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Epstein–Barr virus-encoded latent membrane protein-1 (LMP1) plays a fundamental role in the malignant
transformation of nasopharyngeal carcinoma (NPC), although the mechanism is not well understood. Here,
we showed that Limb-bud and Heart (LBH) is considerably downregulated in patient NPC tissues. The
expression of LBH in biopsies of 40 consecutive NPC patients devoid of initial distant metastasis and treated
according to consistent guidelines was also analyzed, and we found the LBH expression level was correlated
with some of clinicopathological features, disease-specific survival (DSS), distant metastasis-free survival
(DMFS). We further determined that LBH normally induces NPC cell cycle arrest at the G1/S transition, and
LBH can suppress the growth of transplanted NPC tumors in vivo by downregulating LMP1-mediated
NF-kB transcriptional activity. Transforming growth factor-beta 1 (TGF-b1) normally protects against
tumor development by suppressing cell proliferation, but NPC cells acquire resistance to TGF-b1–mediated
inhibition. We found that TGF-b1 inhibits NF-kB transcriptional activity and nasopharyngeal epithelial cell
proliferation through upregulating LBH expression. These data reveal a previously unknown NPC
transformation mechanism and provide a new concept and treatment strategy for LMP1-driven oncogenesis
in NPC.

N
asopharyngeal carcinoma (NPC) is prevalent in Southeast Asian populations. Genetic predisposition,
Epstein-Barr virus (EBV) infection, and environmental conditions are major contributing factors to
malignant transformation1, but the precise mechanisms are unclear. NPC is not associated with any point

mutations in known tumor suppressor genes (TSGs)2,3, although P16 and Rb2 downregulation may play a role4,5.
Polymorphisms of Toll-like receptor 9 are associated with nasopharyngeal carcinoma susceptibility6. The poly-
morphism interleukin-8 -251A/T7 and Cyclin D1 G870A8 are associated with a significantly increased risk of
NPC.

Several factors influence NPC tumorigenesis. EBV infection plays a crucial role through EBV-encoded latent
genes, such as LMP1, that act as oncogenes by affecting normal cellular functions like cell cycle progression1,9.
Transforming growth factor-beta (TGF-b) is also implicated10,11, as NPC cells acquire resistance to normal TGF-
b1–mediated inhibition of cell growth10,12, similar to other tumors13. Interestingly, EBV-encoded LMP1 confers
resistance to TGF-b–mediated inhibition by upregulating Cyclin D1 and downregulating P15, which normally
function to maintain cell cycle arrest at the G1 phase. However, the molecular mechanism underlying how these
cell cycle regulators lead to NPC transformation is unclear.

Previously, we identified that expression of a new expressed sequence tag (EST) NP9 (Genbank No. BF718797)
was considerably downregulated in both NPC cell lines and biopsy tissues compared to normal nasopharyngeal
epithelial tissue14–16, implicating it as a candidate TSG for NPC. Sequence blast analysis showed complete
homology between NP9 and the Limb-bud and heart (Lbh) gene (Genbank No. NM_030915). LBH is a highly
conserved, tissue-specific transcription cofactor in vertebrates normally implicated in embryonic develop-
ment17,18, although its role in adult tissues is unclear. Structurally, LBH exhibits a high degree of disorder,
suggesting that conformational plasticity may influence LBH-dependent transcriptional activity. Aberrant
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LBH gain-of-function during heart development can lead to congen-
ital heart disease, similar to that observed in partial trisomy 2p
patients, and various other growth defects19. LBH is also overex-
pressed in some basal-like breast cancers, where Wnt signaling can
directly regulate LBH during both development and cancer progres-
sion20,21. Despite this association with breast cancer tumorigenesis,
how the observed LBH downregulation in NPC tissues may relate to
NPC tumorigenesis is unknown.

To address the potential functional relationship between LBH and
NPC, we tested the effect of LBH overexpression on proliferation and
cell cycle progression in the CNE1 NPC cell line. Furthermore, we
tested the effect of small-interfering RNA (siRNA) knockdown of
LBH in the normal nasopharyngeal epithelial cell line, NP69. Since
EBV and TGF-b play crucial roles in NPC transformation, we also
investigated the relationships among EBV infection, TGF-b, and
LBH expression in normal NP69 or CNE1 NPC cells. Collectively,
our findings provide further insight into the function of LBH in NPC
transformation.

