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Radioresistance of EBV-associated nasopharyngeal carcinoma (NPC) is associated with poor prognosis for
patients with this form of cancer. Here, we found that NPC patients had increased serum levels of leukemia
inhibitory factor (LIF) and that higher LIF levels correlated with local tumor recurrence. Furthermore, in
vitro studies with NPC cells and in vivo xenograft mouse studies demonstrated that LIF critically contributes
to NPC tumor growth and radioresistance. Using these model systems, we found that LIF treatment activated
the mTORC1/p70S6K signaling pathway, enhanced tumor growth, inhibited DNA damage responses, and
enhanced radioresistance. Treatment with either soluble LIF receptor (sLIFR), a LIF antagonist, or the mTOR
inhibitor rapamycin reversed LIF-mediated effects, resulting in growth arrest and increased sensitivity to vy
irradiation. Immunohistochemical (IHC) analyses of human NPC biopsies revealed that LIF and LIFR were
overexpressed in tumor cells and that LIF expression correlated with the presence of the activated p-p70S6K.
Finally, we found that the EBV-encoded protein latent membrane protein 1 (LMP1) enhances LIF production.
Together, our findings indicate that LIF promotes NPC tumorigenesis and suggest that serum LIF levels may

predict local recurrence and radiosensitivity in NPC patients.

Introduction

Nasopharyngeal carcinoma (NPC) is prominent in a number of
Southeast Asian regions, including southern China, Hong Kong,
and Taiwan, where the annual incidence rate is approximately
25-fold higher than that in the Western world (1). NPC is closely
associated with EBV infection and is characterized by intensive
infiltration of lymphocytes, macrophages, and T cells in tumor
tissues, suggesting that both viral and cellular factors are impor-
tant for the development and progression of NPC (2-4). Radia-
tion therapy is the major therapeutic modality used to treat NPC,
and most NPC patients can be cured if the disease is diagnosed
and treated at an early stage. However, about 20% of NPC patients
develop local recurrence after radiotherapy (5), and radioresistance
is a major cause of treatment failure in many cases.

DNA double-strand breaks (DSBs) are the most critical event
in ionizing radiation-induced (IR-induced) cell death. The
pS3-mediated pathway is considered to be important for IR-
induced apoptosis, wherein the ataxia-telangiectasia mutated
(ATM) kinase links DNA damage to the activation of p53 (6-8).
ATM functions as a central transducer, triggering a cascade of
DNA damage responses (DDRs) to stimulate apoptosis or DNA
repair (9). Activated ATM phosphorylates checkpoint proteins
(e.g., p53,CDC25C, Chk1, Chk2, and BRCA1) during all phases
of the cell cycle (10). It also phosphorylates H2AX at Ser139
(YH2AX) (11). In response to DNA damage, YH2AX colocalizes
with many DDR proteins at nuclear foci surrounding DSB sites;
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thus, YH2AX foci have recently been used as markers of DNA
damage and repair (12).

Various studies have used EBV serology to monitor NPC progres-
sion (13), and multiple lines of evidence indicate that increased
posttreatment levels of EBV DNA are significantly associated with
tumor recurrence (13-16). The expression levels of the EBV-encod-
ed latent membrane protein 1 (LMP1) have also been correlated
with tumor progression (17, 18). However, there is some debate as
to whether EBV serology or the levels of EBV DNA or LMP1 can
be used to predict tumor radiosensitivity. Thus, it would clearly be
beneficial to identify reliable predictive and noninvasive biomark-
ers for radioresistance among NPC patients.

Leukemia inhibitory factor (LIF) is a member of the IL-6-type
cytokine family, which includes IL-6, IL-11, oncostatin M, cili-
ary neutrophic factor, cardiotrophin-1, and cardiotrophin-like
cytokine. LIF mediates critical signaling pathways that regulate
proliferation and survival, including the JAK/STAT3, PI3K, and
ERK1/2 signaling pathways (19, 20). Among them, only LIF-medi-
ated STAT3 signaling has been defined in detail. Recently, dysreg-
ulation of LIF and/or the LIF receptor (LIFR) has been reported
in several human malignancies, including glioblastoma (21), thy-
roid cancer (22), rhabdomyosarcoma (23), pancreatic carcinoma
(24, 25), and breast cancer (26). However, the precise role of LIF in
tumorigenesis remains largely unexplored.

In this study, we simultaneously detected 20 cytokines and growth
factors in serum samples from NPC patients. We found that LIF was
higher in serum samples from NPC patients who developed local
recurrence after treatment compared with that of NPC patients with
complete tumor remission. Notably, higher LIF levels were markedly
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correlated with poorer local recurrence-free survival. Higher LIF lev-
els were also detected in NPC tumors compared with adjacent not-
mal nasopharyngeal tissues. We also found that LIF treatment acti-
vated mTORC1/p70S6K signaling and suppressed DDRs in NPC
cells, thus enhancing tumor growth and radioresistance pheno-
types, respectively. In contrast, treatment of NPC cells and a mouse
model of NPC with soluble LIFR (sLIFR, an antagonist of LIF) or
rapamycin (an mTOR inhibitor) markedly decreased LIF-mediated
effects, resulting in growth arrest and an increased sensitivity to y
irradiation both in vitro and in vivo. Immunohistochemical (IHC)
analyses of human biopsies further confirmed the correlations of
LIF and mTORC1/p70S6K signaling in NPC. These findings sug-
gest that serum LIF might be useful as a predictor for individual
radiosensitivity and local recurrence. Furthermore, modulation of
LIF-mediated signaling could be an attractive treatment strategy for
sensitizing radioresistant NPC tumors.

