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ABSTRACT Epstein-Barr virus (EBV)-associated diseases of epithelial cells, including
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ation of NOKs-Akata cells by either methylcellulose suspension or organotypic G S e

culture induces LMP1 expression prior to Z and R expression. We show that LMP1
enhances the lytic infection-inducing effects of epithelial cell differentiation, as well
as 12-O-tetradecanoylphorbol-13-acetate (TPA) and sodium butyrate treatment, in
EBV-infected epithelial cells by increasing expression of the Z and R proteins. Our re-
sults suggest that differentiation of epithelial cells activates a feed-forward loop in
which KLF4 and BLIMP1 first activate LMP1 expression and then cooperate with
LMP1 to activate Z and R expression.

IMPORTANCE The EBV protein LMP1 is expressed in EBV-associated epithelial cell
diseases, regardless of whether these diseases are due to lytic infection (such as oral
hairy leukoplakia) or latent infection (such as nasopharyngeal carcinoma). However,
surprisingly little is known about how LMP1 expression is regulated in epithelial
cells, and there are conflicting reports about whether it plays any role in regulating
viral lytic reactivation. In this study, we show that epithelial cell differentiation in-
duces LMP1 expression by increasing expression of two cellular transcription factors
(KLF4 and BLIMP1) which cooperatively activate the two LMP1 promoters. We also
demonstrate that LMP1 promotes efficient lytic reactivation in EBV-infected epithelial
cells by enhancing expression of the Z and R proteins. Thus, in EBV-infected epithe-
lial cells, LMP1 expression is promoted by differentiation and positively regulates
lytic viral reactivation.
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pstein-Barr virus (EBV) is a ubiquitous human gammaherpesvirus that infects the

majority of the human population worldwide (1). It causes infectious mononucle-
osis and is associated with both lymphoid and epithelial cell malignancies, including
posttransplant lymphoproliferative disease, diffuse large B cell lymphomas, African
Burkitt lymphoma, Hodgkin’s lymphoma, undifferentiated nasopharyngeal carcinoma
(NPC), and gastric carcinoma (1, 2). Like other herpesviruses, EBV undergoes latent and
lytic modes of infection during its life cycle. The latent form of infection allows the virus
to persist for the lifetime of the host, while the lytic form of infection enables infectious
virion production and transmission from cell to cell and from host to host. Thus, both
forms of infection are essential for the long-term success of the virus.

EBV infection in tumors is largely latent, since this form of infection does not kill the
tumor cell and allows expression of virally carried oncogenes. There are at least three
different types of EBV latency, two of which (types | and Il) are found in EBV-infected
epithelial cell tumors (1). In type | latency (the most restricted form), only one viral
protein, EBNAT, is expressed, in addition to the virally encoded small nuclear RNAs
(EBERS), long noncoding RNAs, and microRNAs. In type Il latency, the virally encoded
membrane proteins (latent membrane protein 1 [LMP1], LMP2A, and LMP2B) are also
expressed, in addition to EBNA1. EBV often exhibits type Il latency in NPC tumors, but
it generally has type | latency in EBV-positive gastric carcinomas (3-7).

In contrast to the latent EBV infection that occurs in undifferentiated epithelial cell
tumors, EBV infection of normal oropharyngeal epithelial cells is largely restricted to the
more differentiated cells and is lytic (1, 8-13). Lytic EBV infection is initiated by the
transcriptional effects of the two EBV immediate early (IE) proteins, BZLF1 (Z) and BRLF1
(R) (14-21). Both Z and R are required for lytic viral DNA replication. Activation of the
Z and R IE promoters by cellular transcription factors leads to the initial production of
the immediate early proteins, Z and R, respectively (reviewed in references 20 to 22);
the Z and R transcription factors then autoregulate their own promoters as well as each
other’s promoters, leading to further upregulation of Z and R expression (23-26). We
recently showed that epithelial cell differentiation activates the latent-to-lytic switch in
EBV-infected epithelial cells by increasing expression of two cellular transcription
factors, KLF4 and BLIMP1, that synergistically activate the Z and R promoters (11).

LMP1 is required for EBV transformation of B cells in vitro (27, 28) and is expressed
during both latent and lytic infections. LMP1 mimics the effects of CD40 signaling and
activates multiple cellular pathways, including NF-«B, mitogen-activated protein kinase
(MAPK), phosphatidylinositol 3-kinase (PI3K), and c-Jun N-terminal kinase (JNK) path-
ways (reviewed in references 29 and 30). In addition to B cell ymphomas that have type
Il or type Il latency, LMP1 expression also commonly occurs in EBV-infected NPCs and
is thought to contribute to the formation of these tumors (31-38).

LMP1 is also expressed during lytic EBV infection (39-42), and oral hairy leukoplakia
lesions in patients (caused by lytic EBV infection of differentiated tongue epithelium)
have high-level LMP1 expression (43, 44). Furthermore, transfection of R into latently
infected 293 cells activates LMP1 expression, and both of the two known LMP1
promoters (the proximal EDL1 promoter and the distal TR promoter) can be activated
by R in reporter gene assays (39). However, whether LMP1 plays any role in regulating
the latent-to-lytic switch of EBV or is required for efficient virion production remains
controversial. One study found that Z-transfected 293 cells infected with an LMP1-
deleted (B95.8 strain) EBV mutant produced as many infectious virions as 293 cells
infected with wild-type (WT) EBV (45), suggesting that LMP1 is not required for the later
parts of lytic EBV replication in this cell type. In contrast, another study examining the
phenotype of an LMP1-deleted (Akata strain) EBV mutant reported that LMP1 is
required for efficient viral egress in lytically infected Burkitt lymphoma cells (46).
Conversely, other studies performed in B cells found that LMP1 negatively regulates the
initial steps of lytic EBV reactivation through its effects on the NF-«B, protein kinase C5
(PKC$), and sumoylation pathways (47-49). Thus, the role(s) of LMP1 in regulating the
EBV latent-to-lytic switch may be influenced by the cellular environment and/or the
type of EBV latency.
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Most previous studies examining the regulation of LMP1 expression were performed
in B cells. LMP1 transcripts can be initiated from two different promoters in the EBV
genome. The more proximal promoter, LMP1-EDL1, is the predominant promoter used
in EBV-infected B cells with type Ill latency and is activated by the viral EBNA2 protein
(50-52). The more distal promoter, LMP1-TR (located near the terminal repeats), is used
in B cells with type Il latency and in NPCs (50-52). Multiple layers of regulation act to
ensure tight control of LMP1 transcription from both of these promoters. In addition to
viral factors, such as EBNA2, EBNA-LP, EBNA3C, and microRNAs, cellular transcription
factors, including RBPJ, PU.1, SpiB, IRF4, EBF1, IRF7, Pax5, Notch-1, ATF-1, CREB-1, AP-2,
NF-kB family members, and STAT family members, also regulate the activity of the
LMP1 promoters (53-66). Epigenetic modifications of the viral genome, such as pro-
moter DNA methylation, histone acetylation, and histone methylation, also regulate
LMP1 expression (67).

