Published OnlineFirst January 18, 2011; DOI:10.1158/0008-5472.CAN-10-2164

LATS2 Is a Tumor Suppressor Gene of Mesothelioma

incubated for an additional 6 hours, and then changed with
RPMI 1640 medium with 5% or 1% FCS. Cells were incubated for
an additional 90 hours. Each viral transduction was applied to
triplicate wells for cells. Cell numbers were counted under a light
microscope every 24 hours. Calorimetric assays were carried out
with the addition of 100 pL of TetraColor One (Seikagaku),
containing  2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2.4-disulfophenyl)-2H-tetrazolium, monosodium salt, and 1-
methoxy-5-methylphenazinium methylsulfate as electron car-
rier, in each well and then incubating at 37°C for 1 hour.
Absorbance was read at 450 nm with a multiplate reader.
Growth inhibition was expressed as a mean ratio of absorbance
reading from treated versus untreated cells.

Immunofluorescent microscopic analysis

Cells were fixed in 4% paraformaldehyde for 20 minutes on
ice, followed by permeabilization with PBS containing 0.3%
Triton X-100 for 3 minutes. Slides were blocked in PBS
containing 3% goat normal serum for 20 minutes at room
temperature (RT). Samples were stained with primary anti-
bodies (mouse anti-YAP antibody, 1 pg/mL; anti-B-catenin
antibody, 1 pug/mL) for overnight at 4°C, followed by incuba-
tion with Alexa Fluor 488- or 564-conjugated secondary anti-
body for 30 minutes at RT. Nuclear staining was carried out
with DAPI after incubation with secondary antibodies. The
slides were mounted with PermaFluor Mounting Medium
(Thermo). Microscopic observation was carried out using
an Carl Zeiss LSM510 confocal laser scanning system at
63x magnification.

Additional materials and methods are described in Supple-
mentary Materials and Methods. ’

Resulis

Homozygous deletions at 13q12.11 region in MM cells

We carried out array CGH analysis with 14 MM cell lines.
As expected, we detected homozygous deletions at 9p21 and
22q12 in multiple cell lines, which harbor p16™*%/p14*"
(CDKN2A/2B) and NF2, respectively (data not shown). Three
cell lines showed homozygous deletion at 13q12.11, and the
deletion regions in the cell lines Y-MESO-14 and Y-MESO-27
were overlapped and the one in Y-MESO-21 was located 20
to 30 kb away from them (Fig. 1A). FISH analysis also
confirmed a deletion in Y-MESO-14 cell line (Fig. 1B).
Because a single gene, LATS2, was located in this deletion
region and homozygous deletions of all 3 cell lines disrupted
this gene, we considered LATS2 to be a strong candidate for a
TSG of MM. Meanwhile, we did not detect any deletion at
chromosome 6q25.1, which harbors another LATS homo-
logue, LATSI (data not shown).

LATS2 mutations in MM cells

We carried out mutational analysis of LATS2 with the 14 cell
lines with other 6 MM cell lines. Genomic PCR analysis
confirmed the homozygous deletions in the 3 cell lines, with
compatible deletion patterns of the array CGH analysis
(Fig. 2A). Because we detected another homozygous deletion
in NCI-H2052, we carried out array CGH analysis and found

that the homozygous deletion region of NCI-H2052 was
different from that of the others (data not shown). We further
found short PCR products in 2 cell lines and confirmed that
MSTO-211H had a 42-bp deletion in exon 5 and that Y-MESO-
30 had a 125-bp deletion, including 14-bp deletion of exon 6.
We also found a nonsense mutation, Y649X, in Y-MESO-26B.
Figure 2B summarizes 7 genetic mutations of LATS2 in 20 MM
cell lines (Fig. 2B). Because the original tumors were available
for 2 cell lines with LATS2 mutation, we analyzed them. In case
of Y-MESO-30, we detected the same short fragment of exon 6
in the primary tumor but not in lymphocytes (Fig. 2C). This
result indicated that the 125-bp deletion was somatic, which
caused an aberrant transcript of LATS2 (Fig. 2D). We also
confirmed the nonsense mutation in the primary tumor of Y-
MESO-26B, using a mutation-specific primer set (data not
shown).

To validate LATS2 mutation in primary MM tumors, we
analyzed another cohort of 25 primary tumors with array CGH
and/or sequencing analyses. We found that 2 tumors had
significant loss (their log, ratio values were —2.5 and —1.6,
respectively), which indicated homozygous deletion, and 1
had a somatic mutation at the intron 6-exon 7 boundary
(c2676-3C>A), which caused an aberrant transcript (data not
shown). Thus, we considered that 3 (12%) of 25 had a genetic
alteration of LATS2 to inactivate. Furthermore, 5 tumors had a
loss of LATS2 with array CGH analysis, which also suggested a
possibility of LATS2 inactivation in the other allele, though we
could not determine any of them as a homozygous deletion
because of the contamination of normal cell populations in
the tumors (data not shown).

8§A4V1 is homozygously deleted in one MM cell line

SAVI was reported to be deleted in renal cancer cell lines
(33). Array CGH analysis detected a homozygous deletion at
chromosome 14922 in Y-MESO-28, and PCR analysis con-
firmed complete deletion of exons 1 and 2 of SAVI (data
not shown). However, sequencing analysis of SAVI did not
detect mutations in other cell lines.

Comparison of inactivation status of Merlin, LATS2,
and SAV1 in MM cell lines

We analyzed the mutation and expression status of NF2 and
compared the inactivating status among Merlin, SAV1, and
LATS2 (Fig. 3 and Table 1). Among 20 MM cell lines, 15 (75%)
showed inactivation for 1 of the 3 genes, with 3 (Y-MESO-14, Y-
MESO-26B, and NCI-H2052) having inactivation of 2 genes.
Because 2 MM cell lines (Y-MESO-28 and Y-MESO-8D) with-
out NF2 mutation did not express Merlin, 16 (80%) cell lines
were considered to be inactivated in the Merlin-Hippo path-
way.

Dysregulation of Merlin-Hippo signaling in MM cells
When cells grow and become confluent, cell surface signals
transmit via the Hippo signaling pathway and activated LATS
phosphorylates YAP, a transcriptional coactivator (25). The
phosphorylated YAP (inactivated form as a transcriptional
coactivator) is translocated to the cytoplasm, which results
in cell contact inhibition (25). To determine whether the
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Figure 1. Deletion of chromosome 13q12.11 region in MM cells. A, 3 cell lines showed a high-level loss with multiple probes, indicating a homozygous
deletion. Y-MESO-14 and Y-MESOQ-27 had a deletion of exon 3-8 and Y-MESO-21 had a deletion of exon 1-2 of LATS2. B, FISH analysis detected
loss of the LATS2 region (RP11-23H13 probe, green signal) but not 13q telomeric region (RP11-1148G1, red signal) in Y-MESO-14 cell line.

inactivated Merlin-Hippo signaling pathway in MM cells could
be reactivated, we transduced NF2 or LATS2 expression con-
structs. NF2 transduction in NCI-H290 cells with NF2 deletion
induced YAP phosphorylation (Fig. 4A). In contrast, NF2
transduction in Y-MESO-14 that has both NF2 and LATS2
mutations did not induce YAP phosphorylation, suggesting
that LATS2 was necessary to transmit a growth inhibitory
signal from Merlin to YAP (Fig. 4A). Furthermore, we carried
out a knockdown experiment with a shRNA expression vector
of LATS2 and tested whether YAP phosphorylation in NCI-
H290 cells could be blocked when wild-type NF2 was trans-

duced (Supplementary Fig. 1). We found that LATS2 knock-
down significantly blocked phosphorylation of YAP with NF2
transduction, suggesting that LATS2 is a crucial mediator of
Merlin-Hippo signaling and that LATS1 might have only a
minor role, if any, in the phosphorylation of YAP in MM cells.