Results
LBH is downregulated in NPC tissue, and LBH overexpression
inhibits growth of NPC xenografted tumors in mice and in vitro.

To confirm downregulation of LBH protein expression in NPC
tissues, immunohistochemical (IHC) staining showed that while
100% of normal epidermal cells in nasopharyngeal tissue strongly
expressed LBH, much lower LBH expression was observed in almost
all NPC tissues, especially in undifferentiated nasopharyngeal
carcinoma (Fig. 1a). These results indicated that LBH was
significantly downregulated in NPC tissues. Determining the
functional consequences of LBH expression in vitro, we found that
LBH overexpression inhibited CNE1-LBH proliferation by 24%
compared to the non-transfected CNE1 or control-transfected
CNE1-NC cells on day 6 by MTT assay (*p,0.05, Fig. 1b). Similar
results were obtained in vivo in BALB/c nude mice, as the
tumorigenicity rate and average tumor weight in mice transplanted
with CNE1-LBH cells were significantly lower than in mice
transplanted with either of the control cells (*p,0.05, Fig. 1c,d). In
vivo bioluminescent imaging also monitored tumor growth in nude
mice over time. While the luciferase-containing SUNE1-LBH
transplanted tumor cells (left flank) showed decreasing signal
density over time, signal density gradually increased in control
SUNE1-NC transplanted tumors (right flank) beginning 2 days
post-injection (p.i.) (Fig. 1e). Confirming this result, the photon
signals (photons/s) from SUNE1-LBH tumors decreased 53.9%

Figure 1 | LBH is expressed in NPC tissues and inhibits the proliferation and growth of xenografted NPC tumors in BALB/c nude mice. (a) Negative

control (no primary antibody) of nasopharyngeal epidermal tissue showed no positive staining in IHC. Almost all normal epidermal cells in normal

nasopharyngeal epidermal tissue exhibited strong positive LBH staining. Partially cancerous cells of the squamous cell NPC tissue type exhibited

moderately positive LBH staining. Almost all cancer cells of the nasopharyngeal undifferentiated NPC tissue type were negative for LBH staining. (b)

MTT assay showed that LBH expression inhibited CNE1 cell proliferation (*P , 0.05 vs. CNE1 or CNE1-NC group). (c) Tumor-formation rate after

CNE1, CNE1-NC, or CNE1-LBH cell (5 3 106) injection into the axilla of BALB/c nude mice was 72%, 68% and 42%, respectively (*P , 0.05 vs. CNE1 or

CNE1-NC group). (d) The average weight of transplanted tumor in nude mice injected with CNE1, CNE1-NC, and CNE1-LBH cells was 1.67 g, 1.59 g,

and 0.92 g, respectively. (*P , 0.05 vs. CNE1 or CNE1-NC group) (e) Representative image of the inhibition effect on SUNE1 tumor xenograft growth by

LBH expression detected by bioluminescent imaging. SUNE1-NC and SUNE1-LBH cells were injected subcutaneously into the left and right armpits,

respectively, in nude mice. (f) Photons/sec analysis showed that the growth of the SUNE1-LBH xenografted tumors was slower than SUNE1-NC control

tumors (*P , 0.05). (g) The volume of transplanted tumors in nude mice also showed that the SUNE1-LBH grew slower than the control SUNE1-NC

tumors (#P , 0.01).
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from that observed in control tumors on day 13 p.i. (*p,0.05,
Fig. 1f), and SUNE1-LBH tumor size also decreased (*p,0.05,
Fig. 1g). The above in vitro and in vivo results suggest that re-
expressing LBH in NPC cells can inhibit NPC growth.

We employed the standard method of constructing a recombinant
expression vector to create the pEGFP-C1-LBH plasmid encoding a
GFP-LBH fusion protein. Forty-eight hours after transfecting
pEGFP-C1-LBH or the pEGFP-C1 control plasmid (GFP alone) into

CNE1 cells, we observed by confocal microscopy that GFP-LBH
fusion protein predominantly localized inside the nucleus of CNE1
cells (Fig. SI 1a), while signals from GFP alone were diffused
throughout the entire cell (Fig. SI1b).