Results

Elevated serum LIF in NPC patients is correlated with poorer prognosis.
In an attempt to identify useful NPC-specific cytokines, we uti-
lized bead-based multiplex cytokine assays to evaluate the levels
of 20 cytokines in serum samples from 71 NPC patients and 28
healthy individuals. We found that the serum levels of LIF, C-X-C
motif chemokine 9 (CXCL9, MIG), IL-10, IL-6, and SCF were sig-
nificantly higher in the 22 NPC patients diagnosed with local
recurrence compared with normal donors (P < 0.05; Supplemental
Table 1; supplemental material available online with this article;
doi:10.1172/JCI163428DS1). LIF, which showed the highest signifi-
cance in this regard (P < 0.0001), was selected for a further verifica-
tion study involving an additional 90 NPC samples. Importantly,
the LIF levels remained much higher in NPC patients who devel-
oped local recurrence compared with those with complete tumor
remission (P < 0.0001) (Figure 1A). The cutoff value of serum LIF
that could be used to differentiate between patients with complete
tumor remission and those with local recurrence was determined
by receiver-operating characteristic (ROC) analysis (P < 0.0001;
area under the ROC curve, 0.74; cutoff value, 4.96 pg/ml) (Sup-
plemental Figure 1). Survival analyses showed that NPC patients
with higher levels of LIF had significantly poorer recurrence-free
survival (P=0.001) (Figure 1B) and progres-
sion-free survival (P = 0.043) (Figure 1C)
versus patients with lower LIF levels. In con-
trast, no significant correlation was found
between LIF levels and metastasis-free sur-
vival (P = 0.511) (Supplemental Figure 2A)
or overall survival (P = 0.443) (Supplemental
Figure 2B). A comparative analysis of pre-

Table 1

Characteristics

LIF levels are higher in the microenvironment of NPC. Type III NPC is
characterized by EBV infection and high lymphocytes infiltration
(13), and LIF expression can be induced by inflammatory type fac-
tors such as NF-xB, TNF-a, and IL-1 (27). To investigate whether
the LIF level is higher in NPC tumor microenvironment, we detect-
ed and compared the LIF concentrations in paired biopsy samples
(adjacent normal NP vs. NPC) obtained from the same individual.
Importantly, we found that LIF levels were significantly higher
(P <0.0001) in tumor samples compared with normal counter-
parts (Figure 1, D and E). Moreover, the LIF concentrations detect-
ed in biopsy samples were 10-fold higher than in serum samples,
implying that LIF produced in tumor microenvironments likely
contributes to the elevated serum LIF in NPC patients.

LIF and LIFR are overexpressed in NPC. As the signaling downstream
of LIF is mediated by an interaction with LIFR, we examined the
expression levels of LIF and LIFR in NPC biopsy tissues. Our IHC
analyses showed that the expression levels of LIF and LIFR were
significantly higher in NPC tumor cells compared with the adja-
cent basal epithelium (LIF, P < 0.0001; LIFR, P < 0.01) (Figure 1,
F-I). Strong LIF immunoreactivity was observed in infiltrated
macrophages (CD68-positive cells; Supplemental Figure 3A), indi-
cating that macrophages are involved in the production of LIF in
the tumor microenvironment. In contrast, normal basal cells and
NPC tumor cells did not show any significant difference in the
expression of gp130 (a common receptor shared by members of
the IL-6 cytokine family) which showed medium-to-strong immu-
noreactivity on average (Supplemental Figure 3B). Western blot-
ting analysis also demonstrated a higher protein expression of LIF
and LIFR in NPC biopsies compared with the adjacent normal
nasopharyngeal tissues (Figure 1J). Together, these results dem-
onstrated that LIF and LIFR are overexpressed in NPC tumors.

LIF enhances NPC tumor growth both in vitro and in vivo. To further
assess the impact of LIF on NPC cells, we first determined the bio-
logically effective dose range of LIF on 2 NPC cell lines (TW06 and
CNETI cells). The NPC cell lines were treated with various doses of
human recombinant LIF (0.5 ng/ml, 3 ng/ml, 10 ng/ml, 50 ng/ml,
0.5 ug/ml, and 1 ug/ml), and cell growth was determined using
a real-time cell analyzer. Our results showed that LIF treatment
enhanced NPC cell proliferation with half-maximal effective

Multivariate analysis of the association between pretreatment serum LIF level and recur-
rence-free survival or progression-free survival of NPC patients

Recurrence-free survival Progression-free survival

- Hazard ratio (95% CI) PA Hazard ratio (95% CI) P

treatment serum LIF levels and clinicopath-

. . . . Sex 0.997 0.158
ologic factors in the NPC patients failed to Female 1.000 (reference) 1.000 (reference)
show any significant association of serum Male 1.001 (0.515-1.948) 0.698 (0.424-1.149)
LIF levels with sex, age, or pathologic clas- AgeB 0.395 0.307
sification (Supplemental Table 2). A mul- < Median 1.000 (reference) 1.000 (reference)
tivariate Cox regression analysis indicated > Median 1.311 (0.702-2.447) 0.797 (0.515-1.232)
that a higher level of LIF (LIF > 4.96 pg/ml) Overall stage 0.291 0.029
was an independent prognostic factor for =l 1.000 (reference) 1.000 (reference)
recurrence-free survival (P = 0.003, hazard gl—{V iment LIF | |1 595 (0.686-3.525) 0.003 1.910 (1.069-3.412) 0.101

: retreatmen eve . .

=2. % CI=1.440-5. .