We also confirmed that transduction of the wild-type LATS2
induced phosphorylation of YAP in MM cells with LATS2
deletion (Fig. 4B). However, the mutant LATS2 (LATS2-delEx6)
construct, which deleted exon 6, did not induce YAP phos-
phorylation, indicating that the mutant detected in the
Y-MESO-30 cell line was functionally inactive.
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Figure 2. Genetic inactivations of LATS2 in MM cells. A, genomic PCR analysis detected homozygous deletion in Y-MESO-14, -21, -27, and NCI-H2052,
and shorter fragments in Y-MESO-30 and MSTO-211H cell lines (arrows). B, a diagram of 7 LATS2 inactivating mutations in MM cell lines. C, genomic
PCR analysis detected a shorter product by 125 bp in the Y-MESO-30 cell line and its corresponding tumor but not in lymphocytes. This deletion disrupted the
donor site of the exon 6 boundary (14 bp in exon 6 and 111 bp in intron 6). D, RT-PCR analysis covering exon 5~7 detected a shorter fragment
skipping exon 6, which caused the deletion of 61 amino acids coded by 183 nucleotides of exon 6.

LATS2 acts as a growth suppressor in MM cells

To determine whether the regulation of YAP by cell density
was abrogated in MM cells, we then analyzed the change of
cellular localization of YAP with immunocytochemistry. All 3
MM cell lines with LATS2 mutation showed nuclear accumu-
lation of YAP even at high cell density, whereas MeT-5A,
immortalized, nonmalignant mesothelial cells, showed
nuclear accumulation at low cell density but presented cyto-
plasmic translocation at high cell density (Fig. 4C). As
expected, Western blot analysis showed that the subcellular
localization change of YAP in MeT-5A according to high cell
density was accompanied with a significant increase in phos-
phorylated YAP (Fig. 4D). In contrast, the basal levels of YAP
phosphorylation in MM cells were low and there was only a
modest increase in YAP phosphorylation levels (Fig. 4D).

To determine whether LATS2 has a growth-suppressive
activity, we transduced the both wild-type and mutant LATS2
constructs in MM cells. Transduction of the wild-type, but not
the mutant, LATS2 inhibited cell proliferation of MM cells with
LATS2 mutation, indicating that LATS2 acts as a growth
suppressor in MM cells ir vitre (Fig. 5A and Supplementary
Fig. 2A). We also carried out anchorage-independent colony

formation and Transwell migration assays and found that
LATS2 transduction in MM cell lines with LATS2 mutation
inhibited both activities in these cell lines (Fig. 5B and C and
Supplementary Fig. 2B).

Finally, we carried out a knockdown experiment of LATS2
in MeT-5A cells to determine whether silencing of LATS2
promotes cell growth of nonmalignant mesothelial cells.
LATS2 knockdown significantly decreased YAP phosphoryla-
tion status and slightly increased YAP protein level (Supple-
mentary Fig. 3A). We found that silencing of LATS2 increased
the cell proliferation of MeT-5A cells under low serum con-
dition (Supplementary Fig. 3B and C), but the colony forma-
tion in soft agar was not enhanced (data not shown). These
results suggested that LATS2 was involved in the regulation of
cell proliferation of nonmalignant mesothelial cells as well as
MM cells.

Immunohistochemical analysis of LATS2 and YAP in
primary MMs

To determine whether immunostaining can be useful to
detect LATS2 inactivation status in MMs, we carried out
immunohistochemical analysis with anti-LATS2 antibody
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Figure 3. Western blot analysis of
Merlin, SAV1, and LATS2. LATS2
protein was undetectable in 5 cell
lines harboring a homozygous
deletion or a premature
termination, aithough faint
nonspecific bands with slower
mobility than the wild-type LATS2
were observed (indicated by
asterisks). Aberrant short LATS2
proteins were detected in MSTO-
211H and Y-MESO-30 (indicated
by "S"). Expression of B-actin was
used as the control.

(Fig. 6). The 2 MM tumors with homozygous deletion
detected by array CGH analysis showed negative or only
weak staining of LATS2, suggesting that weak (1) signals
might be caused by nonspecific staining. Among 45 cases, 2
showed negative and 11 showed weak staining of LATS2,
whereas 32 had moderate or strong staining of LATS2,

suggesting that 13 (29%) of 45 primary MMs had down-
regulation of LATS2.

We also carried out immunchistochemical analysis to deter-
mine how frequently primary MMs show YAP activation (Fig. 6).
Among 45 cases, 36 showed positive staining for YAP and 33
tumors showed stronger or equal staining of YAP in the nucleus

Table 1. Inactivation of NF2, LATS2, and SAVT in MM cell lines

Cell line NF2® LATS2 SAV1
NCI-H290 HD + +
NCI-H2373 HD + +
ACC-MESO-1 Q389X + +
Y-MESO-9 NM_000268:¢.527_528del2 + +
Y-MESO-12 HD + +
Y-MESO-22 HD + +
Y-MESO-25 NM_000268:¢.532_571del40 + +
Y-MESO-14 Q196X HD +
Y-MESO-26B HD Y649X +
NCI-H2052 R341X HD +
Y-MESO-21 + HD +
Y-MESO-27 + HD +
Y-MESO-30 + NM_014572:¢.2652_2665-+111del125 +
MSTO-211H + NM_014572:¢.2355_2396del42 +
Y-MESO-28 - + HD
Y-MESO-8D b + +
NCI-H28 + + +
NCI-H2452 + + +
ACC-MESO-4 + + +
Y-MESO-29 + + +

Abbreviation: HD, homozygous deletion.

bSilenced expression.

aMutation status of NF2 in 9 cell lines (ACC-MESO-1, -4, Y-MESO-8D, NCI-H28, -H290, -H2052, -H2373, -H2452, and MSTO-211H)
was previously described (11, 29, 30), and the one in the other 11 cell lines was analyzed in the present study.
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Figure 4. Inactivation of the Merlin-Hippo signaling pathway in MM cells. A, wild-type NF2 (NF2-WT), but not truncated NF2 (NF2-mt), induced
phosphorylation of YAP in NCI-H290 cells with NF2 homozygous deletion (HD). In contrast, wild-type NF2 did not induce phosphorylation of YAP in
Y-MESO-14 cells with both NF2 mutation and LATS2 HD. B, wild-type LATS2, but not mutant LATS2 with exon 6-deletion (LATS2-delEx8), induced
phosphorylation of YAP in Y-MESO-27 cells with LATS2 HD, indicating that this aberrant form detected in Y-MESO-30 was kinase dead. G, MeT-5A showed
YAP transiocation in the cytoplasm at high cell density, whereas YAP in MM cells remained in the nucleus at high cell density. D, YAP phosphorylation
according to the increasing cell density was induced in MeT-5A, whereas the basal levels of phospho-YAP (pYAP) were low at low cell density in the 3 MM cell
lines. Only a modest increase in YAP phosphorylation was observed according to the higher cell density. S, short exposure; L, long exposure.

than in cytoplasm, indicating constitutive YAP activation in
more than 70% of primary MMs (Supplementary Table 1).

