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Flap endonuclease 1 (FEN1) plays a crucial role in both DNA replication and damage repair. In this
study, FEN1 expression and its clinical-pathologic significance in nonesmall-cell lung cancer (NSCLC)
was investigated. Quantitative RT-PCR and immunohistochemistry analysis identified that both FEN1
mRNA and protein were highly overexpressed in about 36% of 136 cancer tissues compared to adjacent
tissues, in which FEN1 was generally undetectable. Notably, patients with FEN1-overexpressed cancers
were prone to have poor differentiation and poor prognosis. A strong positive correlation between the
levels of FEN1 and Ki-67 staining was identified in these NSCLC tissues (r Z 0.485), suggesting
overexpressed FEN1 conferred a proliferative advantage to NSCLC. Furthermore, knockdown of FEN1
resulted in G1/S or G2/M phase cell cycle arrest and suppressed in vitro cellular proliferation in NSCLC
cancer cells. Consistently, a selective FEN1 inhibitor was shown to effectively inhibit cellular prolifer-
ation of NSCLC cells in a dose-dependent manner. Additionally, knockdown of FEN1 significantly
attenuated homologous DNA repair efficiency and enhanced cytotoxic effects of cisplatin in NSCLC cells.
Taken together, these findings have indicated that overexpressed FEN1 represents a prognostic
biomarker and potential therapeutic target for NSCLC treatment, which warrants further study.
(Am J Pathol 2018, 188: 242e251; https://doi.org/10.1016/j.ajpath.2017.09.011)
Supported in part by the V Foundation (D.J.R.) and the NIH National
Cancer Institute grants 5K12CA001727-20 (D.J.R.) and P30CA33572
(Bioinformatics, Pathology, and Analytical Cytometry Cores).
Disclosures: None declared.
Lung cancer is the leading cause of cancer-related death
worldwide. Nonesmall-cell lung cancer (NSCLC) accounts for
85% of lung cancers. Although there have been advances in
targeted therapies and even immunotherapy, the 5-year survival
rate for NSCLC remains only 15%.1,2 Clearly, new approaches
are required for the development of more effective therapies for
this devastating disease.DNAdamage has been long recognized
as a causal factor for cancer development, and inappropriate
DNA repair may lead to malignant transformation of cells
through inactivation of tumor suppressors or activation of on-
cogenes,3 whereas enhanced DNA repair in cancers have been
associated with treatment resistance.4,5

Flap endonuclease-1 (FEN1) is an important member of the
structure-specific nuclease family that participates in numerous
DNA pathways, including Okazaki fragment maturation, stal-
led replication fork rescue, telomere maintenance, long-patch
base excision repair, and apoptotic DNA fragmentation, in
stigative Pathology. Published by Elsevier Inc
almost all organisms.6e8 Base excision repair is one of the
main methods of DNA damage repair and thus is important in
the process of cancer development.9 Due to its pivotal role in
DNA repair, FEN1 functions as a key enzyme in maintaining
genomic stability and protecting against carcinogenesis.10e12

In agreement with its essential role in genomic stability, defi-
ciency of FEN1 has been shown to predispose to cancers.13,14

Zheng et al11,12 previously identified several loss-of-function
FEN1 mutations in human cancer specimens, and exempli-
fied mice with a FEN1 mutant developed spontaneous lung
cancer at high frequency at their late life stages. This notion
was further supported by the clinical identification of two
. All rights reserved.
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Table 1 The Correlation between Clinicopathologic Characteristics and FEN1 IHC Staining in NSCLC

Variable*

FEN1 IHC score, n (%)

P value� þ þþ þþþ
Age group, years
�60 24 (28) 4 (29) 3 (18) 7 (39) 0.5777
>60 63 (72) 10 (71) 14 (82) 11 (61)

Sex
Male 27 (31) 8 (57) 6 (35) 10 (56) 0.0939
Female 60 (69) 6 (43) 11 (65) 8 (44)

Tobacco history
Never used 16 (25) 0 (0) 1 (8) 1 (7) 0.1603
Previous used 13 (20) 0 (0) 4 (33) 4 (27)
Current used 36 (55) 7 (100) 7 (58) 10 (67)