LBH inhibits cell cycle progression and expression of certain cell
cycle-related genes. We confirmed LBH upregulation in CNE1-LBH
cells or LBH downregulation in siRNA-treated NP69 cells by

Figure 2 | Effect of LBH on cell cycle progression and expression of cell cycle-related genes. Cell cycle assay by flow cytometry showed that (a) CNE1-

LBH cells, but not (b) control CNE1-NC cells transfected with pRC/CMV2, were arrested at the G1/S transition. (c) Western blot showed significant

increase in LBH protein expression in CNE1-LBH after subculturing. In NP69 cells transfected with LBH-siRNA (NP69-LBH-siRNA), LBH protein

expression was approximately 50% of that in NP69 cells and NP69 cells transfected with NC-siRNA (NP69-NC- siRNA) 48 h after transfection. (d, e) c-

Myc and Cyclin E1/E2 expression were downregulated after LBH was re-expressed in CNE1 cells. c-Myc and Cyclin E1/E2 expression were both increased

in NP69 cells after LBH knockdown. In contrast, cdc-25A levels remained the same regardless of LBH expression. (f) Cyclin D1 transcriptional activity

decreased in CNE1-LBH cells (*p , 0.05 vs. CNE1-NC group). (g) Cyclin D1 transcriptional activity increased after LBH knockdown in NP69 cells (*p ,

0.05 vs. NP69-NC-siRNA group).
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qRT-PCR. The relative mRNA level of LBH in CNE1-LBH cells was
approximately 8-fold higher 24 and 48 hours after cell passage than
that in control CNE1-NC cells (Fig. SI2a). Also, LBH mRNA
expression in NP69 cells transfected with LBH-siRNA decreased to
approximately 30% and 10% of NC-siRNA control-transfected NP69
cells 24 and 48 hours after transfection, respectively (Fig. SI2b).

Determining the effect of LBH on cell cycle progression by flow
cytometry, CNE1-LBH cells had a lower ratio S-phase cells but a higher
ratio of G1-phase cells than CNE1-NC control cells (S: 29.7% vs. 36.6%;
G1: 44.1% vs. 29.7%, respectively) (Fig. 2a,b), correlating with signifi-
cantly increased LBH protein expression 24 and 48 h after cell passage
(Fig. 2c). CNE1-LBH cells exhibited lower protein expression of the
cell cycle-related proteins c-Myc as well as Cyclin E1 and E2, but not
cdc25A, than control cells (Fig. 2d,e). Accordingly, expression of c-Myc
as well Cyclin E1 and E2, but not cdc25, increased after siRNA-
mediated LBH knockdown in NP69 cells (Fig. 2d,e), correlating with
a ,50% decrease in LBH protein expression 48 h after LBH-siRNA
transfection (Fig. 2c). Similar results were obtained for Cyclin D1
expression (*p,0.05, Fig. 2f,g). These results suggest that LBH func-
tions to inhibit cell cycle progression in NPC cells.

LBH inhibits the transcriptional activity of NF-kB. We next
evaluated the effect of LBH on the cell cycle regulators NF-kB and

Cyclin D1. The NF-kB relative luciferase unit (RLU) in NF-kB-Luc–
transfected CNE1-LBH cells significantly decreased compared to
CNE1-NC cells at 24 and 48 h post-transfection (*p,0.05,
Fig. 3a). Consistent with this result, the NF-kB RLU in LBH-
siRNA–treated NP69 cells significantly increased compared to
control cells 24 and 48 h after knockdown (*p,0.05, Fig. 3b).
Additionally, LBH expression increased phosphorylation of the
NF-kB inhibitor IkBa and decreased phosphorylation of the NF-
kB P65 subunit (Fig. 3c,d). Together, these results suggest that
LBH expression can inhibit NF-kB and Cyclin D1 activation and
further implicate LBH in regulating the G1/S transition.