We finally studied the relation of LATS2 expression with
YAP activation status (Supplementary Table 2). Among 13
tumors with negative or weak LATS2 expression, 11 had
stronger or equal staining of YAP in the nucleus, suggesting
that negative or weak LATS2 may be an indicator of YAP
activation.

Discussion

In the present study, we showed that LATS2 was genetically
inactivated in 7 of 20 MM cell lines and 3 of 25 primary tumors.
We found that MM cells with LATS2 mutation showed con-
stitutive activation of YAP with underphosphorylation, regard-
less of high cell density, whereas YAP in nonmalignant
mesothelial cells was phosphorylated and inactivated at high
cell density. We further showed that transduction of LATS2

into MM cells with LATS2 mutation induced phosphorylation
of YAP, which resulted in suppression of MM cell proliferation
and anchorage-independent growth. Our study indicates that
LATS2 may be a TSG in MM cells.

Merlin is a membrane-cytoskeleton-associated protein
with an FERM (Four-point-one, Ezrin, Radixin, and Moesin)
domain, and is known to interact with 34 proteins, including
CD44, ERM (ezrin radixin moesin) proteins, and PAK1 (p21-
activated kinase 1; ref. 34). The prevalence of NF2 mutations in
sporadic tumors, especially schwannomas, meningiomas, and
MMs, suggest that Merlin has a relatively broad tumor sup-
pressor function (35, 36). Merlin and the ERM proteins have
been suggested to function to both stabilize the membrane-
cytoskeleton interface and to organize the distribution of, and
signaling by, membrane receptors (37). Merlin exerts inhibi-
tory effects on multiple mitogenic signaling pathways such as
RAS-ERK, PI3K-AKT, and mTOR. A recent study also indicated
that a closed, growth-inhibitory form of Merlin accumulates in
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the nucleus, binds to the E3 ubiquitin ligase CRL4"“*"", and

suppresses its activity (38). In addition to these pathways, the
Hippo pathway is thought to be one of the downstream
signaling pathways of Merlin, which is regulated via signaling
with cell-cell adhesion, cell-cellular matrix, or other cell
membrane receptors with binding of extracellular ligands (21).

Dysregulation of the Hippo pathway causes an increase in
organ size both in Drosophila and in mammalians (22). The
recent findings indicated that a variety of human malig-
nancies, such as homozygous deletion of SAVI in renal
cancer cell lines (33) and hypermethylation of MST in soft
tissue sarcoma (39), have alterations in each component.
Overexpression of YAP was reported in hepatocellular car-
cinomas (40) and colonic and lung adenocarcinomas (41). In
our previous study, we also reported YAP amplification in a
subset of MM cells (28). Regarding LATS2, downregulation of
LATS2 was reported to be correlated with poor prognosis of
leukemia (42) and missense mutation was also reported in
lung cancer (43). However, null status of LATS2 such as by

homozygous deletion or nonsense mutation was not
reported in these malignancies.

Why only 40% to 50% of MMs have NF2 mutation and the
rest do not has been a long-standing enigma. The represen-
tative hypotheses for them are that MM tumors without an
NF2 mutation may not express functional Merlin, or that the
other molecules of Merlin-associated signaling cascades are
altered. Supporting the former hypothesis, one study indicated
that Merlin was phosphorylated on Ser518 if present and
functionally inactivated in MM cells with elevated CPI-17, a
cellular inhibitor of myosin phosphatase MYPT1-PP15 (19),
and the other showed that upregulation of microRNAs, such
as hsa-miR-885-3p, might target NF2 (20). Meanwhile, our data
may explain the latter hypothesis, indicating that one of the
major downstream pathways of Merlin can be inactivated
with an LATS2 or SAVI mutation. We think of the idea that
LATS2 is a TSG of MM is supported by the evidence that the
mutation frequency of LATS was in 22% (10 of 45 MMs
including 20 cell lines and 25 primary tumors), and that the
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Figure 8, Immunohistochemical
analyses of LATS2 and YAP in 45
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cases of LATS2 and YAP staining
are presented. Case KD1074 with
LATS2 homozygous deletion and
case KD1067 with LATS2 deletion
showed negative (0) and weak
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characteristics of inactivation mechanisms were direct and
robust by a homozygous deletion, small deletion, or nonsense
mutation. To our knowledge, our study is the first to show
such frequent genetic inactivation of the LATS2 gene in any
human malignancy.

Interestingly, several MM cell lines show inactivation of
both NF2 and LATS2. This is in contrast to our hypothesis that
the functional link between the Merlin and Hippo pathway
was direct and that inactivation of each gene might be
sufficient for the inactivation of the Merlin-Hippo cascade
in MM cells. Indeed, although underphosphorylated, active
YAP in the Y-MESO-14 cell line that had both gene inactiva-
tions was not downregulated by phosphorylation when the
wild-type NF2 gene was transduced (Fig. 4A), the cell growth of
this cell line was suppressed (data not shown). In this regard,

Merlin has been clearly shown to inhibit mTORC1 pathway in
MM cells, with Merlin-negative MM cells displaying unregu-
lated mTORCI1 signaling and also an enhanced growth-
inhibitory effect of rapamycin, an mTORC1 inhibitor (44,
45). Thus, growth suppression in Y-MESO-14 cells was likely
to be induced via such signaling cascades but not via the
Hippo signaling. This suggests another possibility that the
main roles of Merlin for tumor-suppressive activity in MM
cells reside outside the Hippo pathway regulation, that the
functional link between the Merlin and Hippo pathway in MM
cells is not as direct as expected, and that the simultaneous
inactivation of Merlin and Hippo pathway inactivation may
merely enhance MM cell growth. Furthermore, some MM
cell lines with NF2 mutation but not LATS2 mutation also
showed significant phosphorylation levels of YAP, especially at
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confluence, suggesting that the Hippo pathway in MM cells
can also be activated in a Merlin-independent manner (data
not shown). Thus, more detailed mechanisms of the tumor-
suppressive pathways in which Merlin and LATS2 are involved
must be elucidated in future studies.

The mutation frequency of LATS2 in MM cell lines was
higher than the one in primary tumors. Because most
primary MM tumors contain abundant normal cells, the
sensitivities of detection of allelic loss or point mutation in
primary tumors are expected to be lower than those in cell
lines. In this regard, among 5 primary tumors that we
evaluated to have at least an allelic loss, there might be
cases of homozygous deletion. Indeed, 3 of 4 tumors with an
allelic loss showed the weak intensity of LATS2 staining
comparable with a tumor with homozygous deletion, which
suggested that both alleles of LATS2 might be inactivated in
these tumors. Thus, although the mutation frequency of 12%
for LATS2 in primary tumors was low compared with that of
35% in cell lines, we thought that one reason for this was the
lower sensitivity of mutation detection. However, we could
not exclude another possibility, namely, that the difference
in mutation frequencies was due to selection pressure dur-
ing establishment of cell lines.