Histology
Adenocarcinoma 81 (94) 13 (93) 16 (94) 16 (89) 0.6708
SCC 1 (1) 1 (7) 0 (0) 1 (6)
Adenosquamous 4 (5) 0 (0) 1 (6) 1 (6)

Differentiation
Well differentiated 22 (27) 2 (14) 0 (0) 0 (0) 0.0120
Moderately differentiated 35 (43) 4 (29) 8 (47) 12 (67)
Poorly differentiated 25 (30) 8 (57) 9 (53) 6 (33)

Node status
Node negative 28 (64) 3 (75) 3 (60) 7 (100) 0.2686
Node positive 16 (36) 1 (25) 2 (40) 0 (0)

Recurrence
No 62 (74) 11 (85) 10 (59) 15 (88) 0.2002
Yes 22 (26) 2 (15) 7 (41) 2 (12)

Ki-67 average
Negative <1% 49 (59) 8 (57) 5 (29) 4 (22) 0.0006
Moderate 1%e<5% 22 (27) 3 (21) 5 (29) 1 (6)
High 5%e25% 9 (11) 2 (14) 5 (29) 9 (50)
Higher >25% 3 (4) 1 (7) 2 (12) 4 (22)

*Pearson c2 test.
�, <1%; þ, 1% to <5%; þþ, 5% to 25%; þþþ, >25%; IHC, immunohistochemistry; SCC, squamous cell carcinoma.

FEN1 in NoneSmall-Cell Lung Cancer
FEN1 69G>A and 4150G>T single nucleotide poly-
morphisms that were reproducibly associated with lower FEN1
expression, increased DNA damage, and high risk in hepato-
cellular carcinoma, esophageal cancer, gastric and colorectal
cancer, and lung cancer.15,16

Several studies have revealed that FEN1 was highly
expressed in breast cancer tissues,17 lung, testis, and brain tu-
mors,18 as well as prostate cancer.19 Wang et al20 reported that
overexpression of FEN1 in gastric cancer was correlated with
tumor size, lymphatic metastasis, and degree of differentiation.
Another recent study showed that FEN1 overexpression was
associated with high grade, high stage, and poor survival in
breast and ovarian epithelial cancer.21 Moreover, Wang et al22

recently observed that the level of FEN1 was inversely corre-
lated with cancer drug and radiation resistance and with survi-
vorship in breast cancer patients. Another study showed that
down-regulation of FEN1 expression in glioma cells increased
the cells’ sensitivity to methyl methane-sulfonate and temozo-
lomide damage.18 Interestingly, FEN1 has recently been
reviewed as one of the deregulated DNA damage response
proteins in 15 human cancers.23 Thus, FEN1 potentially repre-
sents a novel therapeutic target, and targeting FEN1may benefit
The American Journal of Pathology - ajp.amjpathol.org
broad-spectrum cancer and current chemotherapies.24,25

Although a FEN1-specific inhibitor is not clinically available,
searching for effective FEN1 inhibitors is underway.23,25

Notably, a small molecular compound, FEN1 inhibitor SC13,
was recently developed and has shown cytotoxic and inhibitory
activity in human breast cancer in a mouse model.26

Significant roles of FEN1 in human NSCLC have not been
well investigated. This study examined FEN1 expression and its
correlation with malignant characteristics of NSCLC patients
such as grade, stage, survival, and sensitivity to chemotherapy
drugs. The findings have indicated that overexpressed FEN1
may represent a prognostic biomarker and potential target in
NSCLC treatment, warranting future further study.