?tlﬁ) t2 8?3’3? ? C; tl 443 S fli})l(fable D Low 1.000 (reference) 1.000 (reference)
ollectively, these data indicate that serum High 2.893 (1.440-5.811) 1.452 (0.930-2.268)

LIF is an independent prognostic predictor
of recurrence-free survival.
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ACox proportional hazards model. BMedian age is 46.77 years.
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Figure 1

LIF levels in clinical samples from NPC patients and LIF and LIFR expression levels in NPC biopsy sections. (A) Detection of serum LIF levels
in NPC patients with complete remission or recurrence. Significantly higher LIF levels were detected in NPC patients that developed recurrence.
***P < 0.0001, Mann-Whitney test. (B and C) Kaplan—Meier survival curves of NPC patients based on serum LIF levels. (B) Local recurrence-
free survival. (C) Progression-free survival. (D) LIF concentration in paired biopsy samples (n = 10). LIF levels were detected using magnetic
bead-based cytokine assay. (E) Analysis of LIF protein levels in adjacent normal nasopharyngeal tissues and NPC biopsies. ***P < 0.0001, Mann-

Whitney test. (F—

1) IHC analyses of LIF and LIFR expression in paraffin-embedded consecutive NPC tissue sections. Representative images

of LIF expression (F) and LIFR expression (H) in NPC tumors. Statistical analysis of LIF expression (G) and LIFR expression (I) in NPC tumor
tissues and adjacent normal epithelium. **P < 0.01; ***P < 0.0001, %2 test. Scale bar: 50 um. (J) Western blotting analysis of LIFR, LIF, and LMP1
in NPC biopsy samples. Normal NP, adjacent normal tissues. GAPDH was used as a loading control.
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Figure 2

Assessment of LIF-stimulated cell proliferation in NPC cells. (A) Real-time cell
proliferation assays of TWO06 cells treated with LIF, sLIFR, or PBS (control).
sLIFR (1 ug/ml) was added to the growth medium of TWO06 cells 2 hours prior
to LIF treatment. Black arrows indicate the time at which LIF and sLIFR were
added. Values are presented as means and SD of triplicate experiments. (B)
Analysis of EdU incorporation in CNE1 cells treated with PBS, LIF, sLIFR,
or sLIFR plus LIF for 24 hours, followed by EdU labeling for 3 hours. EdU*
cells were quantified using Imaged software. Overall P < 0.001, 1-way ANOVA,;
*P < 0.05;**P < 0.01; ***P < 0.001, Bonferroni’s multiple comparison test. Scale
bar: 50 um. (C) Bioluminescent images of NPC tumor xenografts treated with
PBS, LIF, or sLIFR. Images were first detected on the seventh day after implanta-
tion of TWO06_Luc2 cells. Drug administration was started on the eighth day after
implantation and continued twice per week for 6 weeks. (D) Quantification of the
total photon fluxes from the tumors shown in C. *P < 0.05; **P < 0.01, paired t test,
compared with PBS-treated group. Values are presented as means and SEM
(n =5 mice per group).
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LIF activates the p70S6K-signaling pathway. (A) Protein expression of LIFR, gp130, and LIF in 4 NPC-derived cell lines: C666-1, CNE1, TWOT1,
and TWO06. Right panel showed levels of secreted LIF in the 4 NPC cell lines. Cell-free culture supernatants were collected at 36 hours after plat-
ing, and LIF was measured by bead-based assays (Bio-Rad). (B—E) Western blotting analyses of signaling protein and its phosphorylated form
using site-specific antibodies. GAPDH was used as a loading control. (B) LIF dose dependently activates p70S6K and its downstream targets in
CNE1 cells. Protein lysates were harvested 10 minutes after LIF treatment. (C) Time-course analysis of p70S6K signaling molecules in LIF-treated
CNE cells. (D and E) Pretreatment with sLIFR (1 ug/ml) 2 hours prior to LIF treatment prevents LIF-induced activation of p70S6K signaling in

both TWO06 cells (D) and CNE1 cells (E).

concentrations (ECsg) of 10.4 ng/ml in TWO06 cells (Supplemen-
tal Figure 4A) and 2.84 ng/ml in CNE1 cells (Supplemental Fig-
ure 4B). These values fell within the previously reported range
(23,28, 29). To further assess the role of LIF in NPC cell growth, we
blocked the interaction between secreted LIF and its receptor with
sLIFR (30, 31) and measured cell growth using a real-time analyz-
er. Administration of sLIFR substantially suppressed the growth
of TWO6 cells, while costimulation with LIF did not affect this
sLIFR-mediated growth suppression (Figure 2A). The observed
LIF-mediated enhancement of cell proliferation in TWO06 cells
was confirmed by EdU incorporation assays (Figure 2B). Quanti-
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fication of the results revealed that DNA synthesis was increased
by LIF stimulation, and this enhancement was blocked by sLIFR
(Figure 2B). It is worth noting that LIF at 10 ng/ml did not affect
sLIFR-mediated growth suppression (Figure 2, A and B). To assess
whether LIF could affect the growth of NPC xenograft tumors,
we inoculated TW06_Luc2 cells (Supplemental Figure 5) subcu-
taneously into the legs of NOD/SCID mice and used an in vivo
imaging system (IVIS) to monitor tumor growth in mice treated
with and without LIF, sLIFR, or PBS. As shown in Figure 2C, at
4 weeks after treatment, LIF-treated tumors exhibited increased
tumor growth compared with PBS-treated controls. In contrast,
December 2013 5273
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Figure 4

LIF-induced activation of p70S6K is mediated through mTOR. (A and B)
Inhibitors of mMTOR suppressed the LIF-induced phosphorylation of
p70S6K. CNE1 cells (A) and TWO06 cells (B) were pretreated with
inhibitors for 40 minutes, and then stimulated with LIF (10 ng/ml).
Ten minutes later, the cells were harvested and protein lysates were
obtained. (C) Real-time monitoring of cell viability. CNE1 cells were
pretreated with everolimus for 40 minutes and then stimulated with LIF
(10 ng/ml) for the duration of the experiment. Values are expressed
as the mean and SD of triplicate experiments. (D) siRNA-mediated
depletion of MTOR in CNE1 cells inhibits the LIF-induced activation of
p70S6K. Cells were stimulated with LIF at 24 hours after siRNA trans-
fection. NC, negative control siRNA. (E) Silencing of mTOR by siRNA
suppresses the effects of LIF on CNE1 cell proliferation. Cells were
replated into E-plate at 24 hours after siRNA transfection. Values of cell
growth were normalized with respect to the time of LIF addition. Data
are presented as means and SD of triplicate experiments. (F) Pretreat-
ment with sLIFR 2 hours prior to LIF treatment decreases LIF-induced
phosphorylation of mTOR in both CNE1 cells and TWO06 cells. GAPDH
was used as the loading control for Western blotting. (G) Inhibition of
p70S6K by rapamycin suppresses LIF-mediated tumor growth in mice
(n =5 for LIF treatment only, an n = 6 for rapamycin plus LIF treatment).
Rapamycin was given by intraperitoneal injection (3 mg/kg, once a day,
5 days/week x 3 weeks). (H) Quantification of the total photon fluxes of
tumors shown in G. *P < 0.05; **P < 0.01, paired ¢ test.