In conclusion, we showed that the tumor-suppressive
Hippo signaling pathway can be inactivated by LATS2 muta-
tion in MM cells and that LATS2 may play a critical role in
regulating cell proliferation and/or survival in MM cells and
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The Epstein-Barr Virus Latent Membrane Protein 1
and Transforming Growth Factor-f31 Synergistically
Induce Epithelial-Mesenchymal Transition in Lung

Epithelial Cells
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The histopathology of idiopathic pulmonary fibrosis (IPF) includes the
presence of myofibroblasts within so-called fibroblastic foci, and
studies suggest that lung myofibroblasts may be derived from
epithelial cells through epithelial-mesenchymal transition (EMT).
Transforming growth factor (TGF)-B1 is expressed and/or activated
in fibrogenesis, and induces EMT in lung epithelial cells in a dose-
dependent manner. A higher occurrence of Epstein-Barr virus (EBV)
hasbeen reportedinthe lung tissue of patients with IPF. EBV expresses
latent membrane protein (LMP) 1 during the latent phase of infection,
and may play a role in the pathogenesis of pulmonary fibrosis
inasmuch as LMP-1 may act as a constitutively active TNF-a receptor.
Our data show a remarkable increase in mesenchymal cell markers,
along with a concurrent reduction in the expression of epithelial cell
markers in lung epithelial cells cotreated with LMP-1, and very low
doses of TGF-B1. This effect was mirrored in lung epithelial cells
infected with EBV expressing LMP1 and cotreated with TGF-$1. LMP1
pro-EMT signaling was identified, and occurs primarily through the
nuclear factor-xB pathway and secondarily through the extracellular
signal-regulated kinase (ERK) pathway. Activation of the ERK path-
way was shown to be critical for aspects of TGF-B1-induced EMT.
LMP1 accentuates the TGF-B1 activation of ERK. Together, these data
demonstrate that the presence of EBV-LMP1 in lung epithelial cells
synergizes with TGF-B1 to induce EMT. Our in vitro data may help to
explain the observation that patients with IPF demonstrating positive
staining for LMP1 in lung epithelial cells have a more rapid demise
than patients in whom LMP1 is not detected.

Keywords: latent membrane protein 1; transforming growth factor—
B1; epithelial-mesenchymal transition; idiopathic pulmonary fibrosis;
Epstein-Barr virus

Idiopathic pulmonary fibrosis (IPF) is characterized by the
presence of myofibroblasts that deposit collagen, resulting in
destruction of the alveolar architecture and progressive loss of
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lung function (1). IPF is a condition of unknown etiology, with
the possibility of multiple factors implicated in the pathogene-
sis. Recurring alveolar epithelial injury with subsequent re-
cruitment and/or activation of fibroblasts/myofibroblasts has
been suggested as a pathogenic mechanism of IPF (2, 3).

An association between the Epstein-Barr virus (EBV) and
IPF has been proposed (4), and EBV has been detected in the
lungs of patients with IPF at a higher rate than in control
populations in subsequent studies (5-9), which raises the question
of how EBV may be involved in the pathogenesis of IPF. EBV
expresses few proteins during the latent phase of infection,
including the group of nuclear antigens, Epstein-Barr Nuclear
Antigens (EBNA), and two membrane proteins—Ilatent mem-
brane protein (LMP) I and II. The expression of the EBV LMP1
in the lung epithelium of patients with IPF correlated with
a poorer prognosis (8). LMP1 is a six-pass transmembrane protein
that mimics a constitutively active member of the TNF receptor
superfamily, and activates, among others, the nuclear factor
(NF)-«B (10) and extracellular signal-regulated kinase (ERK)
(11) pathways. Exogenous expression of LMP1 has been shown
to induce phenotypic changes (12), stress fiber formation (13),
and epithelial-mesenchymal transition (EMT) (14) in nasopha-
ryngeal epithelial cells.

EMT can be defined as a series of events during which
epithelial cells lose many of their epithelial characteristics and
take on properties that are typical of mesenchymal cells.
Hallmarks of EMT include the loss of epithelial markers, such
as adherent junctions and expression of E-cadherin (E-Cad), and
tight junctions and expression of zona occludens (ZO)-1. Con-
comitantly, EMT involves a gain of mesenchymal proteins, such
as vimentin and N-cadherin (N-Cad), along with cytoskeletal
remodeling with a gain of filamentous actin stress fibers, increase
in expression of extracellular matrix proteins, such as fibronectin
(Fn) and collagen 1, and the expression of matrix metalloprotei-
nases (MMPs) and plasminogen activation inhibitor (PAI)-1.
EMT has been implicated in the pathology of cancers and
fibrosis, although the exact mechanism or extent is variable (for
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review, see Ref. 15). The process of EMT provides support for
the model of disregulated epithelial repair in IPF. In a murine
model of lung fibrosis, where B-galactosidase was expressed
exclusively on the surfactant protein (SP)-C promoter, myofi-
broblasts were found to be B-galactosidase positive, suggesting
a role of EMT in lung fibrogenesis (16). In addition, there is
immunohistochemical evidence for EMT in IPF lung (17).

Transforming growth factor (TGF)-81 is an essential cytokine
in development and normal immune modulation (18). The can-
onical TGF-B1 cascade initiates with ligand binding and homo-
dimerization of the type I and type II transmembrane receptors.
The receptor Smads (rSmad), Smad2 and/or Smad3, complex
with Smad anchor for receptor activation (SARA) and cytoplas-
mic promyelocytic leukemia protein (cPML) in association with
the TGF-B1 receptor to allow for phosphorylation and activation
of rfSmad (19). Once phosphorylated, rfSmad dimerizes with the
co-Smad (Smad4), and translocates to the nucleus, where the
complex regulates the transcription of Smad-responsive genes.
Expression of the inhibitory Smad, Smad7, is increased by Smad
2/3 activation, and functions as a negative feedback loop to
regulate TGF-B1 signaling (20). TGF-B1 has been implicated in
fibrosis of a variety of tissues, including lung (21), and has been
shown to induce EMT in lung epithelial cells in a time- and dose-
dependent manner (22). In addition, the presence of EBV in lung
epithelial cells has been reported to increase transcription of
TGF-B1 (23). Overexpression of TGF-B1 by adenoviral vector in
mice results in pulmonary fibrogenesis (16).

In this study, the effects of LMP1 on TGF-Bl-induced EMT
were investigated using lung epithelial cells. At concentrations
of TGF-B1 below the threshold to cause EMT, LMP1 sensitizes
the cells to a TGF-Bl-induced EMT response, inducing dra-
matic phenotypic changes with concurrent loss of epithelial
markers and increased cellular motility. This synergistic effect
was also observed in lung epithelial cells infected with EBV and
cotreated with TGF-B1. LMP1 reduces TGF-B1 signaling
through Smads in favor of the ERK pathway. Inhibition of
ERK activation abrogated the TGF-B1 contribution to EMT,
and partially inhibited LMP1-induced EMT. The contribution
of LMP1 to this synergistic effect was blocked by inhibiting the
NF-kB pathway. The dramatic sensitization to TGF-B1-induced
EMT by LMP1 may help to explain the observation that
patients with IPF demonstrating positive staining for LMP1 in
alveolar epithelial cells have a more rapid demise than that
observed in patients in whom LMP1 is not detected.