Materials and Methods

Patients and Clinical Data Collection

The study was reviewed and approved by the institutional re-
view board of the City of Hope National Medical Center
(Duarte, CA). A total of 154 patients with pathologically diag-
nosed NSCLC, including adenocarcinoma and squamous cell
243
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Figure 1 Overexpression of FEN1 in NSCLC tissues. A: Box-and-whisker plots for relative FEN1 mRNA expression in about 82 paired normal and NSCLC
tissues measured by quantitative RT-PCR analysis. FEN1 mRNA in tumor samples normalized to that of adjacent normal sections. B: FEN1 mRNA expression in
NSCLC based on The Cancer Genome Atlas data, the left panel for lung adenocarcinoma (LUAD), the right panel for lung squamous carcinoma (LUSC). The
upper and lower limits of the boxes and the lines inside the boxes indicate the 75th and 25th percentiles and the median, respectively. C: Representative
photomicrographs of FEN1 immunohistochemical staining in four NSCLC sections scored as �, þ, þþ, or þþþ for <1%, 1% to <5%, 5% to 25%, or >25%
positively stained tumor cells, respectively. **P < 0.01 versus normal. Original magnification, �100 (C).
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carcinoma lung cancers, who received primary and curative
surgical operations without neoadjuvant treatment between
2002 and 2014 were recruited in the study. The details of their
demographic and clinicopathologic characteristics are summa-
rized in Table 1.

siRNA Transfection, Cell Proliferation, and Cell Cycle
Analysis

Human lung cancer cell lines A549, H1299, and H460 were
purchased from ATCC (Manassas, VA) in 2014, and authenti-
cated by DNA short tandem repeat profiling analysis in October
2016. The human FEN1 siRNA (sc-36338) and control siRNA
(sc-36338) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). For siRNA transfection, a total of 1.5 � 105

cells/well was seeded in 6-well plates, and transfected with 45
pmol of FEN1 siRNA or control siRNA according to the pro-
tocol of lipofectamine RNAiMAX (Thermo Fisher Scientific,
Waltham, MA). Cell proliferation was measured at 72 hours
post-transfection or 96 hours post-transfection if the cells were
treated with chemotherapy at 24 hours post-transfection. Cell
proliferation was monitored at 72 hours using the colorimetric
MTT assay (CellTiter 96 AQueous One Solution Cell Prolifer-
ationAssay; PromegaCorporation,Madison,WI). For cell cycle
analysis, cells transfectedwith control or FEN1 siRNA 72 hours
were stained with propidium iodide staining solution and
analyzed by a FACSCalibur flow cytometer (BectonDickinson,
244
Franklin Lakes, NJ). Data were acquired with Cell Quest soft-
ware version 5.1 (BD Biosciences, Franklin Lakes, NJ), and the
percentages of G1/G0, S, and G2/M phase cells were calculated
with MODFIT LT software version 3.3 (BD Biosciences).

Cisplatin Treatment and Apoptosis Analysis

A549 and H460 cells were transected with siRNA for 24
hours, followed by exposure to various doses of cisplatin (5
to 20 mmol/L) for a defined period. Cytotoxicity of FEN1
inhibitor SC13 (a generous gift from Dr. Zhigang Guo,
Nanjing Normal University, Nanjing, China) and cisplatin
was determined by the MTT assay. For apoptotic assays,
cisplatin-induced apoptosis was measured by flow cytom-
etry analysis of Alexa Fluor 488 Annexin-V and propidium
iodide staining according to the manufactory’s kit protocol
(Thermo Fisher Scientific). Meanwhile, total proteins were
also extracted from these cells for Western blot analysis of
DNA damage and the apoptotic proteins markers, including
p53 and cleaved caspase-3.

Quantitative RT-PCR

Total RNA was extracted from paired normal and malignant
lung tissues using TRIzol Reagent (Thermo Fisher Scientific)
according to the user protocol. cDNA was synthesized from
0.5 mg of total RNA using the Superscript III First-Strand
ajp.amjpathol.org - The American Journal of Pathology
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cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative
RT-PCR was conducted using SYBR Green PCR Master Mix
(Thermo Fisher Scientific) to measure the FEN1 mRNA level
in paired adjacent normal and tumor tissues, and b-actin was
used as an internal control for mRNA expression, respectively.
Data were presented as the relative quantity of targets,
normalized with respect to the internal control, or relative to a
calibrator sample.

