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Abstract
In earlier studies, we have shown that thyroid hormone
(T3) regulated the Herpes Simplex Virus Type -1 (HSV-1) gene
expression and replication through its nuclear receptor TR via
histone modification and chromatin remodeling in a neuroblastoma
cell line neuro-2a cells (N2a). This observation suggested that T3
regulation may be neuron-specific and it may have implication in
HSV-1 latency and reactivation. The present study conducted on
in-vitro demonstrated that removal of T3 can de-repress the HSV-1
replication and favor reactivation. Transfection studies and infection
assays indicated that HSV-1 thymidine kinase (TK), a key viral gene
during reactivation, was repressed by TR/T3 in cells with neuronal
origin but not in non-neuronal cells. Additional studies showed that
RCC1 (Regulator of Chromosome Condensation 1) was sequestered
but efficiently detected upon viral infection in N2a cells. Western blot
analyses indicated that addition of T3 repressed the RCC1 expression
upon infection. It is likely that diminution of RCC1 upon infection in
neuronal cells under the influence of TR/T3 may lead to repression of
viral replication/gene expression, thus promoting latency. Together
these results demonstrated that TR/T3 mediated regulation is
specific to neuronal cells and differential chromosome condensation
may play a critical role in this process.
Keywords: HSV-1; Thyroid hormone; Chromosome; Neuron;
Latency

Abbreviations

MOI: Multiplicity of Infection; hpi: Hours Post Infection; dpi:
Days Post Infection

Introduction

HSV-1 is responsible for a number of infectious complications
in humans (Lopez Garcia, Enriquez [1-2]). After a brief period
of primary acute infection, the virus may launch a dormant
infection in the sensory neuron of trigeminal ganglia for life and
reactivation occurs over the different areas of lips collectively
called cold sores or fever blisters [3]. HSV-1 can often lead to
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other clinical symptoms at different sites such as cornea (herpes
keratitis) [4], finger and nail (herpetic whitlow)[5], skin (herpes
dermatitis) [6], etc. The virus may result in lethal complications,
for example, herpes encephalitis. Approximately 10% of viral
encephalitis derived from HSV-1 [7] and reactivation from
the latency in the trigeminal ganglia seemed to be playing a
critical role although the molecular mechanisms leading to HSV
encephalitis remained vague [8].

Various mechanisms have been suggested to be involved in
the establishment of HSV-1 latency and momentary reactivation
[9]. Of all these mechanisms, hormonal regulation/imbalance
was discussed but not extensively studied [10-13]. For example,
it was shown that thyroid hormone (TH) plays a role in regulating
HSV-1 key genes and also participates in latency/reactivation;
but detailed molecular pathways involved in regulating these
mechanisms are still unclear [14-16].
TH is produced from the thyroid gland and there are two
products, thyroxine (T4) and triiodothyronine (T3), and the
latter is more potent and responsible for the majority of biological
effects [17]. T3 employs its function via its nuclear receptors
(TRs), which are transcription factors usually dimerized with
other nuclear receptors [18]. Two major TR isoforms were
characterized. TR-α1 is broadly expressed with high level of
expression in cardiac and skeletal muscles. TR-β1, however, is
predominately produced in brain, liver and kidney [19]. It has
been shown that both liganded and unliganded TRs are involved
in gene regulation.
In addition to TH effects, roles of repressive chromatin/
chromosome condensation on latent HSV-1 genome raised
significant interest during the past decade [20-26]. The
present investigation focused on the interaction of T3, TRs,
and chromosome condensation during HSV-1 gene regulation
in neuronal cells. The gene regulation of thymidine kinase (TK)
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was analyzed in neuroblastoma cells N2a and N2aTRβ (N2a
cell constitutively expressing TR β). Our results indicated that
T3/TR regulated the TK promoter activity and this regulatory
effect is neuronal-specific with participation of chromosome
condensation.

Methods

Viruses, cell lines, and culture conditions
The neuroblastoma cell line N2a (mouse; ATCC® CCL-131™)
and SK-N-MC (human; ATCC® HTB-10™) were obtained from
the American Type Culture Collection (ATCC) and cultured in
DMEM/F12 medium supplemented with 10% charcoal-treated
fetal bovine serum (FBS).