sLIFR-treated tumors showed growth arrest through the end of
the experimental period (week 6). Quantification of total photon
fluxes from regions of interest (ROIs) showed that LIF enhanced
tumor growth and sLIFR treatment led to significantly less growth
(Figure 2D). Similar results were observed in CNE1 xenografts
(Supplemental Figure 6). These results collectively indicate that
LIF enhances NPC tumor growth both in vitro and in vivo.

LIF activates p70S6K signaling. As LIF acts through the LIFR/
gp130 complex to exert its biological effects in cells, we used
Western blotting to test whether these receptors were expressed
along with LIF in NPC cells. As shown in Figure 3A, LIFR, gp130,
and LIF were all expressed in the 4 tested NPC cell lines (C666-1,
CNE1, TWO01, and TW06) (32-35). To evaluate whether NPC cells
can secrete LIF into the culture medium, we used a sensitive bead-
based cytokine assay to quantify the amount of LIF in cell-free cul-
ture supernatants. The levels of LIF in the NPC cell supernatants
ranged from approximately 40 pg/ml to 80 pg/ml (Figure 3A).
Since LIF was reported to activate the STAT3, PI3K, and MEK
signaling pathways in mouse embryonic stem cells (19), we then
tested to determine whether LIF can activate these pathways in
NPC cells. By simultaneously detecting the phosphorylation lev-
els of 13 signaling molecules in LIF-stimulated CNEI1 cells, we
found that LIF activated multiple molecules involved in p70S6K
signaling (Supplemental Figure 7) along with known targets of
LIF (e.g., STAT3, MEK1, and p38 MAPK). Previous reports have
shown that phosphorylation of p70S6K T389 and T421/S424 is
induced in response to growth factors or other stimuli (36-40). To
clarify the LIF-mediated phosphorylation of p70S6K in NPC, we
examined the phosphorylation state of p70S6K T389 and T421/
S424 in NPC cell lines in response to LIF. Western blotting con-
firmed that the phosphorylation levels of T389 and T421/S424
of p70S6K and its downstream molecules (GSK-30./p Ser21/9
and EKR1/2 Thr202/Tyr204) were dose dependently enhanced
by LIF (Figure 3B). Following the addition of LIF, the activation
of p70S6K peaked at 30 minutes and lasted to 60 minutes after
treatment (Figure 3C). Activation of STAT3 Tyr705, a known
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downstream molecule of LIF, was used as a positive control for
LIF-mediated activation (Figure 3, B and C). Importantly, the
LIF-mediated activation of p70S6K signaling was attenuated by
pretreatment of both TWO06 and CNE1 cells with sLIFR prior to
LIF stimulation (Figure 3, D and E). sLIFR-mediated suppression
could be overcome by treating cells with higher concentrations of
LIF (up to 100 ng/ml) (Supplemental Figure 8). Taken together,
these results suggest that LIF activates p70S6K and its down-
stream molecules, GSK-30,/f and EKR1/2, in NPC cells.

The mTOR protein is an upstream regulator of the LIF-induced activa-
tion of p70S6K. The mTOR protein is a well-known key regulator
of p70S6K, whereas PI3K is a critical upstream kinase for mTOR
(41, 42). mTORC1 phosphorylates T389 in the linker region of
p70S6K (43, 44); in turn, p70S6K phosphorylates mTOR Ser2448
via a feedback loop upon activation (45). To investigate whether
the LIF-mediated activation of p70S6K occurred via mTOR, we
blocked the function of mMTOR by treating cells with rapamycin or
everolimus (2 mTOR inhibitors) or a PI3K inhibitor (Ly294002)
prior to LIF stimulation. Western blotting showed that LIF treat-
ment concomitantly activated both p70S6K T389 and T421/S424
and mTOR S2448, and pretreatment with rapamycin, everolimus,
or Ly294002 attenuated the LIF-mediated activations of p70S6K
and mTOR in both CNE1 cells (Figure 4A) and TWO06 cells
(Figure 4B). To further delineate the role of mTOR in LIF-medi-
ated cell growth, we examined proliferation in CNE1 cells treated
with LIF alone or in combination with an mTOR inhibitor. Our
results showed that everolimus treatment suppressed LIF-induced
enhancement of cell proliferation (Figure 4C). Furthermore,
siRNA-mediated silencing of mTOR reduced the LIF-induced acti-
vation of p70S6K and mTOR (Figure 4D) and significantly sup-
pressed the LIF-induced proliferation of CNET1 cells (Figure 4E).
Finally, sLIFR pretreatment suppressed LIF-induced activation of
p70S6K and mTOR in both CNE1 and TWO06 cells (Figure 4F).
To investigate whether suppression of p70S6K could reduce
LIF-mediated tumor growth in a mouse model, we treated mice
bearing NPC xenografts with rapamycin (inhibitor) or vehicle by
intraperitoneal injection (3 mg/kg, once a day, 5 days/week x 3 weeks)
in combination with LIF treatment. Our results showed that
administration of rapamycin indeed could reduce LIF-mediated
tumor growth (Figure 4, G and H). Together, these results sug-
gest that LIF treatment triggers p70S6K signaling downstream of
mTOR, leading to increased NPC cell growth.