Immunohistochemistry and Western Blot Analysis

Mouse monoclonal anti-FEN1 antibody from GeneTex (San
Antonio, TX) and rat monoclonal antieKi-67 antibody clone
MIB-1 (M7240) fromDako (Glostrup, Denmark) were used for
immunohistochemistry (IHC) analysis. IHC analyses were
performed as described previously.27 Quantitative analysis of
IHC staining was used to assess the scanned images on the basis
of the percentage of positively stained cells and staining in-
tensity. FEN1 or Ki-67 stained tissues were scored as negative
�,þ,þþ, orþþþ if<1%, 1% to<5%, 5% to 25%, or>25%,
respectively, of cancer cells in a tissue displayed positive cyto-
plasmic or nuclear staining.27 Antibodies against p21, p53, total
caspase-3, cleaved caspase-3, and phosphorylated histone
H2AX at Ser139 (gH2AX)were purchased fromCell Signaling
Technology (Danvers, MA). About 20 mg of total protein was
used for Western blot analysis.

DNA Repair Assays

Reporter cell lines for green fluorescent protein (GFP)-based
DNA damage repair assays were established by stable trans-
fection of A549 cells with the pimEJ5GFP reporter plasmid for
non-homologous end joining (NHEJ)28 and the pHPRT-
DRGFP reporter plasmid for homologous repair (HR),29

respectively, and selected with 0.3 mg/mL puromycin. The
resultant A549/H460-EJ5GFP and A549/H460-DRGFP cells
were first transfected with control or FEN1 siRNA for 24
hours, and then transiently transfected with a predetermined
mixture of pCBA-Scel plasmid to express I-Scel endonuclease
and a plasmid to express DsRed (mCherry-A) protein that
served as the control for transfection efficiency. After culturing
for another 48 hours, 5 � 105 cells per transfection were
analyzed by fluorescence-activated cell sorting to count total
GFP and DsRed proteinepositive cells. Each assay was per-
formed three times, and data were presented as the ratio of
GFP-positive to DsRed-positive cells among whole cells.

Data Management and Statistical Analysis

Group comparisons for continuous data were conducted
using t-tests or c2 tests, and for quantitative variables were
analyzed with the Wilcoxon signed-rank test or the
Spearman rank correlation test. Kaplan-Meier analysis was
used to assess survival. Log-rank tests were used to compare
patient overall survival and time to tumor recurrence be-
tween subgroups. The results of the cell function
The American Journal of Pathology - ajp.amjpathol.org
experiments were presented as the means � SEM. Statistical
significance was set at P < 0.05.

Results

Overexpression of FEN1 in NSCLC Tissues

FEN1 mRNA expression in paired normal and NSCLC
tissues was examined, and the results of quantitative RT-
PCR showed that the average FEN1 mRNA level was
significantly higher in tumor sections than that in the
matched adjacent normal tissues (P < 0.05; n Z 83)
(Figure 1A). Consistently, FEN1 expression in lung cancer
was also mined using mRNA expression data for both lung
adenocarcinoma and lung squamous carcinoma from The
Cancer Genome Atlas (https://cancergenome.nih.gov, last
accessed January 8, 2016). Analysis revealed that FEN1
mRNA was significantly increased in both lung
adenocarcinoma and lung squamous carcinoma samples
by 2.8- and 4.7-fold compared with normal lung tissues
(P Z 3.1 � 10�59, P Z 2.23 � 10�46, respectively)
(Figure 1B).

FEN1 protein levels were measured in about 136 NSCLC
by IHC analysis. Representative FEN1 immunostaining of
NSCLC tissues is shown in Figure 1C as a dominantly
nuclear staining pattern in both tumor and normal tissues.
Quantitative IHC analysis of FEN1 protein showed that the
percentages of NSCLC tissues in which FEN1 staining were
scored as �, þ, þþ, or þþþ were 64.0% (87 of 136),
10.3% (14 of 136), 12.5% (17 of 136), and 13.2% (18 of
136), respectively, demonstrating FEN1 protein was sub-
stantially up-regulated in more than 36% of NSCLC tissues,
whereas FEN1 was almost undetectable in the correspond-
ing normal tissues.