In the present study, we examined whether epithelial cell differentiation regulates
LMP1 expression in EBV-infected epithelial cells and dissected the mechanisms for this
effect. We also investigated the role of LMP1 expression during differentiation-induced
lytic EBV reactivation. We found that differentiation of EBV-infected epithelial cells
activates LMP1 expression prior to activating either BZLF1 or BRLF1 expression. Fur-
thermore, we show that two different cellular transcription factors, KLF4 and BLIMP1,
contribute to this effect. In addition, we demonstrate that LMP1 is required for efficient
Z and R expression in EBV-infected epithelial cells. These unexpected and somewhat
surprising results suggest that cellular differentiation initially activates LMP1 transcrip-
tion in EBV-infected epithelial cells and that the LMP1 protein then cooperates with
differentiation-induced cellular transcription factors to enhance Z and R expression.

RESULTS

Cellular differentiation induces LMP1 expression in epithelial cells. We previ-
ously showed that epithelial cell differentiation induces lytic EBV reactivation in the
NOKs-Akata cell line (a telomerase-immortalized normal oral keratinocyte cell line that
is stably infected with the Akata strain of EBV) (11). To determine whether differenti-
ation of NOKs-Akata cells affects LMP1 expression, cells were differentiated by suspen-
sion in methylcellulose for 48 h, and the levels of various EBV proteins and involucrin
(an epithelial cell differentiation marker) were examined by immunoblot analysis. As
expected, cells suspended in methylcellulose had greatly increased involucrin expres-
sion, confirming that the cells had undergone at least partial differentiation (Fig. 1A, left
panel). Consistent with our previous results (11), differentiated NOKs-Akata cells also
had increased expression of the viral immediate early lytic proteins, Z and R, as well as
the early lytic protein, BMRF1 (Fig. 1A, left panel). Note that differentiation-mediated
reactivation in NOKs-Akata cells also led to a large increase in the level of LMP1
expression (Fig. 1A, left panel). Although LMP1 expression (derived from the LMP1-
EDL1 promoter) in B cells with type Ill latency is driven by the EBV-encoded EBNA2
protein, methylcellulose-treated NOKs-Akata cells had no detectable EBNA2 expression
(Fig. 1A, right panel). Other methods of differentiating epithelial cells in vitro, such as
growing them in organotypic raft cultures or treating them with high concentrations of
calcium and serum, also induced LMP1 expression in NOKs-Akata cells (Fig. 1B). These
results confirm that lytic EBV reactivation in and/or differentiation per se of NOKs-Akata
cells leads to enhanced LMP1 expression.

To determine if lytic infection-inducing agents, such as 12-O-tetradecanoylphorbol-
13-acetate (TPA) and sodium butyrate, can enhance LMP1 expression in EBV-infected
epithelial cells that cannot undergo differentiation, we treated HONE-Akata cells (now
thought to be an EBV-infected Hela cell line [68]) with either TPA or sodium butyrate
and examined the levels of Z, R, BMRF1, and LMP1. Treatment with either of these
chemicals reactivated expression of the lytic EBV proteins Z, R, and BMRF1 and also
increased the expression of LMP1 (Fig. 1C). These results confirm that LMP1 expression
is strongly induced during lytic reactivation in epithelial cells by both differentiation-
dependent and differentiation-independent stimuli.
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FIG 1 Cellular differentiation induces LMP1 expression in epithelial cells. (A) NOKs-Akata cells were either
grown in a monolayer or suspended in methylcellulose (1.6% in K-SFM) for 48 h. For the left panel,
immunoblot analysis was performed to compare the levels of viral proteins (Z, R, BMRF1, and LMP1), the
differentiation-dependent cellular protein involucrin, and the cellular protein tubulin (as a loading
control). For the right panel, immunoblot analysis was performed to compare the levels of viral proteins
(EBNA2 and LMP1) and the cellular protein tubulin (as a loading control). Kem | and Kem Il are isogenic
Burkitt lymphoma cell lines that have type | and type Ill latency, respectively, and they served as negative
and positive controls for LMP1 and EBNA2 expression. (B) Immunoblot analysis of NOKs and NOKs-Akata
cells grown in untreated monolayer cultures (mono; left panels), organotypic cultures (rafts; middle
panels) (2 independent rafts per cell type were analyzed), or monolayer cultures treated with high
calcium (final concentration, 1.2 mM) and high serum (20% final concentration) for 0, 24, 48, or 72 h (right
panels). (Top) LMP1-specific immunoblotting. (Bottom) Actin-specific immunoblotting. The left and
middle panels were taken from the same immunoblot. (C) HONE-Akata cells were treated with nothing,
TPA (20 ng/ul), or sodium butyrate (3 mM) for 48 h. Immunoblot analysis was performed to compare the
levels of viral proteins (Z, R, BMRF1, and LMP1) and the cellular protein tubulin (as a loading control).
Molecular mass markers are also indicated for the LMP1 blot.