Levels of LIF, phosphorylated p70S6K, and phosphorylated mTOR are
correlated in human NPC biopsies and NPC xenografts. Since our experi-
mental data suggested that LIF enhances NPC cell growth by acti-
vating p70S6K signaling, we next determined whether the expres-
sion levels of LIF, p-p70S6K (T389 and T421/S424), p-mTOR
(S2448), and LIFR were correlated in human NPC biopsies. Our
IHC analyses showed that the immunoreactivities of p-p70S6K
and p-mTOR were higher in NPC tumors compared with the
normal basal epithelium and often even stronger in NPC cases
diagnosed with local recurrence after radiotherapy (Figure SA).
Correlation analyses revealed that there were close correlations
between p70S6K (T389) and p70S6K (T421/S424) (P < 0.0001,
r=0.558), LIF and p-p70S6K (T389) (P < 0.0005, = 0.468), LIF and
p-p70S6K (T421/S424) (P < 0.0001, = 0.502), LIF and p-mTOR
(P=0.0051,7=0.373), p-mTOR and p-p70S6K (T389) (P = 0.0005,
r = 0.524), p-mTOR and p-p70S6K (T421/S424) (P = 0.0004,
7=0.430), LIFR and p-p70S6K (T389) (P < 0.0001, = 0.585), LIFR
and p-mTOR (P < 0.0001, = 0.585), and LIF and LIFR (P = 0.004,
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Figure 5

Correlation analyses of LIF, p-p70S6K, p-mTOR, and LIFR expression
in human nasopharyngeal biopsies and NPC xenografts. (A) Repre-
sentative IHC images of LIF, p-p70S6K, p-mTOR, and LIFR in NPC
tumors. Scale bar: 50 um. (B—H) Correlation analyses based on IHC
scores (Spearman’s correlation test). The correlations shown include
those between p-p70S6K (T389) and p-p70S6K (T421/S424) (B), LIF
and p-p70S6K (C), p-mTOR and p-p70S6K (D), LIFR and p-p70S6K
(E), LIFR and p-mTOR (F), LIF and p-mTOR (G), and LIF and LIFR
(H). (I) IHC analysis of p-p70S6K and p-mTOR in CNE1 xenografts
treated with LIF, sLIFR, or PBS. Scale bar: 50 um.

7=0.329), and a moderate correlation between LIFR and p-p70S6K
(T421/S424) (P =0.012, » = 0.260) (Figure 5, B-H). Moreover, the
immunoreactivities of p-p70S6K and p-mTOR were enhanced in
LIF-treated NPC xenografts and decreased in sLIFR-treated xeno-
grafts compared with PBS-treated controls (Figure SI). Together,
these results indicate that LIF expression appears to be associated
with the activations of p70S7K and mTOR, and these misregula-
tions might contribute to tumor progression.

LIF enhances resistance to IR. As radioresistance is often associated
with treatment failure in NPC (1, 46), we investigated whether
elevated LIF levels were associated with radioresistance. First, we
treated CNE1 cells with human LIF or vehicle (PBS) and then
exposed them to various doses (0, 2, 4, and 10 Gy) of IR. Cell sur-
vival was determined using an xCelligence real-time cell analyzer.
As shown in Figure 6A, IR induced dose-dependent cytotoxicity,
but LIF-stimulated cells showed better survival than PBS-treated
cells. IR-induced toxicity was quantified by calculating the half-
maximal inhibitory dose (ICso) after irradiation (Figure 6A). The
ICso values for the vehicle control and LIF-treated cells were 1.5 Gy
and 3.7 Gy, respectively, at 48 hours after irradiation, and 1.3 Gy
and 5.8 Gy, respectively, after 55 hours. Similar results were
obtained with TWO06 cells (Supplemental Figure 9). Moreover, the
cell survival following exposure to IR was dramatically decreased
in cells treated with sLIFR (Figure 6B). LIF treatment inhibited IR-
induced apoptosis, as evidenced by reduced levels of active caspase
3 and caspase 7 in LIF-treated TW06 and CNE1 cells compared
with untreated controls (Figure 6C). In contrast, sLIFR treat-
ment enhanced apoptotic events, whereas costimulation with LIF
caused a reduction of this apoptosis (Figure 6C).

IR-induced cell death results in DNA DSBs, which triggers the
activation and recruitment of DDR molecules to the DSB sites (47).
To determine whether LIF modulates DDRs, we analyzed the acti-
vations of ATM (Ser1981), tumor protein p53 (pS53 Ser392), histone
H2AX (YH2AX Ser139), Nijmegen breakage syndrome protein 1
(NBS1 Ser343), and cell division cycle 25 homolog C (CDC25C
Ser216) in IR-treated NPC cells. Interestingly, at 10 minutes after
4-Gy irradiation, the phosphorylation levels of these DDR proteins
were decreased in LIF-treated cells and increased in sLIFR-treated
cells (Figure 6, D and E). The LIF-mediated decreased phosphoryla-
tion of DDR proteins lasted up to 2 hours after irradiation (Sup-
plemental Figure 10). The LIF-induced reduction of p53 activation
could therefore conceivably be linked to the inhibition of irradi-
ation-induced apoptosis. Collectively, these findings suggest that
LIF-mediated radioresistance may result from the suppression of
apoptosis and the inhibition of DDR signaling.