MATERIALS AND METHODS

Cell Culture

A549 and HPLI1D cells were cultured as previously described (24, 25).
During treatment with recombinant human TGF-81 (R&D Systems,
Minneapolis, MN), A549 cells were cultured in Dulbecco’s modified Eagle’s
medium plus 0.5% FBS. Generation of the pEhyg*FLAG*LMP1*wt
vector and retroviral transduction of cells have been described pre-
viously (26). During treatments longer than 72 hours, media were
changed every 48 hours.

Plasmids and Reagents

The pcDNA*Flag*L MP1*wt vector was provided by Nancy Rabb-Traub
(University of North Carolina, Chapel Hill, NC). Dominant active-IkB
(DAIkB) plasmid (27) was provided by Dean Ballard (Vanderbuilt
University School of Medicine, Nashville, TN). U0126 was purchased
from Promega (Madison, WI). The green fluorescent protein (GFP)
adenovirus was a gift from J. K. Kolls (Louisiana State University, New
Orleans, LA). The LMP1 adenovirus (28) was provided by
S. Gottschalk (Baylor University School of Medicine, Houston, TX).
RT2-PCR primers were purchased from Integrated DNA Technologies
(36B4, E-Cad, PAI-1, MMP9, vimentin, collagen 1 [25], Fn, alpha

smooth muscle actin (aSMA) [29], Snail, Slug, and ZEB-1 [30]; Coral-
ville, Iowa) or SA Bioscience (Smad 7, SP-C; Frederick, MD).

Establishment of EBV-Infected A549 Cells

A549 cells were infected with recombinant EBV using the cell—cell
infection method. Akata-BX.1 cells (31) (provided by Lindsay Hutt-
Fletcher, Louisiana State University, Shreveport, LA) were activated
with goat anti-human IgG (Sigma, St. Louis, MO) for 24 hours.
Activated Akata-BX.1 cells were applied directly to the A549 cells for
48 hours. At 24 hours after infection, media were replaced with fresh
media containing 500 pg/ml G418 (Invitrogen, Carlsbad, CA).

Adenovirus Infection

Cells were inoculated at a multiplicity of infection of 20. A549 cells
were treated with TGF-B1 24 hours after infection. HPL1D cells were
treated with TGF-B1 48 hours after infection.

Antibodies

Antibodies to E-Cad, Smad2, B-actin, ERK, phosphorylated ERK,
phosphorylated Smad2 Smad3, and phosphorylated Smad3 were pur-
chased from Cell Signaling (Western blot, 1:1,000; inflorescence, 1:200;
Danvers, MA). Antibodies to LMP1, Smad2/3, and vimentin were
purchased from BD Bioscience (1:1,000; San Diego, CA). Antibodies
to Twist, PML, SARA, and N-Cad were purchased from Santa Cruz
(1:200; Santa Cruz, CA). Antibody to aSMA was purchased from
Sigma (1:10,000). Antibody to fibronectin extra domain A (Fn-EDA)
was purchased from AbCam (1:200; Cambridge, MA). Antibody to
Z0O-1 was purchased from ZyMed/Invitrogen (1:500). Secondary
antibodies used were IRDye 680 goat anti-mouse IgG or IRDye
800CW goat anti-rabbit IgG (LiCor, Lincoln, NE). Secondary anti-
bodies used for immunofluorescence were Alexa Fluor 594 goat anti-
rabbit and Alexa Fluor 488 goat anti-rabbit (1:500; Invitrogen). Stress
fibers were stained using Alexa Fluor 488 conjugated to phalloidin
(Invitrogen).

Gelatin Zymography
Gealtin zymography was performed as previously described (32), with

the exception that 30 pl of unconcentrated conditioned medium was
used per sample.

Migration Assay

Retrovirally transduced A549 cells were stained with Calcein AM
(Molecular Probes/Invitrogen) and plated in HTS FluoroBlok insert
(BD Falcon, Franklin Lakes, NJ) in Dulbecco’s modified Eagle’s
medium with or without TGF-B1. Full medium was used as chemo-
attractant. Invading cells were measured by fluorescence at 6 hours.

Statistical Analysis

Comparisons were analyzed by ANOVA using the modified Bonferroni
post hoc test. Data presented are representative of multiple experiments
performed in triplicate, and are presented as the mean (=SEM).

RESULTS

Coexposure to Low-Dose TGF-B1 and LMP1 Induced
Morphological Changes in A549 Cells

A549 cells display an epithelial morphology in culture. Expo-
sure to either LMP1 or 1 ng/ml TGF-B1 for 48 hours results in
morphological changes in a low percentage of the cells where
coexposure results in a complete loss of the typical “cobble-
stone” morphology and the appearance of a spindle shape
(Figure 1, Phase). To investigate the loss of adherent and tight
junctions typical of the epithelial phenotype, cells were stained
for E-Cad and ZO-1 using immunofiuorescence. TGF-g1 and
LMP1 independently reduced the intensity of E-Cad, although
the distinct cell outlines of adherent junctions were still evident,
whereas coexposure resulted in a complete loss of E-Cad signal
(Figure 2, E-Cad). Similarly, LMP1 reduced the intensity of the
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Figure 1. Latent membrane
protein (LMP) 1 enhanced
the transforming growth fac-
tor (TGF)-B1-induced pheno-
typic change and loss of
epithelial markers in A549
cells. (A) Phase—contrast and
immunofluorescence staining
of A549 cells treated with 1
ng/ml TGF-B1 for 48 hours
with and without LMP1. Ad-
herent junctions are imaged
by E-cadherin (E-Cad) stain-
ing; tight junctions are imaged
by zona occludens (ZO)-1
staining, and filamentous actin
of stress fibers are imaged by
phalloidin staining. (B) West-
ern blot analysis of A549 cell
lysates collected at the indi-
cated time points after trans-
fection and cotreatment with

TGF-B1
LMP1

E-Cad -

-

Z01

SActin -

LMP1

Z0O-1 signal, whereas the tight junction structures were main-
tained. TGF-B1 alone or in conjunction with LMP1 resulted in
a loss of ZO-1 signal and tight junction structure (Figure 1, ZO-
1). Concurrent with the loss of cell-cell structure, TGF-B1 or
LMP1 independently promoted the minimal formation of stress
fibers, and coexposure resulted in the formation of abundant
stress fibers (Figure 1. Phalloidin). The loss of E-Cad and ZO-1
with coexposure was verified by Western blot (Figure 1B). In
addition, an increase in the levels of secreted MMP2 and MMP9
were detected in the conditioned medium of both LMP1 and
TGF-Bl-treated cells. The level of activated MMP9 was
dramatically up-regulated in the conditioned medium of coex-
posed cells (Figure 1C).

Coexposure to Low-Dose TGF-B1 and LMP1 Induced
Transcriptome Changes in A549 Celis

To determine if the loss of E-Cad and gain of MMP9 proteins
were due to transcriptional regulation, nRNA was harvested at
24 hours after treatment and analyzed by real-time qRT-PCR.

1T ng/ml TGF-g1. (C) Gelatin
zymography of A549 con-
ditioned media obtained
48 hours after treatment with
1 ng/ml TGF-1 with and
without LMP1. MMP, matrix
metalloproteinase. *P < 0.05
compared with control; **P <
0.01 compared with control;
***p < 0.001 compared with
control.