N2aTRβ cell was a generous gift from Dr. Robert Denver
(University of Michigan, Ann Arbor, MI) and was maintained
under the same conditions of N2a. Vero cells and HEK293 were
cultured in 10% FBS supplemented with DMEM according to
ATCC. All cells were cultured at 37°C with 5% CO2. HSV-1 strain
17Syn+-EGFP was a gift from Dr. Gus Kousoulas at the Louisiana
State University [27]. T3 was acquired from Sigma (St. Louis, MO).

Plasmids and introduction of point mutation

The pRL-TK vector was procured from Promega (Madison,
WI; Cat#: TB240) and it contains HSV-1 TK promoter driving
luciferase as reporter. Transfection efficiency control was
achieved by using Monster Green® Fluorescent Protein phMGFP
Vector (Promega, Cat#: E6421). Normalization was accomplished
by using plasmid pICP4-SEAP containing reporter secreted
alkaline phosphatase (SEAP) driven by ICP4 promoter [25]. Sitedirected mutagenesis at the TK TRE was essentially described
previously [15].

Transfection

For non-neuronal cells, plasmids were transfected using
lipofectame 2000 and DNA was mixed in Opti- MEM medium to
allow complex formation according to the manufacturer (Life
Technology, CA). N2a and N2aTRβ cells were transfected using
Nucleofector II from Amaxa
(Cat#: AAD-1001S, Gaithersburg, MD) for high efficiency of
transfection (protocol essentially described by the manufacturer)
using Kit V (Amaxa.Cat#: VCA-1005) and the protocol number
was T-024. Plasmid phMGFP was cotransfected as a control.

Reporter assays

Transfected cells were harvested 48 hr after transfection
and the protocol was essentially described by the manufacturer
(Promega, WI). Promoter activity was analyzed by measuring
the luminescence over a 10-sec interval with a 2-sec delay on
the 20/20n Luminometer (Turner Biosystem, Sunnyvale, CA).
The results were presented as the fold induction of the reporter
plasmid in the presence or absence of T3 (100 nM). The SEAP
(Secreted Alkaline Phosphtase) assay was used as an internal
control [23]. All experiments were performed in triplicates and
were repeated twice.

Infection

The N2a and Vero cells were plated in 35 mm dish a day before
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infection. On the day of infection the medium was removed and
the cells were washed with PBS and then infected with 250 μl
of medium containing 1 MOI of virus. At the 1hpi medium was
replaced by fresh medium.

Antibodies

Anti-RCC1 is a mouse monoclonal antibody recognizing
amino acids 122-421 purchased from Santa Cruz Biotechnology
(Cat#: sc-55559) with 1:500 dilution for Western blot analyses.
Anti-Ran is a rabbit polyclonal antibody obtained from Abcam
(Cat#: ab4781). Anti-GFP is a rabbit antibody from Sigma-Aldrich
(Cat#: G1544). Anti-α Tubulin antibody was procured from
Calbiochem (Cat#: CP06). It is a mouse monoclonal antibody.
All these antibodies used for Western blot analyses or immunofluorescent assays had the dilution factors performed according
to the manufacturer’s suggestions.

Immuno-fluorescence

Cells were treated based on the experimental needs a day
before the test. To obtain the best results, approximately 20,000
cells/well were placed in a multi-chamber slide (Cat# 354104 BD
Falcon). After infection cells were washed once with 2 ml PBS for
5 min and fixed with 100% methanol at -20oC. Chamber slides
were further incubated with 2% blocking serum followed by
incubation with primary antibody overnight at 4oC. Fluorescent
conjugated secondary antibody (Invitrogen cat# A21424) was
used at RT for 1 hr. To finish, fluorescent mounting medium
containing DAPI was applied for microscopy. The detection of
EGFP, red fluorescence, and DAPI staining were recorded by an
Olympus fluorescence microscope IX71 equipped with a digital
camera photo apparatus DP71.

Western blotting

Cell extract was subjected to gel electrophoresis and
transferred to membrane using iBlot® Gel Transfer Device
(Life Technology, Cat#: IB1001). Anti-RCC1 was added (Cat#:
sc-55559) with 1:500 dilution and 1:1000 for anti-GFP (Cat#:
G1544). Anti-α-Tubulin, as an internal control was used at a
dilution of 1:10,000. The chemi-luminescent signal was detected
by Bio-Rad Chemi-docl XRS imaging systems (Hercules, CA). Our
established protocol was described [28].