EBV infection downregulates LBH expression in nasopharyngeal
epithelial cells. Testing whether EBV infection regulates LBH
expression, EBV-infected normal nasopharyngeal NP69 cells had 8-
fold higher EBER mRNA than non-infected control cells, confirming
EBV infection, but had a . 60% decrease in LBH mRNA (#p,0.01,
Fig. 4a). Specifically testing whether EBV-encoded LMP1 regulated
LBH, pCDNA3-LMP1 transfection remarkably inhibited LBH mRNA
.60% over control-plasmid transfection 48 h post-transfection
(*p,0.05, #p,0.01, Fig. 4b,c). A dual-reporter system showed that
while NF-kB transcriptional activity increased by 40% in LMP1-
overexpressed CNE1 cells, simultaneous LBH overexpression

Figure 3 | LBH inhibits NF-kB transcriptional activity. (a) NF-kB-Luc reporter plasmid was co-transfected with the pRL-SV40 plasmid into CNE1-LBH

and CNE1-NC control cells. The relative luciferase unit (RLU) at indicated time points post-transfection showed that the NF-kB transcriptional activity

decreased in CNE1-LBH cells (*P , 0.05 vs. CNE1-NC group). (b) NF-kB transcriptional activity significantly increased after LBH knockdown in NP69

cells (*P , 0.05 vs. NP69-NC-siRNA group). (c) IkB phosphorylation was increased in CNE1-LBH compared to CNE1-NC, and (d) P65 phosphorylation

was correspondingly downregulated.
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significantly inhibited this LMP1-induced NF-kB (Fig. 4d), likely by
decreasing P65 phosphorylation (Fig. 4e). Thus, EBV-encoded LMP1
can downregulate LBH expression in NPC.

TGF-b1 inhibits the growth of NP69 cells through regulating LBH
expression. As a gene regulated by NF-kB, C-Myc was selected for
gene expression detection with qRT-PCR. After treatment of TGF-
b1, the level of C-Myc mRNA and protein decreased significantly
(Fig. SI3).

Testing the relationship between normal TGF-b1–mediated sup-
pression of cell growth and LBH, TGF-b1 treatment significantly
increased LBH mRNA levels (.4-fold at 24 h; .2-fold at 48 h) in
cultured NP69 cells (#p,0.01, Fig. 5a). Although TGF-b1 could
inhibit NF-kB transcriptional activity by itself or in synergy with
LBH overexpression (*P,0.05, LBH(1) group vs. LBH(2) group;
**P,0.05, LBH(1)-TGFb1 group vs. LBH(1) group, Fig. 5b), TGF-
b1 could not significantly downregulate NF-kB transcriptional activ-

ity in LBH-siRNA–treated NP69 cells (*p,0.05, Fig. 5c), suggesting
that TGF-b1 inhibition of NF-kB was mediated through LBH.
Finally, we analyzed the effect of TGF-b1 on NP69 proliferation in
the presence or absence of LBH expression. TGF-b1 lost the ability to
inhibit NP69 proliferation after LBH knockdown (*p,0.05,
Fig. 5d,e), indicating that normal LBH expression is an important
factor in TGF-b1–mediated suppression of NP69 cell growth.

LBH expression restores the ability of TGF-b1 to inhibit NPC cell
growth. In contrast to NP69 cells, TGF-b1 had no significant effect
on LBH mRNA and NF-kB transcriptional activity in CNE1 NPC
cells (Fig. 6a,b). After upregulating LBH expression, however, TGF-
b1 remarkably regained the ability to significantly inhibit NF-kB
transcriptional activity at both 24 and 48 h after TGF-b1
treatment (*p,0.05, Fig. 6c). Accordingly, similar results were
observed with regard to the effect of TGF-b1 on CNE1
proliferation (*p,0.05, Fig. 6d,e). These results suggest not only

Figure 4 | EBV infection induces downregulation of LBH in NP69 cells, and LMP1 plays a fundamental role. (a) EBER mRNA levels in NP69 cells

increased approximately 8-fold after EBV infection, and LBH expression correspondingly decreased; LBH mRNA levels were approximately 1/3 of that in

NP69 cells (#P , 0.01 vs. NP69 group). (b) LMP1 mRNA levels significantly increased after pcDNA3-LMP1 was transfected into NP69 cells.

(#P , 0.01 vs. NP69-LMP1(-) group). (c) LBH mRNA levels decreased approximately 66% 48 h after LMP1 expression (*P , 0.05 vs. NP69-LMP1(-)

group). (d) LBH inhibited NF-kB transcriptional activity induced by LMP1 in CNE1 cells. (e) LBH inhibited the LMP1-mediated phosphorylation NF-

kB-P65 in CNE1 cells.
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that resistance of CNE1 cells to TGF-b1 correlates with LBH
downregulation and dysfunction but also that TGF-b1 regains the
ability to inhibit NPC cell growth upon restoring LBH expression.