R (but not Z) activates LMP1 expression in EBV-infected epithelial cells. To
examine whether expression of Z and/or R is sufficient to activate LMP1 expression in
the context of the intact viral genome in epithelial cells, an Akata bacmid mutant that
is deleted for the BZLF1, BRLF1, and BRRF1 (“Na”) genes was constructed and used to
create a stably infected Hela cell line. As shown in Fig. 2, transfection of these cells with
a Z expression vector did not activate LMP1 expression from the endogenous viral
genome, while transfection of an R expression vector activated LMP1 expression.
Interestingly, in contrast to their effect on LMP1 expression (where R alone was
sufficient to induce LMP1), the combination of both Z and R was required to induce
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FIG 2 R activates LMP1 expression in EBV-infected epithelial cells. HeLa cells infected with a Z/R/BRRF1-
deleted EBV mutant (Hela Z/R/Na KO) were transfected with either control vector or Z and R expression
vectors (either alone or in combination), as indicated. Immunoblot analysis was performed to compare
the levels of transfected Z and R and induction of the EBV proteins LMP1 and BMRF1 from the
endogenous viral genome. The cellular protein tubulin was used as a loading control.

expression of the early lytic BMRF1 protein. This result confirms that R, not Z, primarily
drives LMP1 transcription during the lytic form of EBV infection.

LMP1 is required for the ability of cellular differentiation to efficiently induce
lytic EBV reactivation in NOKs-Akata cells. To determine whether LMP1 induced
during cellular differentiation has any role in regulating the latent-to-lytic switch of EBV,
we performed LMP1 knockdown studies. NOKs-Akata cells were transfected with two
different control small interfering RNAs (siRNAs) or two different siRNAs targeting LMP1
and then treated with or without methylcellulose suspension for 48 h to induce
differentiation. Suspension in methylcellulose robustly increased expression of LMP1, as
well as expression of the lytic proteins Z, R, and BMRF1, in cells transfected with a
control siRNA (Fig. 3A). However, preventing methylcellulose-induced LMP1 expression
by use of an siRNA targeting LMP1 decreased the ability of methylcellulose to induce
the expression of the Z, R, and BMRF1 lytic proteins while not affecting induction of the
cellular involucrin protein. Similar results were obtained when the experiment was
repeated using a different control siRNA and another LMP1-directed siRNA (targeting a
different region of the LMP1 transcript) (Fig. 3B).

NOKs-Akata cells grown in monolayer cultures (in the absence of differentiating
agents) have low-level lytic viral protein expression that can be detected when immu-
noblots are loaded with a large amount of protein. To determine whether LMP1 also
plays a role in this “constitutive” lytic protein expression (which is likely due to a small
number of spontaneously differentiating cells), NOKs-Akata cells were transfected with
two different control siRNAs or two different LMP1 siRNAs, followed by immunoblot
analysis of a gel loaded with 25 ug of protein lysate (versus 5 ug of protein loaded for
the blots shown in Fig. 3A and B). Knockdown of LMP1 by use of two different siRNAs
led to decreases in the constitutive expression of Z, R, and BMRF1 in NOKs-Akata cells
(Fig. 3Q).

LMP1 is also required for efficient chemically induced lytic reactivation in
HONE-Akata cells. To determine if the role of LMP1 in lytic reactivation is unique to
NOKs-Akata cells or specific to the differentiation stimulus, HONE-Akata cells were
treated with either control siRNAs or LMP1-directed siRNAs and then exposed to TPA
or sodium butyrate (Fig. 4). Knockdown of LMP1 expression decreased the amounts of
IE and early lytic EBV protein expression observed after either TPA treatment (Fig. 4A)
or sodium butyrate treatment (Fig. 4B) of HONE-Akata cells. Knocking down LMP1 also
inhibited the ability of TPA to induce the expression of the lytic EBV proteins Z, R, and
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FIG 3 LMP1 is required for the ability of cellular differentiation to induce lytic EBV reactivation efficiently
in NOKs-Akata cells. (A and B) NOKs-Akata cells were transfected with either of two different control
siRNAs or two different LMP1 siRNAs and then were either left in monolayer culture or suspended in
methylcellulose for 48 h. Immunoblot analysis was performed using 5 ug of protein lysate to detect the
expression of viral proteins (LMP1, Z, R, and BMRF1) and the cellular proteins involucrin and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (as a loading control). (C) NOKs-Akata cells were
transfected with either two different control siRNAs or two different LMP1 siRNAs for 48 h, and
immunoblot analysis was performed using 25 ug of protein lysate to detect the endogenous expression
levels of viral proteins (LMP1, Z, R, and BMRF1) and the cellular protein tubulin (as a loading control).

BMRF1 in AGS gastric carcinoma cells superinfected with EBV (Fig. 4C). Overall, these
results suggest that LMP1 is required for efficient lytic EBV reactivation in epithelial cells
in response to a variety of different types of lytic infection-inducing agents and indicate
that LMP1 expression is specifically required for efficient activation of the two EBV IE
proteins, Z and R.

LMP1 expression is detected before Z expression during raft culture-mediated
differentiation of NOKs-Akata cells. The unexpected finding that LMP1 increases the
ability of lytic infection-inducing agents to enhance Z and R expression in EBV-infected
epithelial cells suggested the possibility that LMP1 expression may be activated by
these agents prior to Z and R expression. To test this hypothesis, we differentiated
NOKs-Akata cells in organotypic air-interface (raft) cultures. This technique, which we
previously used to show that epithelial cell differentiation induces the latent-to-lytic
switch of EBV (11), leads to the formation of a stratified epithelium that can be formalin
fixed and cross-sectioned for immunofluorescence staining at the single-cell level.
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FIG 4 LMP1 is required for efficient chemically induced lytic reactivation in epithelial cells. HONE-Akata
cells were transfected with either two different control siRNAs or two different LMP1 siRNAs, followed by
treatment with or without 20 ng/ul TPA (A) or 3 mM sodium butyrate (B) for 48 h. Immunoblot analysis
was performed to detect the expression of viral proteins (LMP1, R, Z, and BMRF1) and the cellular protein
tubulin (as a loading control), as indicated. (C) AGS-Akata cells were transfected with either a control
siRNA or an LMP1 siRNA, followed by treatment with or without 20 ng/ul TPA for 48 h. Immunoblot
analysis was performed to detect the expression of viral proteins (LMP1, Z, R, and BMRF1) and the cellular
protein tubulin (as a loading control).