T3 removal experiments

N2a and N2aTRβ cells were prepared approximately 50%
on a poly-D-lysine coated 6-well plate with 100 nM T3. Fresh
T3 were refreshed every two days. On day 6, infection was
performed at moi of 1. At 5 days post-inoculation (dpi), the media
was collected and cells were washed with 1 ml of PBS followed
by the addition of 1 ml of fresh media with or without T3 for 48
h. at the end of the experiments, the media were collected and
subjected to plaque assays for replication analyses.

Plaque assays

Media collected from negative controls and infected cells were
subjected to plaque assays by infecting Vero cells. Cell monolayers
at 100% confluency in 24-well plates were incubated with 200 µl
of media for 45 min on a rocking platform at different dilutions
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followed by addition of 1 ml fresh media to each well for 48 h. At
the end the infected cells were rinsed with PBS and treated with
crystal violet (PML Microbiologicals, Wilsonville, OR) for 20 min
followed by washing with water. Plaques were counted in each
triplicated well and the probability was measured by a Student’s
paired t-Test with a two-tailed distribution using Microsoft Excel.

Results

Removal of T3 reversed the hormone-mediated
repression of HSV-1 replication
The regulatory effect of T3 on viral replication was tested
using our in vitro latency cell culture model. The results showed
that on Day 5 while T3 is present, the liganded TR exerted
stronger inhibitory effects on the viral replication (Figure 1,
compare bar 2, 3 and 7, 8). Subsequent observation indicated that
viral replication continued to decrease after 7 dpi, particularly in
the presence of T3 (Figure 1, compare bar 4 and 9). Fluorescent
microscopy detected similar numbers of cells producing green
fluorescent signals confirming that the number of infected cells
were equivalent (data not shown). Interestingly, the replication
increased drastically when the hormone was washed out only
when the TR is present (Figure 1, compare bar 4, 5, 9, and
10). These results demonstrated that T3/TR repressed HSV-1
replication in neuronal cells. This inhibition is reversible since
hormone washout can restore the replication capability.

Regulation of HSV-1 TK by T3 and TR was specific to
neuronal cells

To test this hypothesis, neuronal cells N2a and nonneuronal cells 293HEK were co-transfected with pRL-TK and
TRβ expression vector pTRβ in the absence or presence of T3
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followed by reporter assays. The Luc assays data revealed a dosedependent repression on TK promoter activity in the presence of
T3 only in N2a cells but not in HEK293, which is a non-neuronal,
human embryonic kidney cells (Figure 2A and 2B). This hypothesis
was further characterized by transfecting a human neuronal cells
SK-N-MC and the results confirmed the previous observation that
hormone-mediated repression was limited to cells with neuronal
origin (Figure 3). It has been suggested that HEK293 exhibited
several neuronal makers [29]. In our opinion, this T3/TR
mediated regulation is likely due to a complex scenario involving
not only neuronal factors but also differentiation condition
since HEK293 never displayed an obvious differentiation under
standard culture condition. It is unclear why a human embryonic
kidney cell line would reveal neuronal makers but continue to
proliferate without differentiation, a signature of neurons. We
also found that other non-neuronal cells such as Vero showed
no T3/TR regulation on HSV-1 TK (unpublished data). N2a cells
however, unveiled a differentiation morphology and physiology
in the presence of TRβ and T3 (Lebel JM, et al. [30]). TThese
results collectively indicated that neuronal cellular environment
as well as differentiation status and specific epigenetic control
may contribute to this novel regulation. TK is not required for lytic
infection. However, it is essential for viral replication in neurons
to generate dNTP since it is in a resting state [15]. Besides, viral
replication is critical for efficient α and β expressions in neurons
during reactivation; in spite of occurring during the later stage of
lytic infection [31]. Therefore TK has been proposed to promote
α transcription and replication during reactivation [32]. This
hypothesis was further supported by in vivo studies that TK was
one of the first genes to be produced [33] and TK-null mutant
exhibited poor α and β expression during reactivation [34].

E

Figure 1: T3 washout increased the release of infectious HSV-1 in N2aTRβ cells
A. Scheme of infection and T3 treatment.
B. Cells were infected with HSV-1 at moi of 1 in the presence of T3. At Day 5 post-infection the media were removed/collected and fresh media with
or without T3 were added. At Day 7 post-infection the media were collected and subjected to plaque assays. Lane 1 and 6: no infection control; Lane
2, 3, 7, and 8: infection with thyroid hormone T3 and the plaque assays using media collected on Day 5; Lane 4 and 9: plaque assays performed using
media collected on wells from Lane 2 and 7, respectively; Lane 5 and 10: plaque assays performed using media collected on wells from Lane 3 and
8, respectively.
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Figure 2: TR/T3 repressed TK in mouse neuronal cells
A. Co- transfection of pTRβ and pRL-TK in mouse N2a cell line regulated TK expression in presence of T3.
B. HEK 293 cells co- transfection of pTRβ and pRL-TK with or without T3 showed no regulation of TK activity from Luciferase assay.