LBH expression and its association with clinicopathological
factors in NPC. As shown in Table 1, LBH immunoexpression
was successfully assessed in all 40 cases of NPC, consisting of one
keratinizing squamous cell carcinomas, 17 nonkeratinizing
differentiated carcinomas, and 22 nonkeratinizing undifferentiated
carcinomas. There were 30 men and 10 women with a mean age of
50.3 years (range, 22–84). Three cases were classified as stage I, 4 as
stage II, 17 as stage III, and 16 as stage IV. LBH low-expression was
present in 26 (65%) of the cases and was significantly associated with
NPC cases featuring pT status 3, 4 (p 5 0.0096), N status 2, 3 (p 5

0.0313), and AJCC stage 3, 4 (p 5 0.0261). However, we found no
association between LBH expression and other clinicopathological
factors.

Prognostic significance of LBH expression in NPCs. LBH low
expression correlated with a more aggressive clinical course and a
significantly shorter DSS in patients with NPC (p 5 0.0380, Fig. 7a).

In addition, LBH low expression was strongly predictive of distal
metastasis (p 5 0.0414 for DMeFS) (Fig. 7b).

Discussion
Although malignant transformation normally involves oncogenes
and loss of TSG function, very few of these genes are associated with
NPC2,4. We previously identified that the LBH gene was downregu-
lated in NPC tissues. In the current study, we showed that LBH
protein levels were significantly downregulated in NPC biopsies
compared to normal nasopharyngeal epithelial cells; moreover,
almost no LBH was detected in undifferentiated NPC tissues, sug-
gesting that LBH might inhibit normal cell transformation into NPC.
We further confirmed in vivo and in vitro that LBH re-expression in
both CNE1 and SUNE1 NPC cell lines significantly inhibited prolif-
eration, tumorigenesis, and tumor growth.

Cell cycle analysis revealed that LBH expression induced arrest at
the G1/S transition. The core cell-cycle regulation mechanism relies
on the temporal activation of cyclin-dependent kinase (CDK) pro-
motion of cell cycle progression22. Cyclin D1, Rb phosphorylation,
and the Cyclin E subtypes (E1 and E2) are involved in the G1/S phase
progression. Cyclin D1 overexpression induces cell growth dysregu-

Figure 5 | TGF-b1 inhibits NF-kB transcriptional activity by upregulating LBH expression in NP69 cells. (a) qRT-PCR analysis showed that TGF-b1

induced LBH mRNA expression in NP69 cells (#P , 0.01 vs. control group). (b) A dual-reporter assay showed that LBH expression or TGF-b1 treatment

downregulated NF-kB transcriptional activity in NP69 cells and that LBH expression and TGF-b1 demonstrated some synergistic effects on inhibiting

NF-kB transcriptional activity (*P , 0.05, LBH(1) group vs. LBH(2) group; **P , 0.05, LBH(1)-TGFb1 group vs. LBH(1) group). (c) NF-kB

transcriptional activity was inhibited in NP69 cells after TGF-b1 treatment, but this inhibition effect was no longer significant after LBH knockdown (*P

, 0.05, NC-siRNA-TGF-b1 vs. NC- siRNA-con group). (d) TGF-b1 at the 10 ng/mL and 12.5 ng/mL doses inhibited NP69 cell proliferation (*P , 0.05

vs. NP69 group). (e) TGF-b1 had no effect on NP69 cell proliferation after LBH knockdown.
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Figure 6 | Re-induction of LBH in CNE1 cells restores TGF-b1 inhibition of cell growth. (a) TGF-b1 had no effect on LBH expression in CNE1 cells. (b)

TGF-b1 had no effect on NF-kB transcriptional activity in CNE1 cells. (c) TGF-b1 significantly inhibited NF-kB transcriptional activity after re-induction

of LBH in the CNE1-LBH-TGF-b1 group (*P , 0.05 vs. CNE1-LBH-NC group). (d) TGF-b1 had no effect on CNE1 cell proliferation. (e) TGF-b1

inhibited CNE1 cell proliferation by re-induction of LBH in the CNE1-LBH-TGF-b1 group (*P , 0.05 vs. CNE1-LBH-NC group).

