of BrdU ((Sigma
Cell Cycle Analysis Aldrich, St. Louis, MO) was added to fresh culture medium at a

For analysis of cell cycle, HL60 and TK6 control antiRN  final concentration of rg/ml and the cells were incubated strictly
knock down cells were cultured in the same manner as foin the dark for 42 h. Chromosome preparations were then done
COMET analysis. Cells were collected at 6 and 24 h, washedaccording to the procedure described for chromosomal aberration
twice with ice-cold PBS buffer (pH 7.4), fixed with 70% ice-coldfrequency measurement. After metaphase were prepared, the
ethanol at—20uC for 15 min, stained with propidium iodide (PI) slides were incubated 10-15 min strictly in the dark in bisbenzi-
(100ng/ml) and treated with RNase A overnight. In three mide H 33258 (Sigma Aldrich, St. Louis, MO) solution (&g
independent experiments done in triplicate, at le&i@ cells  ml), rinsed in phosphate buffered water and incubated in fresh
were analyzed on a Beckman Coulter EPICS XL-MCL flow phosphate buffered water under UV light source for 60 min.
cytometer using System Il software. The collected data was theRreparations were rinsed again, incubated for 15 min in preheated

analyzed by Flowjo software (Ashland, OR 97520). 26 SSC at 60C in the water-bath. After rinsing, preparations
were stained in 4% phosphate buffered Giemsa solution. Fifty
Immunoblot analysis metaphases were evaluated per treatment level. Only fully

Total cell lysates were collected frod BF cells using 300 uL differentiated metaphases were evaluated. SCEs were expressed

of radioimmunoprecipitation assay (RIPA) lysis buffer. Nuclea?S SCES/cell. Non-parametric method Mann-Whitney U test was
extractions were collected using 10" cells and a nuclear used to compare SCE frequencies between WRN deficient and
extraction kit (Millipore, Billerica, MA) according to the Ccontrol cells (7value<0.05).

manufacturer’s protocol. Protein concentrations were determined

by the DC assay (Bio-Rad, Hercules, CA). Equal protein amount®ata Analysis

were resolved by sodium dodecyl sulfate polyacrylamide gel Statistical analyses of data were performed using one-way
electrophoresis (SDS-PAGE), transferred onto nitrocellulos@nalysis of variance (ANOVA). A trend2 test was used to
membranes, and probed for WRN (Santa Cruz Biotechnology,compare cell growth trends between control cells dféN
Santa Cruz, CA), BLM, RAD51 (Millipore, Billerica, MA), knocking down cells. Data obtained is representative of
Phospho-Histone H2A.XcH2AX), P53 Antibody, Phospho-P53 the averages of at least three independent experiments. Error
(cP53), p21 Wafl/Cipl, p27 Kip, CDK2, CDK6, Cyclin E, Rars represent standard error of the mean (SEM)p<0.05;
Cyclin D3, Phospho-RbcRb), Phospho-CDC2c€DC2) (Cell , p<<0.01.

Signaling Technology, Danvers, MA), abheactin (Sigma-Aldrich,

St. Louis, MO). Proteins were visualized using the enhance®upporting Information

chemiluminescence (ECL) method per manufacturer’'s protocol. . .

(Amersham Biosciences, United Kingdom). Film was exp(?sed an||:|gure S1 Rate of double minute patve cells between HL60
developed using the Konica SRX-101 developer (Konica Minolta>"-NSC and HL60 sh-WRN cells after HQ exposure. The

il Imeg USA, Wayne, Ny Eoth messured protenCoTIe SSAPDERCe of (eeclrils coube e
except the nuclear protein RAD51 was normalizedtactin, the 9

loading control, and quantified using ImageJ software (NIH,Of HQ treatment. HQ treatment alone led to a dose-dependent

Bethesda, MD). The Coomassie stain was used according troeductlon of double minute chromosomes in HLE0 sh-NSC

manufacturer’s protocol to confirm loading uniformity of nuclear cells. o .

proteins into the SDS-PAGE gel (Bio-Rad, Hercules, CA), and theFound at: doi:10.1371/journal.pone.0014546.s001 (0.01 MB TIF)
gel was subsequently visualized and photographed (Alph@able S1 Rate of cells with specific chromosome aberrations
Innotech, San leandro, CA). Data obtained is representative 0f%).

the averages of at least three independent experiments. Error baFound at: doi:10.1371/journal.pone.0014546.s002 (0.04 MB
represent SEM’, p<0.05;", p<0.01. DOC)
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