E

E

E
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Figure 3: Human neuronal cells exhibited TK regulation by TR/T3
Transient co-transfection of pRL-TK and pTRβ in human neuronal cells SK-N-MC produced an inhibitory effect on TK promoter activity in the
presence of T3. This regulation was not seen in HEK293 cells by Luciferase Assay.
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Hence, we proposed that TK regulation by T3/TR played a vital
role during viral reactivation and T3 level was crucial to control
global HSV-1 gene expression and regulate viral latency.

Participation of chromosomal condensation in the T3mediated regulation on HSV-1 replication

It is known that HSV-1 replicated poorly in the absence of RCC1
since temperature-sensitive cells lacking RCC1 blocked HSV-

A)
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1 replication [35-36]. Rcc1 is a signaling molecule responsible
for the regulation of chromosomal condensation, sensing
nonreplicating DNA, and generating the inhibitory signal to halt
mitosis. Loss of RCC1 function causes premature/inappropriate
chromatin condensation, and thus inhibits gene expression [37].
Therefore we investigated the role of RCC1 using our in vitro N2a
cell culture model by immuno-fluorescent assays. The results
showed that RCC1 coexists with cells that were infected, cells

B)

Figure 4: TR/T3 modulated RCC1 expression profile during infection
A. RCC1 was detected in N2aTRβ cells upon infection. Scale bar: 50 µm.
B. Western blot analyses showed that RCC1 was present in N2aTRβ cells without infection. TR/T3 decreased the RCC1 detection upon infection.

Figure 5: Ran expression was diminished in N2aTRβ cells upon infection by TR/T3. Infection of N2aTRβ cells with T3 exhibited weaker Ran
expression. Bar: 100 μm.
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without infection exhibited no RCC1 signal (Figure 4A). However,
Western blot analyses indicated that RCC1 was present in cells
regardless of the status of infection but T3 treatment reduced
the level of RCC1 (Figure 4B). The level of RCC1 was not affected
when the virus infected Vero cells but was drastically reduced
during infection of N2a cells in the presence of TR/T3 (data not
shown). It is not understood why RCC1 was not visible in the
immunofluorescent assays. The possible explanation is that RCC1
is a nuclear protein which may not be efficiently assessable during
immuno-fluorescent assays, but the infection disrupted the sub
cellular organization and consequently made RCC1 available.
It is also likely that RCC1 was sequestered within the cellular
compartment and HSV-1 infection induced post-translational
modification on the RCC1 and exposed the RCC1.
In addition, RCC1 functions as a Guanine nucleotide exchange
factor to control the trafficking of the nuclear G protein Ran (RAsrelated Nuclear protein). Ran is required for the translocation of
cellular cargo such as RNA and proteins through the nuclear pore
complex and also participated in the regulation of DNA synthesis
and cell cycle progression [38]. Based on this information, it is
likely that TR/T3 influenced the chromatin structure of HSV-1 in
neuronal cells by affecting the level of RCC1/Ran complex and
thus controlled mitosis, DNA replication, and cargo trafficking
between nucleus and cytoplasm. To further study this novel
hypothesis, we examine the Ran status in our model in the
presence or absence of T3. The results of immuno-fluorescent
assays indicated that when the T3 was removed and viral
replication was active, the infected cells emitted green (virus)
and red (Ran) fluorescence with strong intensity (Figure 5A and
5B). Nonetheless while T3 was available and the viral replication
was repressed, the infected cells were decreased with weaker
Ran signal (Figure 5C and 5D). Together these observations
suggested that RCC1/Ran is beneficial to viral replication,
promotes lytic infection of virus, and halts host replication. TR/
T3 may repress viral gene expression/replication via reduction
of RCC1/Ran expression/availability and thus keep the viral DNA
in circular and promote latency.

In conclusion, our results showed that thyroid hormone exerts
a novel negative regulation on HSV-1 gene TK and it required
TR and neuronal environment. More studies are underway
to investigate the roles of chromatin condensation, histone
modification, chromatin remodeling, chromatin insulation in
the TR/T3 mediated HSV-1 gene regulation and replication in
neuronal environment.
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