FEN1 Correlates with Enhanced Cell Proliferation and
Poor Prognosis of NSCLC

The protein level of FEN1 significantly correlated to poor
differentiation of NSCLC tissues (P Z 0.012) (Table 1).
The percentages of FEN1-positive cases in the well,
moderately, and poorly differentiated groups were 8.3%,
40.7%, and 48.2%, respectively. The expression of Ki-67, a
well-accepted factor of proliferation and poor prognosis for
survival in NSCLC,30 was also measured by IHC staining
(Figure 2A). Interestingly, a strong positive correlation
between the protein levels of FEN1 and Ki-67 was identi-
fied in these NSCLC tissues (r Z 0.485) (Figure 2B),
suggesting overexpressed FEN1 conferred a proliferative
advantage to NSCLC. Although log-rank test analysis
showed that the overall survival rates among patients with
differentially expressed Ki-67 (P Z 0.4129) (Figure 2C)
and FEN1 (P Z 0.0929) (Figure 2D) were not significantly
different, patients with FEN1-negative cancers tended to
survive longer than patients with FEN1-positive cancers.
All of NSCLC patients were further divided into four
245
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Figure 2 Overexpression of FEN1 is positively correlated with Ki-67 expression and poor prognosis of NSCLC. A: Representative photomicrographs of Ki-67
IHC staining in four NSCLC sections scored as �, þ, þþ, or þþþ for <1%, 1% to <5%, 5% to 25%, or >25% positively stained tumor cells, respectively. B:
The Pearson correlation coefficient analysis plot of the expression of FEN1 and Ki-67 in NSCL tissues demonstrate a strong positive correlation (r Z 0.48;
P < 0.01). CeE: Log-rank tests for overall survival of NSCLC patients based on IHC scores of Ki-67 (C), FEN1 (IHC scores: FEN1 A, �; FEN1 B, þ; FEN1 C, þþ;
FEN1 D, þþþ) (D), and Ki-67 þ FEN1 (E). The data show those patients with Ki-67epositive and FEN1-positive NSCLC exhibit significantly shorter survival.
n Z 136 (B). Original magnification, �100 (A). IHC, immunohistochemistry; NR, not reached.

Zhang et al
subgroups based on Ki-67 and FEN1 levels: double nega-
tive, single positive for either protein, or double positive by
log-rank analysis, and the results indicated up-regulation of
both Ki-67 and FEN1 was significantly related to poorer
246
overall survival in NSCLC patients (P Z 0.016)
(Figure 2E). Therefore, the above findings indicated that
overexpression of FEN1 was a potentially unfavorable
factor to prognosis of NSCLC patients, and a combination
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Knockdown of FEN1 suppresses
in vitro cellular proliferation and causes cell cycle
arrest in lung cancer cells. A: Western blot analysis
for FEN1, P21, gH2AX protein in A549, H1299, and
H460 at 72 hours post-transfection of control or
FEN1 siRNA. B: Cell proliferation assay of A549,
H1299, and H460 cells transfected with equal
amounts of either control siRNA or FEN1 siRNA.
Shown are the cell proliferation index for each
measured by MTT assay at 72 hours after trans-
fection. C: Cell viability assays of A549, H1299,
and H838 treated with a selective FEN1 inhibitor
for 72 hours. DeF: Representative cell cycle flow
charts upon knockdown of FEN1 for A549 (D),
H460 (E), and H1299 (F) cells. The lower histo-
gram of cell cycle analysis shows the cell per-
centage in each phase of these cells transfected
with control siRNA or FEN1 siRNA. *P < 0.05
compared with control siRNA. OD, optical density;
PI, propidium iodide.

FEN1 in NoneSmall-Cell Lung Cancer
of Ki-67 and FEN1 might better predict the prognosis in
NSCLC patients.