Table 1 | Associations between LBH expression and other important clinicopathologic variables

Parameters Category

LBH expression

P valueLow High

Gender Male 20 10 0.7019
Female 6 4

Age (years) ,60 18 14 0.7491
$60 5 3

Primary tumor (T) T1–T2 4 7 0.0096a

T3–T4 23 6
Nodal status (N) N0–N1 6 11 0.0313a

N2–N3 16 7
Stage I–II 2 5 0.0261a

III–IV 24 9
Histological grade Keratinizing 4 5 0.4577

Nonkeratinizing 8 7
Undifferentiated 11 5

aStatistically significant.
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lation and tumorigenesis23,24. Cyclin E1 and E2 are contributing fac-
tors in G1-phase arrest during terminal differentiation, and their
overexpression correlates with tumorigenesis of several cancers25,26;
while Cyclin E1 is expressed during hyperplasia of most normal cells
and some tumor cells, Cyclin E2 is highly expressed in tumor cells,
but not non-transformed cells27. Here, LBH expression in NPC cells
decreased transcriptional activation of the Cyclin D1 promoter and
downregulated Cyclin E1 and E2 expression. Supported by results
from the LBH knockdown in NP69 cells, our data collectively suggest
that downregulating LBH promotes Cyclin D1, E1, and E2 express-
ion in nasopharyngeal epithelial cells, which leads to excessive Rb
phosphorylation, finally resulting in release from cell cycle arrest at
the G1 phase. The precise molecular mechanism downstream of how
LBH regulates CDKs to lead to cell cycle arrest, however, needs
further investigation.

Since Cyclin D1 is crucial for progression through G1 and NF-kB
is a direct transcriptional activator of Cyclin D1, NF-kB-mediated
Cyclin D1 activation is necessary to induce progression from G1 into
S phase28. Thus, cell cycle arrest observed in CNE1-LBH cells was
likely due to decreased Cyclin D1 transcriptional activity down-
stream of downregulated NF-kB transcriptional activity; moreover,
it implicated LBH as an important NF-kB regulator. Consistent with
NF-kB negative regulation of cell differentiation29, transplanted
CNE1-LBH tumors were more differentiated than control CNE1
tumors30. Further studies are underway to better understand the
relationship between LBH and CNE1-NC cell differentiation.

LBH likely plays a functional role beyond development in adult
tissues, as some diseases are associated with gain-of-function muta-
tions in LBH, although its precise role is unclear. Our data now reveal

that LBH limits cell growth and proliferation in adult tissues by inhib-
iting cell cycle regulators at the G1/S transition. Interestingly, LBH is
already linked to aggressive basal-subtype breast cancers; unlike in
NPC, however, LBH is overexpressed. Despite this seeming contra-
diction, LBH regulation of cell cycle may also contribute to breast
carcinogenesis. Reiger et al. suggested that LBH suppressed mammary
cell differentiation, allowing for Wnt-induced carcinogenesis in these
relatively undifferentiated cells, although this remains to be formally
tested21. Also in this previous study, Wnt signaling directly regulates
LBH. Interestingly, since EBV-positive NPC tissues have elevated Wnt
signaling31, our finding that LBH is downregulated in EBV-positive
NPC tissues may contradict the finding that Wnt regulates LBH,
although it remains possible that LBH may be differentially regulated
in different cells. Further study into upstream LBH mediators may
help to resolve these seemingly opposing results. Based on our study, it
would be interesting to determine whether the recently described
LBH-deficient mice, which only show a delay in postnatal mammary
gland development, are prone to developing tumors.

EBV infection and NPC pathogenesis are closely related, and
EBV-encoded LMP1 functions like an oncogene32 by activating sev-
eral signaling pathways to induce carcinogenesis, including NF-kB,
cell cycle, proliferation, and apoptosis33,34. Our data now reveal LBH
involvement in this mechanism downstream of LMP1 and strongly
suggest that ubiquitous EBV infection in NPC explains their low
LBH expression. To our knowledge, our study is the first to link
LBH to LMP1-mediated activation of the NF-kB pathway, an essen-
tial developmental and oncogenic signaling network.

TGF-b inhibits the growth of most epithelial cells, and developing
resistance to this inhibition is regarded as an important step toward

Figure 7 | By using log-rank test, the LBH overexpression is univariately predictive of inferior disease-specific survival (a) and distant metastasis-free
survival (b).