TGF-p1

E - proMMPS8

TGF-B1 treatment resulted in a loss of E-Cad transcription,
whereas expression of LMP1 did not. Coexposure resulted
in a twofold loss in E-Cad mRNA level when compared
with TGF-B1 exposure alone (Figure 2A). Similarly, whereas
exposure to TGF-B1 or LMP1 increased MMP9 mRNA levels
by 80-fold and 40-fold, respectively, coexposure resulted in
an increase of 3,400-fold (Figure 2C). The expression of
PAI-1 increased with exposure to TGF-B1 or LMP1 indepen-
dently, and showed an additive increased with coexposure
(Figure 2B).

LMP1-Enhanced Cellular Mobility in Response to
TGF-B1-Induced EMT

The ability of LMP1 and TGF-B1 cotreatment to affect cell
migration was assessed using the FluoroBlok migration assay
(Figure 2D). Treatment with TGF-B1 alone increased migration
by roughly twofold, whereas LMP1 expression increased migra-
tion approximately threefold. Cotreatment induced a synergistic
effect, increasing cell migration by approximately ninefold.
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Coexposure to Low-Dose TGF-81 and LMP1 Induced a Gain
of Mesenchymal Markers in A549 Cells

To determine if the loss of epithelial markers in A549 cells
exposed to TGF-B1 and LMP1 was accompanied by a gain in
mesenchymal markers, cells were exposed for 4 days and
analyzed by Western blot (Figure 2E). Exposure to TGF-$1
resulted in a gain in the mesenchymal markers, N-Cad (Figure
2G) and vimentin (Figure 2H), as well as the fibrotic marker,
Fn-EDA. Coexposure with LMP1 resulted in an additive
increase in both N-Cad and vimentin, whereas the presence of
LMP1 increased induction of Fn-EDA by TGF-B1 more than
twofold (Figure 2F).

Immortalized Primary Cell Response to LMP1 and TGF-81
Mirrored that of A549 Cells

To determine whether the phenotypic changes seen in A549
cells were cancer cell-specific, the experiments were repeated
using the immortalized primary cell line, HPL1D. Consistent
with the results seen in A549 cells, levels of ZO-1 and E-Cad
were reduced in HPL1D cells exposed to LMP1 or TGF-B1
independently, with a complete loss in coexposed cells (Figure
3A) at 48 hours after treatment. Levels of Fn-EDA were
increased with TGF-B1 treatment, which was enhanced by
coexposure. At the transcription level, treatment with TGF-p1
resulted in suppression of E-Cad that was synergistically
enhanced by LMP1 expression (Figure 3B), whereas the in-
crease in transcription of PAI-1 was found to be TGF-B81
dependent in HPL1D cells.

To determine the extent to which HPL1D cells might
complete the transition to a mesenchymal phenotype, cells
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were coexposed for 7 days. Cotreatment with TGF-B1 and
LMP1 resulted in an increase the mesenchymal markers, aSMA
and N-Cad proteins (Figure 3D). Gelatin zymography analysis
displayed a substantial increase in MMP9 expression with
cotreatment (Figure 3E). In addition, cotreatment with TGF-
B1 and LMP1 resulted in the synergistic up-regulation of MMP9
mRNA similar to that seen in A549 cells (Figure 3I).

At the transcription level, 7-day exposure to TGF-B1 or LMP1
alone resulted in a loss of expression of the epithelial types II
marker, SP-C, whereas coexposure resulted in an additive loss
(Figure 3F). Expression of the mesenchymal marker, Fn (Figure
3G), as well as the fibrotic markers, Fn-EDA (Figure 3H) and
collagen 1 (Figure 3K), were increased by TGF-$1 treatment and
enhanced with cotreatment with LMP1.

Effects of LMP1 Expressed from the EBV Genome Mirrored
Those of LMP1 Transient Transfection and Retroviral
Transduction in a Dose-Dependent Manner

To investigate the effects of LMP1 expressed at biological levels
and in the context of coexpression with the EBV latent pro-
teome, AS549 cells were infected with the recombinant EBV
strain, BX. Expression levels of LMP1 were determined by
Western blot (Figure 3L), and cells from two separate infections
differentially expressing LMP1 were exposed to 1 ng/ml TGF-1
for 48 hours. EBV-infected cells expressing LMP1 at low levels
(2C) responded similarly to uninfected parental A549 cells (U)
with equally lower E-Cad expression and increased expression
of vimentin. TGF-B1 treatment of cells expressing a greater
amount of LMP1 (3A) resulted in a greater loss of E-Cad and
gain in vimentin when compared with either the 2C cell line
or uninfected parental cells (Figure 3M).
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LMP1 Inhibited TGF-B1 Activation of the Smad Pathway

The canonical TGF-B1 signaling cascade involves phosphoryla-
tion of Smad2 and/or Smad3 by the TGF-B1 receptor (18). To
investigate the role of Smad phosphorylation in the phenotypic
change seen with TGF-81 and LMP1 cotreatment, cells were
transiently transfected with either the LMP1 expression or empty
vector, exposed to 1 ng/ml TGF-B1, and the levels of phosphor-
ylated Smad assessed by Western blot (Figure 4A). Exposure to
TGF-B1 resulted in a robust increase in Smad 2 phosphorylation
as early as 10 minutes that peaked at 60 minutes and diminished
thereafter, whereas Smad 3 phosphorylation peaked at 30
minutes and was less robust. With coexposure, however, Smad
2 phosphorylation peaked at 30 minutes at a greatly reduced
level compared with TGF-B1 exposure alone. Smad3 phosphor-

w
>

sion in the two EBV-BX1-
infected A549 cell lines. *P <
0.05 compared with control;
*»*p < 0.01 compared with
control; ***P < 0.001 com-
pared with control.

TGF-p1
- ECad

- Vimentin

W - PActin

ylation was reduced with coexposure and peaked at 60 minutes.
To determine whether the reduction in Smad phosphorylation
reduced expression of a Smad-responsive gene, the Smad-re-
sponsive, but LMP1-unresponsive, SMAD7 gene was analyzed
by real-time QRT-PCR. Expression of LMP1 alone did not affect
expression of Smad7, whereas exposure to TGF-B1 increased
expression of Smad7 by twofold at 24 hours in A549 cells (Figure
4B), and 12-fold at 4 days in HPL1D cells (Figure 4C). Ex-
pression of LMP1 greatly reduced the TGF-B1-induced increase
in Smad7 in both A549 and HPL1D cells.

The cytoplasmic isoform of the cPML has been shown to be
essential for TGF-B1 signaling (19). The levels of cPML were
analyzed in A549 cells retrovirally transduced with either
the empty vector or two separate transductions differentially
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expressing LMP1 (Figure 4D). LMP1 was found to reduce the
level of cPML in a dose-responsive manner. To investigate
whether the reduction in ¢cPML affected the cPML-SMAD-
SARA signaling complex, immunoprecipitation experiments
were conducted (Figure 4E). Immunoprecipitation of SARA
displayed a reduction in interaction between SARA and cPML
in the presence LMP1.