Knockdown of FEN1 Suppresses Cell Proliferation and
Causes Cell Cycle Arrest in Lung Cancer Cells

The impact of siRNA-mediated FEN1 knockdown on
in vitro cellular proliferation in NSCLC cell lines was
examined. As demonstrated by Western blot analysis, FEN1
protein was completely depleted and gH2AX was increased
in three human lung cell lines transfected with FEN1
siRNA, whereas P21 (CIP1/WAF1) was dramatically
increased in A549 and H460 compared with cells trans-
fected with control siRNA (Figure 3A). MTT proliferation
assay showed that attenuation of FEN1 resulted in a sig-
nificant decrease of in vitro cellular proliferation in both
FEN1 siRNAetransfected cancer cells compared with
The American Journal of Pathology - ajp.amjpathol.org
controls transfected with scrambled siRNA over 72 hours
(Figure 3B). The cytotoxic effect of a newly developed
selective FEN1 inhibitor, SC13,26 in NSCLC cell lines was
also examined. SC13 effectively suppressed cellular prolif-
eration of the NSCLC cells in a dose-dependent manner
(Figure 3C). The half maximal inhibitory concentration of
the FEN1 inhibitor for the cells was around 20 to 30 mmol/
L. Whether FEN1 knockdown would promote cell death in
these lung cancer cells was further tested. Flow cytometry
cell cycle analysis showed that knockdown of FEN1 slightly
increased the sub-G1 population of all three cell lines
transfected with FEN1-specific siRNA over 72 hours post-
transfection. This was also supported by the elevated
gH2AX. By using flow cytometry analysis, cell cycle
change upon FEN1 knockdown in these three cells at 96
hours post-transfection of control siRNA or FEN1 siRNA
was examined. Quantitative results specifically showed a
247
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Figure 4 Knockdown of FEN1 significantly en-
hances cisplatin-induced apoptosis in lung cancer
cells. A and B: The viability of A549 (A) and H460
(B) cells was assessed after 72 hours of exposure
to serially diluted cisplatin (for A549, from 20 to
1.25 mmol/L; for H460, from 10 to 0.625 mmol/L)
and 24 hours pre-transfection with control or FEN1
siRNA. Cell survival was measured by MTT and
expressed as a percentage of that in untreated
cells. Error bars are representative of triplicated
experiments. C: Representative flow cytometry
charts for A549 and H460 24 hours pre-
transfection with control or FEN1 siRNA, and
then further treated with 5 mmol/L cisplatin for 72
hours. D: Quantitative analysis of apoptotic cells
upon FEN1 knockdown. Error bars are representa-
tive of three individual treated samples of two
duplicates. E and F: Western blot analysis of
cisplatin-induced cleaved caspase 3 and P53 in
A549 (E) and H460 (F) cells transfected with
control or FEN1 siRNA. **P < 0.01 FEN1 siRNA
versus control siRNA. C-Caspase-3, cleaved
caspase-3; Log Comp, log compensation; PI, pro-
pidium iodide; T-Caspase-3, total caspase-3.

Zhang et al
dramatic increase in the G1 phase arrest in two p53ewild-
type cancer cells, A549 (Figure 3D) and H460 (Figure 3E),
and a dramatic increase in G2 phase arrest in p53-null
H1299 cells (Figure 3F) transfected with FEN1 siRNA
compared to control siRNA, suggesting FEN1 knockdown
caused both G1/S and G2/M phase cell cycle arrests in these
NSCLC cells.

Considering the key function of FEN1 in DNA repair, it
is pertinent to speculate that the high level of FEN1
expression contributes to intrinsic or acquired drug resis-
tance in cancers. To gain insight into the effect of FEN1 on
cell death by anticancer drugs and the therapeutic signifi-
cance of FEN1, whether FEN1 knockdown would enhance
the cell death caused by in vitro exposure to cisplatin was
248
examined. The combined effect was tested on A549 and
H460 cells that were treated with FEN1 siRNA or control
siRNA for 24 hours, followed by exposure to various
doses of cisplatin for a further 72 hours on A549 (0, 1.25,
2.5, 5, 10, 20 mmol/L) and H460 (0, 0.625, 1.25, 2.5, 5, 10
mmol/L) cells. Addition of FEN1 siRNAs to cisplatin-
treated cells significantly reduced survival of A549 cells
(Figure 4A) and H460 cells (Figure 4B) compared to
control siRNA-treated cells. Annexin V flow cytometry
analysis showed the percentage of annexin (þ) cells
increased in a linear manner with increasing cisplatin dose
up to 10 to 20 mmol/L. Consistently, quantitative analysis
showed that exposure of A549 transfected with FEN1
siRNA at 5 mmol/L cisplatin led to about 30% apoptotic
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Effect of knockdown of FEN1 on HR and NHEJ repair in lung cancer cells. A and B: Representative flow cytometry charts of A549-DRGFP/H460-
DRGFP cells for HR reporter assay (A), and A549-EJ5GFP/H460-EJ5GFP cells for NHEJ repair reporter assay (B). C and D: Quantitative analysis of HR reporter (C)
and NHEJ reporter (D) assays shows significant decrease of the relative HR reporter activity in both A549 and H460 upon knockdown of FEN1. Error bars are
representative of three individual treated samples of two experimental duplicates. *P < 0.05 FEN1 siRNA versus control siRNA. RFP, red fluorescent protein.