LIF enbances radioresistance of NPC xenografts in immunodeficient
mice. To further investigate whether LIF confers radioresistance in
vivo, we subjected TW06_Luc2 xenografts to a single dose of 7 Gy
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when the tumor volumes reached approximately 60 to 100 mm?3
(day 12). The tumors were intratumorally injected with PBS, LIF,
or sLIFR prior to irradiation and thereafter (LIF: 150-200 ng/
20 ul PBS, twice/week x 4 weeks; sLIFR: 1-2 ug/20 ul PBS, twice/
week x 4 weeks). Tumor progression was monitored by IVIS once
a week. As shown in Figure 7A, the LIF-treated tumors were sig-
nificantly resistant to IR. Irradiation initially caused a growth
arrest in LIF- and PBS-treated xenografts, but the tumors per-
sisted and grew rapidly in week 3 after IR (Figure 7B). In con-
trast, sLIFR treatment effectively suppressed tumor growth
after IR compared with the PBS-treated xenografts, and abun-
dant necrotic tumor tissues were found inside the sLIFR-treated
xenografts (data not shown). To further investigate the role of
LIF in the radioresistance of NPC xenografts, we established a
CNE1_Luc2_sLIFR cell line stably expressing sLIFR (Supple-
mental Figure 11), subcutaneously inoculated these cells into
the legs of NOD/SCID mice, and assessed tumor responses to
IR. Consistent with the effects of exogenous sLIFR treatment,
stable expression of sSLIFR appeared to sensitize tumors to IR, as
compared with the effects seen in CNE1_Luc2_GFP xenografts
(Figure 7C). After irradiation, the tumor growth of Luc2_GFP
xenografts accelerated in week 3, whereas Luc2_sLIFR xeno-
grafts showed regression to the end of the experimental period
(Figure 7D). To further assess the impact of mMTOR/p70S6K on
LIF-mediated radioresistance, we treated mice with rapamycin
and monitored tumor progression by IVIS. Our results revealed
that suppression of p70S6K sensitized LIF-treated tumors to IR
(P <0.01 at week 3) (Figure 7, E and F). Collectively, our findings
indicate that the presence of LIF in the tumor microenvironment
promotes resistance to IR.

EBV-encoded LMP1 enbances LIF production. LMP1 is the most
important EBV-encoded oncoprotein in NPC. To determine
whether LMP1 could induce LIF expression, we transiently trans-
fected plasmids expressing wild-type LMP1 into TWO06 cells and
assessed LIF expression. The mRNA expression of LIF was signifi-
cantly upregulated by LMP1, showing 2.5- and 3-fold increases
at 24 and 32 hours after transfection, respectively (Figure 8A).
Likewise, a bead-based cytokine assay (Bio-Rad) showed that the
amount of LIF secreted into the medium of TWO06 cells was dose
dependently increased by LMP1 expression (Figure 8B). Since
the activation of NF-kB is tightly controlled by the inhibitor of
NF-kB (IkB), we used Western blotting analysis to assess correla-
tions between intracellular LIF expression and the phosphoryla-
tion level of IkB (Ser32). As shown in Figure 8C, the levels of LIF
and p-IxB were elevated in LMP1-expressing cells. LMP1 medi-
ates NF-kB activation mainly through its C terminus-activating
regions, CTAR1 and CTAR2. To further investigate whether the
C terminus of LMP1 was involved in regulating LIF expression,
we ectopically expressed wild-type or relevant LMP1 mutants in
TWO6 cells and then assessed the expression of LIF. As shown
in Figure 8D, wild-type LMP1 expression resulted in the high-
est mRNA expression of LIF. In contrast, mutations in CTAR2
(M1) or CTAR1 (M3) or both (M4) decreased LIF expression by
approximately 25% to 39% compared with that induced by wild-
type LMP1, and deletion of the LMP1 C terminus (M2) reduced
LIF expression by 53% (Figure 8D). LIF expression in the super-
natants from cultured cells expressing either wild-type or mutant
LMP1 matched the expression pattern of LIF mRNA (Figure 8E).
The Western blotting results revealed that the CTAR1 and CTAR2
domains of LMP1 both contributed to the expression of LIF and
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LIF treatment increases survival of NPC cells exposed to IR. (A) Plot of the radiation dose responses obtained from real-time monitoring of the
effects of IR. Survival of CNE1 cells treated with LIF or vehicle prior to IR were continuously monitored every 10 minutes for 96 hours. The time-
dependent ICso was determined from approximately 40—60 hours after irradiation using the RTCA software (Roche). (B) Treatment with sLIFR
suppresses the LIF-mediated increase in survival after 4-Gy irradiation. (C) IR-induced apoptotic assays. IR-induced apoptosis was determined
by detecting active caspase 3 and caspase 7 in TWO06 cells and CNE1 cells 96 hours after 4-Gy irradiation. The percentage of cells positive for
active caspase 3/7 was calculated by dividing the number of caspase 3/7—positive objects by the total number of nuclei visualized with Hoechst
33342 DNA dye (blue). (D and E) LIF modulates the phosphorylation levels of DNA damage-responsive molecules in TW06 cells (D) and CNE1
cells (E) subjected to 4-Gy irradiation. Protein lysates were harvested at 10 minutes after irradiation. GAPDH was used as the loading control.
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LIF enhances the radioresistance of NPC xenografts. (A) TW06_Luc2 xenografts were subjected to a single dose of 7 Gy, and tumor growth
was monitored using IVIS. The tumors were intratumorally injected with PBS, LIF, or sLIFR prior to irradiation and thereafter (LIF: 150—200 ng/
20 ul PBS, twice/week x 4 weeks; sLIFR: 1-2 ug/20 ul PBS, twice/week x 4 weeks). (B) Quantification of the total photon fluxes of tumors shown
in A. *P < 0.05, paired t test, compared with the PBS-treated group. (C) CNE1_Luc2_GFP cells and CNE1_Luc2_sLIFR cells, which stably
expressed GFP and sLIFR, respectively, were subcutaneously inoculated into legs of NOD/SCID mice and tumor responses to 7-Gy irradiation
were assessed by 1VIS. (D) Quantification of the total photon fluxes of tumors shown in C (*P < 0.05; **P < 0.01; paired t test). (E) Administration
of rapamycin reduces LIF-mediated radioresistance. Rapamycin was given by intraperitoneal injection (3 mg/kg, once a day, 5 days/week x 3
weeks). n = 6 for each group. (F) Quantification of the total photon fluxes of tumors shown in E. *P < 0.05; **P < 0.01; paired t test.

activation of IkB (Figure 8F). These findings suggested a possible
regulatory mechanism, wherein LMP1 CTAR domains might regu-
late the expression of LIF via NF-kB.

Based on our findings, we propose a model for LIF-mediated
signaling and enhancement of NPC tumorigenesis (Figure 9). In
this model, LIF activates mTORC1/p70S6K signaling to promote
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tumor growth while concurrently inhibiting the apoptosis medi-
ated by p53 and DDR proteins in response to IR.