Figure 8 | The mechanism of LBH in the pathogenesis of nasopharyngeal carcinoma.
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malignant transformation35,36. EBV-encoded LMP1 somewhat
enables CNE1 NPC cells to acquire this resistance, and NPC-derived
LMP1 can induce complete resistance in CNE1 cells12,37. Here, we
identified LBH as new target in the TGF-b1 signaling pathway. After
confirming that TGF-b1 had no effect on NPC cell proliferation or
cell cycle progression, we showed that re-expression of LBH in CNE1
cells led to synergistic inhibition by TGF-b1 and LBH on NF-kB
transcriptional activity, proliferation, and cell cycle progression.
These results suggest the intriguing possibility that nasopharyngeal
epithelia may initiate malignant transformation upon losing the pro-
tection afforded by TGF-b1–mediated inhibition of cell growth
through a mechanism involving EBV-mediated LBH downregula-
tion. Overall (Fig. 8), this study not only helps to further understand
normal LBH function in nasopharyngeal cells and the mechanism
underlying how it may be regulated upon malignant transformation
but also may provide a novel strategy for treating NPC by activating
TGF-b1–mediated protection through restoring LBH function.

Methods
Patients and tumor specimens. Available paraffin-embedded tissue blocks were
retrieved from 40 consecutive NPC patients who underwent biopsies between
January 2004 and December 2010. All these patients were free of distant metastasis at
initial diagnosis. The histological subtypes were reappraised by two pathologists,
according to the current WHO classification. Tumor staging was reevaluated with the
7th American Joint Committee on Cancer (AJCC) system. All of the individuals
participating in this project gave informed consent, and the study was approved by
the Sun Yat-sen University Cancer Center Medical Ethics Board.

Treatment and follow-up. All 40 cases accepted a complete course of radiotherapy
(RT), total dose 7,000 cGy, and cisplatin-based chemotherapy was performed in
those with stage II–IV disease. The method of RT was generally uniform over this
period. After RT, all 40 patients were regularly monitored until death or their last
appointment, with the mean follow-up duration being 67.9 months (range 5 to 121).

Cell lines and plasmids. NP69, an immortalized human NPC cell line (ATCC), was
cultured in keratinocyte-SFM medium (Invitrogen). Both the CNE1 (previously
established at the Chinese University of Hong Kong) and SUNE1 (a poorly
differentiated nasopharyngeal squamous carcinoma established at Sun Yat-sen
University Cancer Center) cell lines were cultured in RPMI-1640 containing 10% fetal
bovine serum (FBS).

The human Cyclin D1 promoter plasmid (-1745-CD1-Luc), provided by RG
Pestell (Albert Einstein College of Medicine, USA), contained a luciferase reporter
under control of the human Cyclin D1 promoter. The NF-kB-Luc plasmid contained
three tandem NF-kB binding sites. Control pRL-sv40 plasmid was purchased from
Promega.

Immunohistochemistry. NPC tissue from patients at the Sun Yat-sen University
Cancer Center were biopsied under fiberoptic nasopharyngoscopy, snap-frozen in
LN2, and embedded in paraffin. Normal nasopharyngeal tissues from 20 control
subjects and tumors from 40 NPC patients (diagnosed by pathology) were used.
Tissue sections were incubated overnight at 4uC with an anti-LBH mAb (Sigma).
Nonspecifically stained control sections were incubated in Tris-buffered saline (TBS)
without primary antibody. Biotinylated anti-rabbit secondary antibody was added
(40 min, room temperature), followed by the avidin-biotinylated peroxidase complex
(40 min). Sections were washed with distilled water (10 min), treated with DAB to
visualize positive staining, counterstained with Mayer’s hemalum, and mounted.

Construction of recombinant plasmids and establishment of stable cell lines. Total
RNA was reverse-transcribed with superscript III RT (Invitrogen). The LBH CDS
PCR product (forward: 59-CCCGTGTCATCCTCACTCG-39; reverse: 59-
CAGATGCTGGCTGGTATGACC-39) was ligated separately into the pEGFP-C1

and pRC/CMV2 vectors. Recombinant pRC/CMV2-LBH plasmid was transfected
into CNE1 cells by Lipofectamine2000 (Invitrogen). Transfected CNE1 cells were
screened with G418 (400 mg/mL) (Invitrogen) for ,2 weeks to obtain a single-cell
clone. RT-PCR identified stable CNE1-LBH cell lines. Control CNE1-NC cells were
transfected with a pRC/CMV2 vector, screened with G418, and identified by PCR
(forward: 59-TGACGCAAATGGGCGGTAG-39; reverse: 59-
GCACCTTCCAGGGTCAAG-39).