FEN1 in NoneSmall-Cell Lung Cancer
cells, whereas the same concentration of cisplatin led to
only about 12% of apoptotic cells in A549 cells transfected
with the control siRNA (Figure 4, C and D). Similarly,
exposure of 2.5 mmol/L cisplatin killed 8% of H460 cells
transfected with control siRNA, whereas it killed about
36% of H460 cells transfected with FEN1 siRNA
(Figure 4, C and D). In addition, Western blot analysis
further demonstrated that knockdown of FEN1 induced
higher levels of cleaved caspase-3 and P53 in both A549
cells (Figure 4E) and H460 cells (Figure 4F). The above
data clearly showed knockdown of FEN1 significantly
enhanced cisplatin-induced apoptosis in lung cancer cells,
indicating alterations in the FEN1 level may have an
impact on the cancer cell response to anticancer drugs, and
FEN1 suppression may have the potential to be used in
lung cancer treatment.

Effect of FEN1 Knockdown on DNA Double-Strand Break
Repair

Chemoradiation induces DNA double-strand breaks
(DSBs) in the context of chemotherapy-associated DNA
The American Journal of Pathology - ajp.amjpathol.org
aberrations/replication stress, and inhibits the growth and
triggers the apoptotic death of cancer cells. DSBs can be
repaired either by the HR or NHEJ pathways. A previous
study showed that FEN1 eliminates heterologous se-
quences at DNA damage sites and facilitates DSB DNA
repair by HR.31 Therefore, the effects of FEN1 depletion
on both HR and NHEJ in lung cancer cells were further
examined. Previous studies have shown that the DR-GFP
and EJ5-GFP reporter assays could be used to measure
the ability of HR and NHEJ repair, respectively.28 We then
sought to elucidate the role of FEN1 in DSB DNA repair,
using integrated DR-GFP (Figure 5A) and EJ5-GFP
(Figure 5B) reporters in A549 and H460 cells. In this
system, transient expression of I-Scel induces DSBs, which
if repaired, results in the generation of GFP-positive cells.
GFP signal indicated successful DSB repair, whereas red
fluorescent protein signal indicated successful transfection.
Consistent with the role of FEN1 as an essential component
of HR repair, knockdown of FEN1 significantly suppressed
the efficiency of HR (P < 0.05) (Figure 5C), but only
slightly decreased NHEJ repair (Figure 5D) in A549 and
H460 cells as shown by the reduction in the percentage of
249
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GFPþ cells in FEN1 siRNA-transfected DR-GFP assays.
These data suggest that FEN1 depletion impaired HR
repair pathways that may contribute to the accumulation of
DSBs and enhanced genotoxic drug-induced apoptosis in
lung cancers.
Discussion