Moreover, the cross sections can be used to study the kinetics of viral gene expression
during epithelial cell differentiation-mediated lytic reactivation. As shown in Fig. 5,
similar to our previous findings (11), we observed Z-expressing cells only in the upper
(most differentiated) layers of the NOKs-Akata raft cultures (Fig. 5A). In contrast,
LMP1-expressing cells were observed in all cell layers except for the basal layer itself.
Furthermore, many more LMP1-expressing cells than Z-expressing cells were observed.
Uninfected NOKs cells that were grown in raft culture stained negative for Z and LMP1,
as expected. Similar results were obtained with an independently generated NOKs-
Akata clone (Fig. 5B). However, we could not determine if LMP1 expression was induced
before or after R expression in these experiments, since we have not yet identified an
antibody that detects the R protein by immunohistochemistry or immunofluorescence
assay.

LMP1 is expressed before the Z and R proteins during methylcellulose-
mediated differentiation of NOKs-Akata cells. To further examine if differentiation of
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FIG 5 LMP1 expression is detected before Z expression during raft culture-mediated differentiation of
NOKs-Akata cells. (A and B) Uninfected NOKs cells (right panels) and two independent clones of
EBV-infected NOKs-Akata cells (left panels) were grown in organotypic raft cultures, and immunofluo-
rescence analysis was performed to detect the expression of EBV proteins (Z and LMP1, both stained red),
as indicated. Examples of Z-stained cells are indicated by red arrows. DAPI staining is shown in blue.

N
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NOKs-Akata cells activates LMP1 expression prior to Z and R expression, NOKs-Akata
cells were treated by methylcellulose suspension for various amounts of time, and
protein extracts were obtained at each time point for immunoblot analysis. As shown
in Fig. 6, enhanced expression of the epithelial cell differentiation marker involucrin was
first observed after 6 h of methylcellulose treatment, and it became even more marked
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FIG 6 The LMP1 protein is expressed before the Z and R proteins during methylcellulose-mediated
differentiation of NOKs-Akata cells. NOKs-Akata cells were suspended in 1.6% methylcellulose (in K-SFM)
and harvested at the indicated time points posttreatment. Immunoblot analysis was performed to detect
the expression of viral proteins (Z, R, BMRF1, and LMP1) and cellular proteins (involucrin, KLF4, BLIMP1,
and tubulin), as indicated. Tubulin was used as a loading control.
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at later time points. Expression of BLIMP1, which is required for differentiation of
epithelial cells, was observed at the 2-h time point, while expression of KLF4 (which we
previously showed to be expressed in both differentiated and undifferentiated NOKs
cells [11]) was not significantly affected by methylcellulose treatment. Most impor-
tantly, methylcellulose treatment increased LMP1 protein expression at a much earlier
time point (6 h) than that for increased expression of the Z and R proteins (12 to 24 h).
Expression of the early lytic BMRF1 protein was not significantly increased until the 48-h
time point. These results suggest that LMP1 expression precedes Z and R expression
during methylcellulose-induced differentiation of NOKs-Akata cells, and thus LMP1 may
be activated by a differentiation-dependent mechanism that is independent of Z and
R function.

LMP1 transcripts are expressed before Z/R transcripts in methylcellulose-
differentiated NOKs-Akata cells. To confirm that methylcellulose treatment activates
LMP1 transcription prior to Z/R transcription, quantitative PCR (qPCR) analysis was
performed using RNAs harvested at various time points (Fig. 7A and B). As shown in Fig.
7C and D, the LMP1 primer set 1 used in this analysis can amplify transcripts derived
from either of the two LMP1 promoters, and the Z/R primer set amplifies transcripts
derived from either the Z or R IE promoter. The LMP1 transcript level was clearly
increased (16-fold) after 2 h of methylcellulose suspension; in contrast, the level of the
Z/R transcripts was not highly increased until 24 h after methylcellulose suspension
(Fig. 7A). Similar results were obtained in a second independent experiment (Fig. 7B).
Interestingly, LMP1 primer set 2 (Fig. 7C), which can amplify only the message derived
from the distal promoter, did not show a detectable transcript in the presence or
absence of methylcellulose (although this primer set amplified transcripts in Mutu I
Burkitt lymphoma cells) (data not shown). These results indicate that the LMP1 message
level is increased prior to any increase in Z/R transcripts during methylcellulose-
mediated lytic reactivation. Thus, LMP1 expression may initially be activated by
differentiation-associated cellular transcription factors. Our results also suggest that the
methylcellulose-induced LMP1 transcript is primarily derived from the proximal EDL1
promoter.

KLF4 and BLIMP1 can activate the LMP1 promoters in reporter gene assays.
Differentiation of normal epithelial cells induces expression of both the KLF4 and
BLIMP1 cellular transcription factors, and both of these transcription factors are re-
quired for normal epithelial cell differentiation (69-73). We previously showed that
KLF4 and BLIMP1 synergistically activate both the Z and R EBV immediate early
promoters (11). Furthermore, KLF4 and BLIMP1 were recently found to promote
differentiation-dependent expression of HPV late structural proteins in HPV-infected
epithelial cells (74). Given our finding that LMP1 expression is increased by differenti-
ating agents in EBV-infected NOKs cells, we performed luciferase reporter gene assays
to determine if KLF4 or BLIMP1 activates one or both of the two LMP1 promoters in
uninfected NOKs cells.

As shown in Fig. 8A, either KLF4 alone or BLIMP1 alone produced low-level activa-
tion of both the proximal (LMP1-EDL1) and distal (LMP1-TR) promoters. Furthermore,
the combination of both KLF4 and BLIMP1 together synergistically activated both
promoters, although the effect on the proximal promoter was stronger. In contrast, the
promoterless control luciferase vector did not respond to either KLF4 or BLIMP1. These
results indicate that both LMP1 promoters are synergistically activated by the BLIMP1-
KLF4 combination in EBV-negative epithelial cells.