MTT assay. CNE1-LBH and CNE1-NC (5 3 103 cells/well) were cultured in 100 mL
RPMI-1640 containing 10% FBS in 96-well plates. After 24 h, 10 mL/well of MTT
(5 mg/mL, Sigma) was added (37uC, 4 h). Supernatant was removed, and formazan
was dissolved in DMSO (100 mL/well, 37uC, 10 min). Absorbance (570 nm) was read
by a microplate reader (Thermo Scientific) and monitored every other day for 6 days.

Tumorigenicity in BALB/c nude mice. CNE1-LBH, CNE1-NC, and CNE1 cells (5 3

106) in 100 mL of D-Hank’s buffer were injected into the bilateral axilla of 4-week-old

BALB/c nude mice. After tumors emerged, tumor size was measured every 6 days.
Thirty days after inoculation, mice were sacrificed, tumors were removed and
weighed, and tumorigenicity rates were calculated.

In vivo imaging system. Equal numbers of male and female 4-week-old BALB/c nu/
nu mice (weight, 16 6 2 g) were used. SUNE1-LBH-Luc NPC cells (constructed by
stable integration of LBH and luciferase in a lentiviral system) in logarithmic phase
and control SUNE1-NC-Luc cells were injected subcutaneously (100 mL; 2 3

107 cells/mL) into the forelimb of mice near the armpit (n 5 6). Live image detection
was performed on days 2, 5, 8, and 13. After anesthetizing mice, 150 mg/mL Luciferin
per 150 mg/kg weight was intraperitoneally injected. Signal intensity was recorded
10 min later (In Vivo Imaging system, Berthold Corp.). After tumors emerged, tumor
volume was measured every day using a vernier caliper. Mice were sacrificed 2 weeks
later, and tumors were analyzed for pathology.

Cell cycle analysis. CNE1-LBH and CNE1-NC cells (5 3 105) were seeded into a
25 cm2 flasks, harvested by trypsinization 48 h after propagation, washed twice with
ice-cold PBS, fixed with cold 70% ethanol, and stained with 50 mg/mL propidium
iodide (Sigma) containing 5 mg/mL RNaseA. DNA synthesis and cell cycle status
were analyzed (Coulter Elite flow cytometer, Beckman-Coulter).

siRNA transfection and qRT-PCR analysis. LBH-siRNA and negative control
siRNA duplexes were designed (http://www.invitrogen.com/rnai) and synthesized
(Shanghai GenePharma). NP69 cells (5 3 105) grown in triplicate 10 cm2 dishes were
transfected with siRNA (30 nM) the following day with Lipofectamine RNAiMAX
(Invitrogen). Total RNA was isolated 1–2 days later with TRIzol (Invitrogen). Reverse
transcription was performed using PrimeScript RT (Takara). PCR primers were
designed by DNA Club software (Table S1). mRNA levels were analyzed by the 22DDCt

method, normalized by GAPDH.

Western blot. Cells (1 3 106) were seeded in 25 cm2 dishes in complete medium for
24–48 h. Lysates were centrifuged (10,000 g, 10 min, 4uC), run on SDS-PAGE,
transferred onto nitrocellulose, blocked with 5% blotting-grade NFDM (60 min), and
stained with the following antibodies: rabbit anti-Cyclin D1 and E2 mAbs (15500;
Cell Signaling Technology), rabbit anti-GAPDH mAb (151000; Cell Signaling
Technology), anti-rabbit IgG HRP-conjugated secondary antibodies (152000). All
the gels have been run under the same experimental conditions.

Statistical analysis. Data are shown as the mean 6 SEM. Significance (P , 0.05) was
determined by Student’s t-test or analysis of variance (ANOVA) followed by
assessment of differences (SPSS 12.0). Survival analysis was performed using the
Kaplan-Meier method. Univariate survival analyses were performed using
KaplanMeier plots and compared with the log-rank test.
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