Discussion

The present study uncovered new roles of LIF in cancer. Our
results demonstrate that (a) elevated serum LIF levels predict
December 2013 5279
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poorer local recurrence-free survival of NPC patients; (b) LIF acti-
vates mTOR1-p70S6K signaling to promote NPC tumor growth;
(c) LIF modulates DDRs and enhances radioresistance; (d) LIF and
LIFR are overexpressed in the tumor cells of NPC biopsies, and the
expression levels of LIF, activated p70S6K and mTOR are mark-
edly correlated; (e) administration of the LIF antagonist, sLIFR,
or the mTOR inhibitor, rapamycin, markedly reduces cell growth
and survival following IR; and (f) EBV-encoded LMP1 might be
involved in regulating LIF expression.

5280
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Our THC data revealed that both LIF and LIFR were
overexpressed in NPC tumor cells. Controversy exists over the
roles of LIF and LIFR in human cancers. LIF functions as a growth
factor in pancreatic carcinoma (48), choriocarcinoma (49), breast
cancer (50), and prostate cancer (51) and as a growth inhibitory
factor in cervical carcinoma (52) and medullary thyroid cancer
(53), whereas LIFR has been implicated as a tumor suppressor
in breast cancer (54) and hepatocellular carcinoma (55). A recent
report indicates that LIFR functions as a potential metastasis sup-
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pressor in human breast cancer cells through activation of Hippo/
YAP pathway (26). The Hippo/YAP signaling pathway has a dual
role, stimulating cell growth but also promoting apoptosis (56).
YAP functions as a tumor suppressor in breast cancer (57). How-
ever, YAP has also been implicated as an oncogene in many tumor
malignancies (56, 58). Tumaneng et al. further demonstrated that
the Hippo/YAP pathway is an upstream regulator of mTOR in the
regulation of cell size and growth (59). Interestingly, LIF was found
to activate the YAP/TEAD2 pathway and regulate self renewal of
mouse ES cells (60). It is interesting to investigate whether LIF-
mediated activation of mTOR-p70S6K and prosurvival functions
in NPC cells links to the Hippo/YAP pathway.

NPC appears to be able to circumvent local immune surveillance
by supporting the expression of a few EBV proteins that counteract
the immune system. Notably, the EBV-encoded LMP1 can activate
the NF-kB and STAT3 signaling pathways, thereby modulating the
immune response in cancer cells (61, 62). Our data showed that
EBV infection and ectopic expression of LMP1 in NPC cells could
both induce LIF expression. Importantly, LIF has been implicated
in human mesenchymal stem cell-mediated immunosuppression
(63). It is reasonable to speculate that EBV or LMP1 directs the
expression of LIF to help EBV itself escape immune surveillance.

Approximately 50% of all cancer patients receive radiotherapy (64, 65).
It is worth noting that about 20% of NPC patients develop local
recurrence after radiotherapy and the relapsed NPC is usually more
advanced (5). In many types of tumor, recurrence has been linked to
the acquired radioresistance (66). The surviving tumor cells become
adaptive to IR during fractionated radiotherapy and repopulate
within a treatment time. IR-induced production of proinflammatory
cytokines such as IL-1, IL-6, TNF-o, COX-2, and IL-8 contributes to
the acquired radioresistance by activating survival pathways, includ-
ing the EGFR pathway, the STAT3 pathway, and the PI3K/AKT path-
way (65, 67). We report that LIF can activate prosurvival signaling,
including mTOR-p70S6k and STAT3 in NPC cells. It will be intrigu-
ing to determine whether the fractionated radiotherapy induces LIF
production, which in turn contributes to radioadaptive response.

The inflammatory cytokines play a pivotal role in modulating
tumor responses to irradiation (67), yet few serum cytokines have
been validated as reliable markers in predicting radiosensitivity. In
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Figure 9

The proposed model for LIF-mediated signaling and the biological
effects of LIF in NPC. LIF activates mTORC1/p70S6K signaling via
LIFR, leading to increased tumor growth. LIF also enhances cell sur-
vival following IR treatment, at least partly by inhibiting IR-induced
apoptosis and DDRs. In NPC cells, EBV-encoded LMP1 can induce
LIF expression through NF-kB activation.

this study, we report that higher serum LIF levels predicted poorer
local recurrence-free survival of NPC patients. Consistent with
this finding, we found that higher levels of LIF rendered NPC cells
resistant to IR both in vitro and in vivo. Considering that a rela-
tively large number of samples were tested in this study, our find-
ings suggest that LIF could potentially be used to simply and effi-
ciently predict individual radiosensitivity from blood samples. In
the future, the sensitivity and specificity of LIF for predicting NPC
radiosensitivity should be verified using independent sets of NPC
samples, samples from patients with other cancers or noncancer
diseases, and samples from healthy individuals. Due to the hetero-
geneous nature of cancer, additional studies should also assess the
use of panels that combine LIF with other biomarkers. Finally, the
other candidate cytokines identified being differentially expressed
in our multiplex cytokine assay (e.g., CXCL9, IL-10, IL-6, and SCF)
should be subjected to further testing for their possible involve-
ments in NPC radioresistance.

Taken together, the results of this study suggest that there is a
pivotal link between LIF and mTOR-p70S6K signaling in NPC
progression and provide insights into the role of LIF in cancer
biology. Furthermore, our findings indicate that LIF might be
a valuable biomarker for predicting tumor radiosensitivity and
suggest that inhibiting the interactions between LIF and down-
stream targets, such as with a LIF antagonist, could be an attrac-
tive approach for sensitizing the radioresistant NPC tumor cells.