We next asked whether KLF4 and/or BLIMP1 can also turn on expression of LMP1
from the endogenous viral genome in the absence of Z and R expression. First, we
confirmed that KLF4 and BLIMP1 can activate LMP1 expression without concomitant
EBNA2 expression in NOKs-Akata cells and CNE-Akata cells (Fig. 8B). However, since
KLF4/BLIMP1 also activated Z and R expression in these EBV-positive epithelial cell lines,
LMP1 expression may potentially have been driven by R rather than by KLF4/BLIMP1.
We next examined whether Hela cells stably infected with a Z/R/BRRF1-deleted EBV
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promoter sequences upstream of the luciferase gene were cotransfected into EBV-negative NOKs cells
with either the control vector, the KLF4 vector alone, the BLIMP1 vector alone, or the combination of the
KLF4 and BLIMP1 vectors. Luciferase assays were performed 2 days after transfection. Total luciferase
activity for each of the conditions from a representative experiment is shown (data are averages =+
standard deviations of results from three replicates), as well as the fold increase in activity induced by
KLF4 or BLIMP1. Similar results were obtained in three separate experiments. (B) NOKs-Akata cells (left)
or CNE-Akata cells (right) were transfected with either the control vector or the KLF4 and BLIMP1
expression vectors, and immunoblotting was performed to detect LMP1, EBNA2, Z, R, and tubulin. Kem
Il cells served as the positive control for EBNA2 and LMP1. (C) Hela cells infected with a mutant EBV
strain with deletions of the Z/R/BRRF1 genes were transfected with either the control vector or the KLF4
and BLIMP1 expression vectors (either alone or in combination). Immunoblot analysis was performed to
compare the levels of transfected KLF4 and BLIMP1 and the induction of EBV LMP1 from the EBV
genome. The cellular protein tubulin was used as a loading control.

mutant can express LMP1 when transfected with either a KLF4 expression vector alone,
a BLIMP1 expression vector alone, or the combination of both vectors. As shown in Fig.
8C, overexpression of KLF4 alone was sufficient to induce expression of LMP1 from the
Z/R/BRRF1-deleted EBV genome, while BLIMP1 alone had no effect; furthermore, the
combination of KLF4 and BLIMP1 induced more LMP1 expression than that with KLF4
alone. These results confirm that KLF4 and BLIMP1 can activate expression of LMP1 in
the context of the intact EBV genome even in the absence of Z or R expression. Thus,
KLF4 and BLIMP1 likely contribute to differentiation-dependent LMP1 expression in
EBV-infected epithelial cells.

FIG 7 Legend (Continued)

for total LMP1 or Z plus R, using the LMP1 primer set 1 and Z/R primers shown in panels C and D. An
LMP1 primer set (set 2) that detects only the LMP1-TRp-initiated LMP1 transcript did not detect the LMP1
message in methylcellulose-treated NOKs-Akata cells, although it detected the transcript in Mutu Il
Burkitt lymphoma cells (data not shown). Beta-globin was used as a housekeeping gene for normaliza-
tion. Data are plotted as fold changes (increases) relative to the 0-h sample, whose level was set to 1.
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DISCUSSION

Repression of lytic EBV infection is essential for the development of EBV-infected
epithelial cell tumors. However, the cellular and viral factors that determine whether
EBV remains latent or lytic in epithelial cells are not currently well understood. We
recently showed that epithelial cell differentiation promotes lytic EBV reactivation
through differentiation-dependent expression of two different cellular transcription
factors, KLF4 and BLIMP1, and demonstrated that KLF4 and BLIMP1 synergistically
activate both the Zp and Rp EBV IE promoters (11). Here we have discovered that
epithelial cell differentiation also activates expression of the EBV LMP1 protein (even in
the absence of Z and R expression), and we show that this effect is at least partially
mediated by the ability of KLF4 and BLIMP1 to activate the two LMP1 promoters.
Furthermore, although LMP1 has been shown to inhibit lytic EBV reactivation in B cells,
we demonstrate that epithelial cell differentiation induces LMP1 expression prior to Z
and R expression, and we show that LMP1 enhances the efficiency of lytic EBV
reactivation in epithelial cells. These results suggest that differentiation-induced LMP1
expression promotes lytic EBV reactivation in epithelial cells, in sharp contrast to the
effect of LMP1 in EBV-infected B cells.

LMP1 acts as a constitutively active CD40-like receptor and has been reported to
negatively regulate lytic reactivation in EBV-infected B cells by various mechanisms,
including activation of the NF-«B pathway (47), induction of interleukin-32 (IL-32) via
the PKCS pathway (49), and sumoylation of the cellular transcriptional repressor, KAP1
(48). In contrast, one study, using an LMP1-deleted EBV mutant, found that LMP1
positively regulates virion production in Burkitt lymphoma cells by increasing viral
egress (46). The conflicting results obtained from previous studies of B cell lines suggest
that the effects of LMP1 on lytic EBV reactivation may differ depending upon the
particular part of the lytic viral life cycle examined, with LMP1 inhibiting lytic reactiva-
tion of latent infection but promoting the final stages of viral production during lytic
infection.

In contrast to the previous studies of B cell lines, we show here that LMP1 enhances
lytic EBV reactivation in EBV-infected epithelial cell lines. This effect was observed using
a variety of different lytic infection-inducing agents (including differentiation stimuli,
TPA, and sodium butyrate) and occurred in three different EBV-infected epithelial cell
lines (NOKs-Akata, HONE-Akata, and AGS-Akata). Unexpectedly, knockdown of LMP1
decreased the ability of lytic infection-inducing stimuli to activate expression of the
two immediate early proteins, Z and R. Furthermore, we showed that LMP1 expres-
sion occurs before Z and R expression in both raft-cultured NOKS-Akata cells and
methylcellulose-differentiated NOKs-Akata cells. These surprising results suggest
that LMP1 may function as an “immediate early” protein during lytic reactivation in
epithelial cells, since its expression level is increased at time points prior to the increase
in Z and R gene expression and it appears to be required for efficient Z and R expression
in these cells.