LMP1 Expression Reduced Expression of Twist, but Did Not
Affect Expression of Snail, Slug, or ZEB1

To investigate whether LMP1 alters expression of the classical
E-Box-binding inducers of EMT, Snail, Slug, and ZEBI1
expression were analyzed by real-time qRT-PCR (Figure 5A).
Treatment with TGF-B1 resulted in increased expression of all
three gene products, although expression was unaffected by
LMP1 alone or when LMP1 was combined with TGF-1. LMP1
has been reported to induce EMT in MDCK cells through the
increased expression of Twist (14). Cells were transiently
transfected with either the LMP1 expression or empty vector
and cotreated with TGF-81 for 1, 2, and 3 days, and Twist
expression analyzed by Western blot analysis to investigate
whether LMP1 affected the expression of Twist in A549 cells
(Figure 5B). Although TGF-B1 exposure did not affect the
expression of Twist at any time point, LMP1 reduced Twist
protein in a time-dependent manner. Stable expression of
LMP1 by retroviral transduction resulted in a complete loss of
Twist protein.
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LMP1-Enhanced TGF-B1 Activation of ERK Pathway

Activation of the ERK pathway has been reported to be
essential for LMPl-induced EMT (11). To investigate the
possible cooperative activation of the ERK pathway by LMP1
and TGF-B1, cells were transiently transfected with either the
LMP1 expression or empty vector, and cotreated with TGF-B1.
ERK phosphorylation was determined by Western blot (Figures
6A and 6B). LMP1 expression increased ERK phosphorylation
through the time course of the study. TGF-B1 exposure in-
creased ERK phosphorylation as early as 15 minutes, peaked at
30 minutes, and remained above baseline through 48 hours.
With cotreatment, ERK activation increased at 15 minutes
when compared with LMP1 expression alone, and was signifi-
cantly increased at 15 and 30 minutes. Through 72 hours,
cotreatment increased phosphorylation of p42, although the
increase was subtle as determined by densitometric analysis
(Figure E2).

inhibition of ERK Phosphorylation Protected from LMP1- and
TGF-B1-Induced EMT

To investigate whether activation of the ERK pathway was
essential to TGF-B1- and/or LMP1-induced EMT, the small
molecule inhibitor of ERK phosphorylation, U0126, was used.
A dose of 50 uM U0126 was required to inhibit phosphorylation
of ERK by either TGF-f1 or LMP1 alone, although this
concentration did not completely abrogate ERK phosphoryla-
tion in response to coexposure (Figure 6C). The reduction in
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ERK phosphorylation resulted in concomitant protection from
loss of E-Cad expression. U0126 treatment blocked the TGF-B1
or LMP1 loss of expression, but was insufficient to protect from
the loss expression by cotreatment. Inhibition of ERK phos-
phorylation, however, was sufficient to protect against the TGF-
Bl-induced increase in expression of MMP2 and MMPY,
whereas the up-regulation of MMP9 with coexposure was
greatly diminished (Figures 6D and 6G). Inhibition of ERK
phosphorylation prevented the loss of E-Cad expression asso-
ciated with TGF-B1 exposure and TGF-B1/LMP1 coexposure
(Figure 6E), although expression of Snail and Slug was not
completely reduced to baseline (Figures 6H and 6I). Expression
of PAI-1 was unaffected by inhibition of ERK phosphorylation
(Figure 6F).

Inhibition of NF-xB Activation Protected against
LMP1-Induced EMT

To assess the relative contribution of NF-«kB pathway activation
in TGF-B1- and LMP1-induced EMT, LMP1 was coexpressed
with a dominant active IkB construct (AAIkB). Inhibition of
NF-«B activation had no effect on E-Cad expression with TGF-
B1 or LMP1 individually or with coexposure. The LMP1 effect
of up-regulating MMP9 and PAI-1, alone or with TGF-B1-
coexposure, was mitigated to either baseline or to that of TGF-
B1 exposure alone (Figures 7A-7C). The inhibition of NF-xB
activation was verified by an NF-kB-responsive luciferase assay
(Figure 7E). Expression of the AAIkB abrogated luciferase
activity at baseline as well as with TNF-o stimulation.

DISCUSSION

The clinical decline in patients afflicted with IPF is variable, and
may conceivably be modified by the lung microbiome. The
model of epithelial injury and disregulated repair provides
a central mechanism on how viral infection may modulate lung
fibrogenesis (3, 33). The reported presence of Herpeviridae in
the type II alveolar epithelial cells of patients with IPF suggests
a role for herpes viral infection in the progression of IPF. The
concept of epithelial cell damage by viral lytic-phase replication
has already been explored (2), but little is known about the
effects of stable latent viral infection on the behavior of lung
epithelial cells. Our data provide a molecular mechanism

} 24hrs {

cell lysate from time points
indicated after transfection
and cotreatment with 1 ng/
ml TGF-B1. *P < 0.05 com-
pared with control; ***P <
0.001 compared with control.

through which the presence of LMP1 in the lung epithelium
predisposes cells to undergo EMT by enhancing signaling
through the ERK pathway.

Treatment of cells expressing LMP1 with low-dose TGF-81
resulted in morphological changes, a loss of epithelial markers,
a gain of mesenchymal markers, enhanced motility, and increased
expression of fibrotic markers. Cotreatment with TGF-B1 and
LMP1 resulted in a disruption of adherent and tight junctions,
with loss of expression of E-Cad and ZO-1, as well as the loss
of the type II pneumocyte marker, SP-C. Subsequently, a gain
was observed in the mesenchymal markers, N-Cad, vimentin,
and Fn, as well as an increase in expression of PAI-1 and MMP9,
and the formation of stress fibers. These data demonstrate a
completion of the transition from epithelial phenotype to mesen-
chymal phenotype. In addition, the induction of fibrotic markers,
such as aSMA, Fn-EDA, and collagen 1, support a fibrogenic
phenotype.

The predominant model of EBV-infected lung epithelium
used in this study involved AS549 cells transiently transfected
with an LMP1 expression plasmid. LMP1 was expressed in the
primary cell line, HPL1D, to validate this model. Expression of
LMP1 with and without treatment with TGF-81 in HPL1D cells
mirrored that of LMP1 expression in A549 cells, although the
response was less robust. This is consistent with the published
report of comparative TGF-B1 responsiveness in the HPL1D
cell line (34). To validate both the expression levels and
function of LMP1 in the context of the EBV virus, A549 cells
were infected with the BX-1 strain of EBV and exposed to
TGF-B1. The EBV-infected cells mimicked the LMP1-positive
A549 cells in the response to TGF-B1 treatment, with loss of E-
Cad and increase in vimentin expression in an LMP1 dose—
dependent manner. These data support the expression of LMP1
in A549 cells as an appropriate model of LMP1-positive EBV
latency in lung epithelial cells in the context of TGF-pl1-
induced EMT. Although LMP1 and TGF-B1 treatment in-
dependently induce EMT at higher doses (TGF-B1) or later
time points (TGF-g1, LMP1), our goal was to investigate the
possible cooperative effect of LMP1 and TGF-B1 in fostering
EMT. The capacity of TGF-B1 to induce EMT (22), and the
presence of EMT in IPF (21), has been reported. In this study,
1 ng/m]l TGF-B1 treatment was insufficient to fully induce EMT
in A549 cell within 72 hours, as judged by morphological changes
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and loss of the epithelial cell marker, E-Cad. LMP1 has been
reported to induce the formation of stress fibers (13) and EMT
in epithelial cells (12, 14). In transient transfection experiments,
expression of LMP1 was titrated so as not to fully induce EMT,
although, at later time points, where cells were retrovirally
transduced and expressed very large amounts of LMP1, LMP1
did independently induce EMT, consistent with published
reports.