Methods
Additional information can be found in Supplemental Methods.
Clinical samples. A total of 161 pretreatment NPC serum samples and 28
serum samples obtained from healthy donors (controls) were used in this
study; the enrolled cases included 37 patients with distant metastases, 41
with local recurrence, and 91 with complete remission. Eight of the NPC
cases developed local recurrence and distal metastasis simultaneously
after treatment. All patients completed radiotherapy. The radiation doses
were 6840-7600 cGy/7-8 weeks. Any recurrence located at the primary site
(including brain invasion) was considered to be a local recurrence. The time
until local recurrence of NPC was used as the outcome measurement. Local
recurrence-free survival was calculated as the time from the initiation of pri-
mary radiotherapy to the date of pathologic diagnosis or clinical evidence of
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local failure. Retropharyngeal lymph node or neck lymph node metastasis
was considered to be a regional recurrence. Any relapse other than local or
regional recurrence was considered to be a distant metastasis. Any metas-
tasis that occurred within 2 months after the starting date of radiotherapy
was excluded. The majority of the NPC patients experienced distant metas-
tasis within 2 years after the completion of primary radiotherapy. Progres-
sion-free survival was defined as the disease remaining stable after the start
date of radiotherapy. All individuals were followed for more than 3 years
after treatment (median follow-up time, 3.6 years). Biopsy samples were col-
lected from 106 of the NPC patients and subjected to IHC analysis. All NPC
tumors were histologically confirmed by pathologists.

IHC. THC staining of tissue sections was performed as previously
described (68), using rabbit anti-human LIF (1:100), rabbit anti-phospho-
mTOR (S2448) (1:100) (all from Epitomics), rabbit anti-human phospho-
p70S6K (Ser424) (1:150) (LSBio), mouse anti-human phospho-p70S6K
(Thr389) (1:100) (Cell Signaling), rabbit anti-human LIFR (1:400), and
rabbit anti-human gp130 (1:100) (Santa Cruz Biotechnology Inc.) as the
primary antibodies. Human glioblastoma multiforme tissue sections were
used as positive controls for LIF and LIFR expressions (21), and human
breast cancer tissue sections were used as positive controls for phospho-
mTOR and phospho-p70S6K expressions (refs. 69, 70, and Supplemen-
tal Figure 12). The primary antibody was omitted from negative controls.
Staining of the basal layer of normal epithelium within nasopharyngeal
biopsy samples served as a normal control. IHC expression was scored on
a 0-to-4 scale according to the staining intensity and extent, as follows:
0, negative or weak staining in 10% or more of cells; 1, weak staining in
11%-30% of cells; 2, weak staining in more than 30% of cells or moderate
staining in less than 30% of cells; 3, moderate staining in 30%-60% of cells;
and 4, moderate or strong staining in more than 60% of cells. The IHC
results were independently reviewed by 2 pathologists.

Real-time monitoring of cellular responses using the xCelligence system. Cell
impedance was continuously monitored using an xCelligence real-time
analyzer (Roche Applied Science). Prior to cell seeding, the background
impedance of each E-plate was determined using plates loaded with 60 ul
of culture medium per well. NPC cells (6 x 103 cells in 100 ul/well) were
plated and allowed to grow overnight at 37°C prior to experiments. Cell
impedance was recorded every 10 minutes for 3 to 4 days. All experiments
were performed in triplicate. The cell index values were normalized with
respect to the time points, as indicated. Concentration-response curves
were generated for the different time points, and the ICso and ECso were
determined for the incubation period.

Generation of bioluminescent NPC cell lines. CNE1 and TWO06 cells were
infected with ready-to-use lentiviruses containing a firefly luciferase 2 (Iuc2)
reporter gene and a puromycin resistant gene (Lenti-fire; In Vivo Imaging
Solutions) in the presence of 6 ug/ml of polybrene (Sigma-Aldrich), fol-
lowed by screening with puromycin (5 ug/ml) (Invitrogen). The selected
clones (CNE1_Luc2 and TW06_Luc2) were analyzed for their luciferase
activity by in vitro monitoring of bioluminescence (GloMax 20/20 Single
Tube Luminometer; Promega). Isolated clones were maintained in com-
plete medium supplemented with 3 ug/ml of puromycin.

Animal experiments. NOD/SCID mice were obtained from BioLASCO
(Taiwan). TW06_Luc2 or CNE1_Luc2 cells (1 x 10°/100 ul DMEM) were
subcutaneously implanted into the thighs of 7-week-old male NOD/SCID
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mice. When the tumor volume reached about 50 mm?3, 5 to 6 mice were
randomly assigned to each of 3 experimental groups (PBS, LIF, and sLIFR).
PBS, human LIF (150-200 ng/20 ul PBS, twice/week x 4 weeks), and sLIFR
(1-2 ug/20 wl PBS, twice/week x 4 weeks) were administered via intratu-
moral injection. Rapamycin (LC Labs) was dissolved in absolute ethanol
to create a concentration of 50 mg/ml and diluted in 5% Tween 80, 5%
polyethylene glycol 400, NaCl 0.9%, before injection. Mice were treated
with either vehicle (DMSO in 5% Tween 80, 5% polyethylene glycol 400,
0.9% NaCl) or 3 mg/kg rapamycin by intraperitoneal injection once a day
for 5 consecutive days with 2 days of rest for a period of 3 weeks. Tumor
progression was monitored once a week by IVIS. Briefly, mice were anesthe-
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Laboratory Animal Center of Chang Gung University.

Statistics. Statistical analyses were performed using SPSS 16.0 (SPSS)
or GraphPad Prism 5 (GraphPad Software). The significance of Kaplan-
Meier survival analyses was determined using log-rank tests. The 0, 1 cri-
terion was used to select the cutoff value of serum LIF from the ROC
curve to discriminate among patients with or without local recurrence.
Factors related to prognosis were analyzed using multivariate regression
with the Cox proportional hazards regression model. IHC analyses of LIF
and LIFR immunoreactivity in human NPC biopsies were assessed using
the 2 test. Spearman’s rank correlation coefficient was used to evaluate
the correlation between THC results (staining intensity x percentage). All
statistical tests were 2-sided.

Study approval. This study was approved by the Institutional Review Board
of Chang Gung Memorial Hospital, Taiwan (IRB number, 98-2552B). Writ-
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