Previous studies showed that the expression of FEN1 was shut
down in terminally differentiated cells.32 It has been indicated
that elevated FEN1 in different types of cancers, including breast
cancer17 and prostate cancer,33may reflect a greater proliferation
rate of cancer cells compared to normal cells. An early study on
FEN1 knockout mice showed that FEN1 protein was required
for S phase entry in trophoblast giant cells, and the FEN1�/�

cells were unable to enter S phase and were arrested in the
endocycle during embryonic development.34 Another early
study showed that FEN1 was highly expressed by cycling cells
and that it colocalizes with PCNA and polymerase alpha during
theSphase.Consistentwith the essential role of FEN1 in cellular
proliferation, in the current study, we found up-regulation of
FEN1 was positively associated with cell proliferation, and
knockdown of FEN1 significantly inhibited cellular prolifera-
tion and induced significant cell cycle arrest at G1/S or G2/M
transitions. In agreement with the observation in other can-
cers,20,21 we showed for the first time that FEN1 overexpression
was associated with poor differentiation and a trend to poor
survival in NSCLC.

FEN1 plays a critical role in DNA repair; it has been
proven that an up-regulated FEN1 contributes to intrinsic or
acquired drug resistance, whereas depletion of FEN1 may
potentially cause DNA damage to be unrepaired. For
example, an early study demonstrated that FEN1 was
induced by genotoxic stress in mouse fibroblasts and that
overexpression of FEN1 attenuated UV lighteinduced
DNA replication inhibition.35 Additionally, FEN1 and the
nuclear excision repair (NER) protein XPG show homology
in the DNA-binding domain, suggesting overexpression of
FEN1 may confer resistance by enhanced NER.36 Because
FEN1 is frequently overexpressed in various human can-
cers, it is clinically significant and interesting to examine
whether targeting FEN1 has therapeutic benefits. Cisplatin
is one of the most potent and useful antitumor agents for
lung cancer that interacts with cellular DNA to form cross
links that ultimately inhibit DNA replication and transcrip-
tion, and if not repaired, lead to DNA breaks and cell death
via the apoptotic pathway.37 In the current study, transient
FEN1 knockdown did not result in dramatic apoptosis in
these lung cancer cells, however, it significantly sensitized
lung cancer cells to cisplatin. Repair of cisplatineDNA
intrastrand lesions is largely catalyzed by NER and long-
patch base excision repair pathways.38 FEN1 was also
shown to play a role in the final step of NER in a complex
with ligase I.39 Therefore, FEN1 depletion enhanced cyto-
toxic effect of cisplatin in lung cancer cells.
250
Depletion FEN1 may also enhance cytotoxic effects of other
chemoradiotherapy approaches. For example, Nikolova et al18

showed that knockdown of FEN1 by siRNA increased sensi-
tivity to the methylating agent temozolomide and to cisplatin in
LN308 glioma cells. Similarly, exposure of FEN1�/� blasto-
cysts to gamma radiation caused extensive apoptosis, implying
an essential role for FEN1 in the repair of radiation-induced
DNA damage in vivo.34 A study also revealed that insect
cells lacking FEN1 endonuclease were viable, but hypersen-
sitive to DNA-damaging agents.40 Interestingly, another study
showed that breast cancer cells with low FEN1 were much
more sensitive to induction of apoptosis via polyamine
depletion compared to breast cancer cells with a higher
expressed FEN1.41 DNA double-strand breaks can arise
spontaneously during the processing of DNA adducts, or
single-strand breaks can arise through DNA repair or replica-
tion processes.42 A previous study showed FEN1 eliminates
heterologous sequences at DNA damage site and facilitates
DNA repair by HR.31 In our study, using HR and NHEJ report
assays, we showed that FEN1 depletion hampers HR repair
pathways in lung cancer cells. Interestingly, a recent study
showed that small-molecule inhibitors of FEN1 selectively
killed cancer cells with different genotypes, indicating FEN1
as a broad-spectrum target for anticancer therapeutic de-
velopments.24 Therefore, targeting FEN1 might have an
impact on a broad range of DNA damage repair pathways and
enhance the cytotoxic effects of multiple anticancer drugs. In
conclusion, we found frequent overexpression of FEN1 was
associated with poor prognosis of NSCLC patients. We further
demonstrated that knockdown of FEN1 suppressed cancer
proliferation and sensitized lung cancer cells to cisplatin
chemotherapy. Therefore, FEN1 poses a marker of tumor
progression and potential therapeutic target for NSCLC.
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