We found that LMP1 was not detectably expressed in the undifferentiated basal
layer cells of raft-cultured NOKs-Akata cells but was expressed in even the lowest layers
of suprabasal (differentiated) cells. Although this result may simply reflect the increased
Z and R expression that occurs in the suprabasal layers (allowing the LMP1 promoter
to be activated by these IE transcription factors), we obtained a variety of additional
results suggesting that LMP1 expression can be activated by epithelial cell differenti-
ation independently of any Z and/or R effect. First, in raft-cultured NOKS-Akata cells, Z
expression was restricted to the most differentiated cell layers, while (in comparison to
Z) LMP1 was expressed in less differentiated cell layers. Second, in methylcellulose-
differentiated NOKs-Akata cells, LMP1 activation occurred before Z and R activation at
both the protein and transcript levels. Third, we demonstrated that the differentiation-
dependent cellular transcription factors KLF4 and BLIMP1 can activate both LMP1
promoters in EBV-negative NOKs cells. Finally, we showed that KLF4 and BLIMP1
overexpression can also activate LMP1 expression in the context of the intact viral
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genome in Hela cells infected with a Z/R/BRRF1-deleted Akata strain mutant. Interest-
ingly, the combination of KLF4 and BLIMP1 did not activate LMP1 expression in 293
cells (thought to be derived from fetal neuronal cells [75]) infected with the same EBV
mutant (data not shown), suggesting that the ability of these factors to activate LMP1
may be cell type dependent.

The cellular transcription factors KLF4 and BLIMP1 are required for the regulation of
numerous cellular genes that are induced by terminal differentiation of epithelial cells,
and we previously reported that KLF4 and BLIMP1 synergize with each other to
cooperatively activate both the Z and R immediate early promoters of EBV (11).
Furthermore, KLF4 was recently demonstrated to directly interact with and cooperate
with BLIMP1 to activate transcription of late viral genes of human papillomaviruses
(HPVs) during epithelial cell differentiation (74). Together, these findings suggest that
DNA viruses may commonly use the KLF4/BLIMP1 transcription factors to regulate their
life cycles during epithelial cell differentiation.

Here we found that overexpression of BLIMP1 alone does not activate either of the
two LMP1 promoters in the presence of endogenous KLF4 expression in NOKs cells,
although it synergistically activates both of these promoters with cotransfected KLF4
(Fig. 8). We (11) and others (74) have shown that in contrast to that in normal
undifferentiated epithelial cells, KLF4 is expressed even in undifferentiated NOKs cells,
although the transcriptional activity of this constitutively expressed KLF4 may be
somewhat impaired, since it does not by itself lead to epithelial cell differentiation or
activation of lytic EBV promoters. Since BLIMP1 expression remains differentiation
dependent in NOKs cells, and since both KLF4 and BLIMP1 are required to activate lytic
EBV expression, EBV presumably stays latent in undifferentiated NOKs cells due to the
lack of BLIMP1 expression. In addition, if KLF4 and BLIMP1 must interact directly to
activate certain EBV promoters (including the two LMP1 promoters), it is possible that
constitutively expressed KLF4 in NOKs-Akata cells is already tied up in other protein
complexes and therefore less available for interactions with BLIMP1 on these viral
promoters. The Laimins lab reported that posttranslational modifications of KLF4 also
regulate its functions in HPV-infected NOKs cells (74), which may potentially similarly
contribute to the differentiation-dependent increase in lytic EBV protein expression.

Although the exact mechanism(s) by which LMP1 enhances Z and R expression in
EBV-infected epithelial cells has not yet been determined, it is noteworthy that NF-xB
activation (a major downstream signal of LMP1) has previously been shown to be
required for transforming growth factor beta (TGF-B)-induced activation of these
proteins in Burkitt lymphoma cells (76). Since we have not found that overexpression
of LMP1 is sufficient by itself to induce lytic EBV reactivation in EBV-infected epithelial
cells (data not shown), the activating effect of LMP1 on lytic EBV reactivation may occur
only when the protein is expressed at physiologic levels and may require that other
inducing stimuli (such as epithelial cell differentiation factors) are also present. Al-
though our results obtained using two different control siRNAs and two different
LMP1-directed siRNAs strongly suggest that lytic LMP1 expression contributes to
differentiation-mediated viral reactivation, in the future it will be important to confirm
this finding by using NOKs-Akata cells infected with an LMP1-deleted EBV mutant.
Unfortunately, since the NOKs parental cells are already hygromycin resistant (due to
their immortalization by use of a hygromycin-resistant TERT vector), we have been
unable to stably infect them with two different LMP1-deleted EBV mutants (in B95.8
and M81 strain bacmids) that use the hygromycin resistance gene to stably select for
EBV-infected cell lines.

Together our results suggest the model of differentiation-induced lytic EBV reacti-
vation in epithelial cells that is shown in Fig. 9. First, differentiation leads to increased
expression of the cellular transcription factors KLF4 and BLIMP1. KLF4 and BLIMP1 then
activate expression of the LMP1 promoter, leading to LMP1 expression. LMP1 in
combination with KLF4 and BLIMP1 helps to induce expression of the Z and R proteins.
The R protein then further activates expression of the LMP1, Z, and R promoters, and
Z induces further activation of the R and Z promoters, resulting in a positive feed-
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FIG 9 Proposed model depicting the effects of epithelial cell differentiation on the EBV lytic reactivation
cascade. Epithelial cell differentiation activates expression of the differentiation-dependent cellular
transcription factors KLF4 and BLIMP1. KLF4 and BLIMP1 then activate the promoters of the LMP1, Z, and
R EBV proteins. The LMP1 protein (which is produced earlier than the Z and R proteins) enhances
activation of the Z and R promoters in differentiating cells, through an as yet unknown mechanism. The
R protein then furthers activates the LMP1, Z, and R promoters, while the Z protein further activates the
Z and R promoters.

forward loop. Finally, our results also suggest that loss of LMP1 expression in EBV-
infected NPCs (which is reported to occur in up to 20 to 60% of tumors) may reflect a
less differentiated state and may be selected for in some tumors as a mechanism to
promote viral latency.