In our model of latent EBV infection, LMP1 primes the cell
for a TGF-B1 response. The dramatic change in cell morphol-
ogy and protein expression in LMP1-positive cells treated with
low-dose TGF-B1 demonstrated a high level of synergy between
LMP1 and TGF-B1. Phosphorylation and activation of the ERK
pathway has been shown to be essential in TGF-Bl-induced
EMT in normal murine mammary gland epithelial cells and
mouse cortical tubule epithelial cells (35), whereas LMP1
activation of the ERK pathway through the C-terminus activa-
tion region-1 domain has been implicated in the regulation of
cellular motility and invasion in a variety of epithelial cells (11).
In our system, LMP1 constitutively activated the ERK pathway
and increased the activation of ERK in response to TGF-$1. In
LMP1-positive cells, treatment with TGF-B1 resulted in more
rapid and more robust ERK activation. This increase in ERK
activation was maintained through the 72-hour time point.
Inhibition of the ERK pathway resulted in protection from
TGF-B1-induced EMT. Cells expressing LMP1 and pretreated

Western blot analysis of A549
cell lysates. A549 cells were
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N tion and cotreatment with
TGF-81 and U0126. *p <
0.01 inhibitor compared with
condition without inhibitor.

with the ERK-specific inhibitor, U0126, displayed protection
from changes in morphology with TGF-B1 treatment (labora-
tory observation, data not shown). Pretreatment of LMPI1-
positive cells with U0126 resulted in complete protection from
TGF-B1-induced loss of E-Cad mRNA, and a 95% reduction in
the induction of MMP9 mRNA. Inhibition of the ERK pathway
reduced, but did not abrogate, the increase in PAI-1, Snail, and
Slug by TGF-B1. These data suggest that, although ERK is
a critical pathway for LMP1 and TGF-81 to induce EMT in
human lung epithelial cells, there are multiple pathways with
varying contributions to EMT induction.

A novel finding of our work is that the LMP1-mediated
reduction of TGF-Bl-induced Smad activation is attributable to
the reduction in ¢cPML and consequent disruption of the
SARA-cPML-Smad activation complex. In this complex,
c¢PML acts as a linking protein, and has been shown to be
essential to activation of Smad by TGF-B1 (19). The reduction
in cPML reduces the association of cPML and SARA, and the
resultant activation of Smad. Although TGF-B1-induced phos-
phorylation of Smad is reduced with LMP1 expression, the
levels remained above that of cells not treated with TGF-B1.
The Smad-dependent TGF-B1 up-regulation of PAI-1 is in-
volved in TGFB-1-induced EMT and the progression of IPF,
and was unaffected (HPL1D) or enhanced (A549) by the ex-
pression of LMP1, indicating that the Smad pathway remained
at least partially activated.
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Hypermethylation of the E-Cad (CDH1) gene promoter has
been proposed as the mechanism by which LMP1 suppresses
E-Cad (36). Treatment with TGF-$1 promoted the loss of E-Cad
through transcriptional regulation, whereas LMP1 reduced E-
Cad expression at the protein level only. However, the TGF-
Bl-induced suppression of E-Cad transcription more than
doubled when LMP1 was present. Both the TGF-Bl-induced
suppression of E-Cad transcription and the LMP1 regulation of
E-Cad protein were found to be ERK dependent, as demon-
strated by experiments employing U0126. Thus, for this marker
of EMT, two separate mechanisms dependent on a central
signaling pathway were involved. Although the mechanism of
E-Cad suppression at the protein level by LMP1 was inconse-
quential, under cotreatment conditions LMP1 primes the cells
for the TGF-B1 response.

MMP9 is up-regulated in cells undergoing EMT (37).
Moreover, elevated MMP9 expression has been implicated in
the pathogenesis of IPF (38), and is associated with a poorer
prognosis (39). Activation of the ERK pathway has been
implicated in LMP1-induced up-regulation of MMP9 (40), and
analysis of the MMP9 promoter region has shown two active
AP1 sites and one active NF-«B site (41). Inhibition of NF-«B
eliminated the LMP1 component, but had no affect on TGF-g1
induction of MMP9 at the transcription level; blocking NF-«xB
reduced the cotreatment induction to that of TGF-f1 treatment
alone. Similarly, inhibition of ERK activation abrogated TGF-
B1 induction of MMP9, but had little effect on the LMP1
induction of MMP?9 transcription. The mechanism of MMP9 up-
regulation by LMP1 and TGF-B1 displays two separate signal-
ing pathways converging at the promoter region of the MMP9
gene to increase transcription synergistically. The significance of
this finding is that MMP9 preferentially degrades type IV
collagen, a major component of the basement membrane, and,
in turn, disruption of the basement membrane is permissive for
fibrogenesis. Thus, the synergistic up-regulation of MMP9 by
TGF-B1 in LMP1-positive cells may be a mechanism by which
latent EBV infection exacerbates fibrogenesis.
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Attempts to characterize the LMP1 and TGF-B1 synergy in
mouse (C10, MLE12) and rat (RLE12) lung epithelial cells
were unsuccessful, and, unfortunately, preclude our ability to
look at LMP-1 and TGF-81 in a murine model of lung fibrosis.
Although 1L.MP1 was expresséd in cells transiently transfected,
retrovirally transduced, or infected by LMP1 adenovirus ex-
pression vectors in murine cells, the proteomics explored were
essentially unchanged when compared with the control vector.
More significant to this study, the response to TGF-Bl by
LMP1-positive mouse or rat lung epithelial cells was not
significantly different from the TGF-B1 response of parental
control cells. This species-specific phenomenon is consistent
with the genetics of the EBV in comparison to the murid herpes
virus (MHV) 4. Although MHV4 has been used as a model for
v-Herpeviridae infection of the lung, this virus does not encode
a protein homologous to LMP1 (42). Thus, MHV4 can be used
as a tool for studying the deleterious effects of lytic herpes viral
replication and subsequent cellular damage in lung epithelium,
but not for studying the molecular mechanisms of latent EBV
infection of the lung. The lack of an LMP1 homolog suggests
differential signaling in mouse verses human epithelium. Al-
though expression of LMP1 in transgenic mouse lines targeted
to the B cells promotes lymphomas (43) and mimics CD40
signaling (44), similar to the expression seen in humans,
expression of LMP1 in murine pulmonary epithelial cells is
not analogous to the signaling characteristics of LMP1 expres-
sion in human lung epithelial cells, and does not provide an
appropriate model for this study.

The pathology of usual interstitial pneumonia in IPF has
been well characterized, although the exact molecular mecha-
nisms are proving to be more elusive. This study provides
evidence for a model of disease progression attributable to viral
influences. As a consequence of EBV in the lung epithelium and
expression of LMP1, the cells are primed for exuberant
expression and activation of MMP9, as well as for a pro-EMT
response to TGF-81. This synergistic overall effect is indepen-
dent of the TGF-B1-mediated up-regulation of Snail and Slug;
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however, the majority of the pro-EMT effects are cooperative.
The up-regulation of PAI-1, N-Cad, aSMA, collagen 1, and
vimentin by TGF-B1 and LMP1 is additive, whereas the up-
regulation of MMP9 and loss of E-Cad are synergistic. The net
effect on treatment of lung epithelial cells expressing LMP1
with low-dose TGF-B1 is an augmentation of EMT.
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