MATERIALS AND METHODS

Cell lines and culture. The NOKs cell line (a gift from Karl Munger, Tufts University) is a telomerase-
immortalized normal oral keratinocyte cell line that was established as previously described (77). This cell
line was maintained in an undifferentiated state by growth in keratinocyte serum-free medium (K-SFM)
(Life Technologies Inc.) supplemented with epidermal growth factor, pituitary extract, and 0.2%
penicillin-streptomycin (pen-strep). The NOKs-Akata cell line was derived by coculturing uninfected NOKs
cells with the Akata-GFP Burkitt lymphoma cell line (a gift from Kenzo Takada, Hokkaido University,
Japan, via Bill Sugden, University of Wisconsin-Madison) for 24 h, followed by selection with 50 wg/ml of
G418 as previously described (78). The Akata-GFP Burkitt lymphoma cell line is a type | latency Burkitt
lymphoma line that lost its endogenous EBV genome and was then superinfected with an Akata EBV
strain containing inserted green fluorescent protein (GFP) and G418 resistance genes as previously
described (79). It also supports a low level of constitutive lytic gene expression and was maintained in
RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 1% pen-strep, and 500 ug/ml
G418. Kem | and Kem IIl are EBV-infected Burkitt lymphoma cell lines that exhibit type | and type llI
latency, respectively (received from Jeff Sample). They were maintained in RPMI 1640 medium supple-
mented with 10% FBS and 1% pen-strep. HONE-Akata cells (a gift from Lawrence Young, University of
Birmingham) and CNE-Akata cells (a gift from Dolly Huang, University of Hong Kong, via Diane Hayward
at Johns Hopkins University) were established by superinfecting the respective epithelial carcinoma cell
lines with the Akata strain of EBV. HONE cells and CNE cells were previously thought to have originated
from nasopharyngeal carcinomas but were recently also shown to have derived at least partially from
Hela cells (68). HONE-Akata cells and CNE-Akata cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS, 1% pen-strep, and 400 wg/ml G418. AGS-Akata cells (a gift
from Lindsey Hutt-Fletcher, Louisiana State University) are AGS gastric carcinoma cells superinfected with
the Akata strain of EBV as previously described (80). They were grown in F-12 medium supplemented
with 10% FBS, 1% pen-strep, and 400 ug/ml G418. The Hela cell line is an HPV-infected cervical
carcinoma cell line and was grown in DMEM supplemented with 10% FBS and 1% pen-strep.

Construction of EBV mutant genomes. EBV AK-BAC-GFP, which was described previously (79), is
the parent to the EBV Akata RZNa KO bacmid, which was constructed using the previously described
Escherichia coli GS1783-based en passant method (81). Briefly, coordinates 89,674 to 93,036 (GenBank
accession no. KC207813.1), spanning the BZLF1, BRFL1, and BRRF1 genes, were replaced with an
ampicillin resistance marker by homologous recombination. A PCR product containing the ampicillin
gene and homology arms for EBV Akata was generated using pEP-Kan-S2 (81) and primers listed in Table
1. Subsequently, this bacmid was transferred into E. coli BM2710 (82), which was used for infection of
NOKs and Hela cells. The integrity of the bacmid was confirmed by restriction enzyme digestion with at
least 2 enzymes (BamHI and EcoRlI). Furthermore, the mutation was confirmed by high-fidelity PCR
amplification and sequencing of the mutated junction by use of primers listed in Table 1.

Plasmids and siRNAs. Plasmid DNAs were purified using Qiagen plasmid maxiprep kits as described
by the manufacturer. pCDNA3.1-HA-KLF4 (Addgene plasmid 34593; a gift from Michael Ruppert) ex-
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TABLE 1 Primers used for construction of the EBV Akata RZNa KO bacmid

Journal of Virology

Primer name Sequence

Purpose

Akata RZNa KO AGTCAACATCCAGGCTTGGGCACATCTGCTTCAACAGGAGTACTACGACGGCATC
primer 1 TCCATTAGGGATAACAGGGTAATTTACCAATGCTTAATCAGTGAG

Akata RZNa KO CGATTACCTTCCTCATACCTATGGAGATGCCGTCGTAGTACTCCTGTTGAAGCA
primer 2 GATGTGCGGGGAAATGTGCGCGGAAC

RZNa GTGTTGCAGTATGTACAGTTAGC
Span-Fwd

RZNa Span-Rev GTAATGGCATCCGTGACCTC

EBV Akata RZNa KO bacmid
construction

EBV Akata RZNa KO bacmid
construction

Sequencing of the mutated
junction

Sequencing of the mutated
junction

presses a cytomegalovirus (CMV) promoter-driven human KLF4 protein that is hemagglutinin (HA)
tagged at the amino terminus (83). pPCDNA3.1-BLIMP1 (a gift from Kenneth Wright, Lee Moffitt Cancer
Center) expresses a CMV promoter-driven human BLIMP1 protein that is FLAG tagged at the amino
terminus (84). pSG5-Z and pSG5-R (a gift from S. D. Hayward, Johns Hopkins University) express simian
virus 40 (SV40) promoter-driven Z and R immediately early viral lytic proteins, respectively, and were
constructed as previously described (85, 86). pCpGL-basic is a promoterless vector driving the luciferase
gene and has been engineered to lack any CpG in the vector background, as previously described (87).
The LMP1-EDL1 promoter (positions 169483 to 1700643 in the B95.8 EBV genome) and the LMP1-TR
promoter (positions 169986 to 170595 in the B95.8 EBV genome) were PCR amplified from the EBV B95.8
genome and cloned upstream of the luciferase gene in pCpGL-basic by use of Spel and Bglll restriction
sites. RNA duplexes were synthesized by Dharmacon Research (Lafayette, CO). The sequences of the two
different custom-ordered LMP1 siRNAs are AAGAGACCUUCUCUGUCCACU and GGUCAAAGAACAAGGCC
AAUU. Two different nontargeting siGENOME siRNAs were also obtained from Dharmacon.

Organotypic raft cultures. Uninfected NOKs cells and NOKs-Akata cells were grown in organotypic
raft cultures as previously described (11). Briefly, the dermal equivalent was prepared in transwell inserts
(24-mm diameter and 0.4-um pore size; Costar) by coating with a layer of 1 ml collagen (3 mg/ml; Wako
Chemicals) premix containing F-12 medium, 10% FBS, and 1% pen-strep. This was followed by coating
with another layer of 2.5 ml collagen premix containing F-12 medium, 10% FBS, 1% pen-strep, and 4.5 X
10° early-passage human fibroblasts (EF-1-F). This dermal equivalent was allowed to incubate in F-12
medium supplemented with 10% FBS and 1% pen-strep at 37°C and 5% carbon dioxide. After 4 days,
2.1 X 10° uninfected NOKs or NOKs-Akata cells were plated on the dermal equivalent in keratinocyte
plating medium (F medium [1.88 mM Ca2*]) containing 0.5% FBS, adenine (24 n.g/ml), cholera toxin (8.4
ng/ml), hydrocortisone (2.4 ug/ml), and insulin (5 wg/ml). After growth of the NOKs cells for 4 days, until
confluence, the raft cultures were raised to the air-liquid interface and fed through the pores of transwell
inserts with cornification medium (keratinocyte plating medium containing 5% FBS and 10 uM Cg,). Raft
cultures were grown at the air-liquid interface for 11 days, with the cornification medium replaced every
other day. Finally, the rafts were harvested and embedded in 2% agar-1% formalin, followed by fixation
in 10% neutral buffered formalin overnight. The raft tissues were then paraffin embedded and cut into
4-um cross sections.

Immunofluorescence studies. Formalin-fixed, paraffin-embedded raft tissues were deparaffinized
and then subjected to immunofluorescence analysis as described previously (88). The primary antibodies
used were an anti-Z (BZ.1) monoclonal antibody (1:200) (SC-53904; Santa Cruz Biotechnology) and a
prediluted anti-LMP1 (CS1-4) monoclonal antibody (1:5) (ab7502; Abcam). The secondary antibody used
was an Alexa 647-conjugated goat anti-mouse antibody (1:5,000) (A-31571; Life Technologies). The
stained sections were mounted using ProLong Gold antifade reagent with DAPI (4’,6-diamidino-2-
phenylindole; Life Technologies).

Chemical reagents. Cells were treated for 48 h (unless noted otherwise in Results and the figure
legends) with the following chemical reagents: TPA (20 ng/ml; Sigma), sodium butyrate (3 mM; Sigma),
methylcellulose (1.6% in K-SFM; Sigma), calcium chloride (1.2 mM), and serum (20% by volume).

Transient transfection. Lipofectamine 2000 reagent (Thermo Fisher Scientific) and RNAiMax reagent
(Invitrogen) were used to transfect epithelial cells with plasmid DNA and siRNA, respectively. In general,
500 ng of total plasmid DNA was used to transfect all epithelial cells in a well of a 12-well plate. A total
of 12.5 pmol siRNA was used to transfect HONE-Akata and AGS-Akata cells in a well of a 12-well plate,
and 4 pmol of siRNA was used to transfect NOKs-Akata cells. The cells were transfected with siRNA 24
h prior to treatment with TPA, sodium butyrate, or methylcellulose.

Immunoblot analysis. Cell lysates were harvested in Sumo lysis buffer including protease inhibitors
(Roche) as described previously (89). Protein concentrations were determined using the Sumo protein
assay (Bio-Rad), and proteins were separated in SDS-10% polyacrylamide gels and then transferred to a
nitrocellulose membrane. Membranes were blocked in phosphate-buffered saline (PBS) containing 5%
milk and 0.1% Tween 20 solution. Membranes were then incubated with the following primary anti-
bodies: anti-Z (sc-53904; Santa Cruz) (1:250), anti-BMRF1 (MAB8186; Millipore) (1:3,000), anti-R rabbit
polyclonal antibody directed against the R peptide (peptide sequence EDPDEETSQAVKALREMAD) (1:
2,500), anti-KLF4 (4038; Cell Signaling) (1:1,000), anti-BLIMP1 (9115; Cell Signaling) (1:1,000), anti-LMP1
(ab78113; Abcam) (1:1,000), anti-B-actin (A5441; Sigma) (1:5,000), anti-tubulin (T5168; Sigma) (1:2,000),
anti-actin (Abcam) (1:1,000), and anti-involucrin (19018; Sigma) (1:3,000). The secondary antibodies used
were horseradish peroxidase (HRP)-labeled goat anti-mouse antibody (Fisher Scientific) (1:5,000) and
HRP-labeled anti-rabbit antibody (Fisher Scientific) (1:5,000).
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Reporter gene assays. Uninfected NOKs cells were harvested in 1X reporter lysis buffer (Promega)

48 h after transfection with the reporter gene constructs, with or without the transcription factors. The
harvested cells were lysed by one freeze-thaw cycle, followed by quantification of relative luciferase units
by use of a BD Monolight 3010 luminometer (BD Biosciences) and a luciferase assay system (Promega).

RT-qPCR analysis. Total RNA was extracted by use of RNA-Bee reagent (Tel-Test Inc.) from NOKs-

Akata cells that were resuspended in methylcellulose for the indicated time points. The extracted RNA
was then treated with DNase, followed by reverse transcription using random primers and GoScript
reverse transcriptase (RT) (Promega). Real-time PCR was performed on the reverse-transcribed cDNA by
using iTaq Universal SYBR green mix (Bio-Rad) in a Bio-Rad CFX96 machine. cDNA (1.5 ul) was used for
40 cycles of 15 s at 95°C and 30 s at 60°C, using primers that will detect (i) LMP1 transcripts originating
from both the TR and EDL1 promoters (LMP1-TR+EDL1; forward primer 5'-TGAGTAGGAGGGTGA-3’ and
reverse primer 5'-CTATTCCTTTGCTCTCATGC-3'), (i) LMP1 transcripts originating only from the TR
promoter (LMP1-TR; forward primer 5'-GGCAGTACGGGTACAGATTTC-3’ and reverse primer 5’-TTCTAAC
ACAAACACACGCTTTC-3), (iii) a region that overlaps both the Z and R transcripts (Z+R; forward primer
5'-ACCTCAACCTGGAGACAATTC-3" and reverse primer 5'-TGTCTGCTAGCTGTTGTTCTT-3’), (iv) a region
that specifically detects R transcripts (R; forward primer 5'-GACTTTCTGAGGCTAACTCCTG-3’" and reverse
primer 5'-CACACTCCCGGCTGTAAAT-3’), and (v) beta-actin transcripts (forward primer 5’-GCCGGGACCT
GACTGACTAC-3’ and reverse primer 5'-TTCTCCTTAATGTCACGCACGAT-3’). Beta-actin was used as a
housekeeping gene, and transcripts were quantified using the AAC, method for each time point.
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