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ABSTRACT Apoptosis is a common innate defense mechanism of host cells against
viral infection and is therefore suppressed by many viruses, including herpes simplex
virus (HSV), via various strategies. A recent in vivo study reported the apoptosis of
remote uninfected cells during Gallid herpesvirus 1 (GaHV-1) infection, yet little is
known about this previously unknown aspect of herpesvirus-host interactions. The
aim of the present study was to investigate the apoptosis of uninfected host cells
during GaHV-1 infection. The present study used in vitro and in ovo models, which
avoided potential interference by host antiviral immunity, and demonstrated that
this GaHV-1-host interaction is independent of host immune responses and impor-
tant for both the pathological effect of viral infection and early viral dissemination
from the primary infection site to distant tissues. Further, we revealed that GaHV-1
infection triggers this process in a paracrine-regulated manner. Using genome-wide
transcriptome analyses in combination with a set of functional studies, we found
that this paracrine-regulated effect requires the repression of p53 activity in unin-
fected cells. In contrast, the activation of p53 not only prevented the apoptosis of
remote uninfected cells and subsequent pathological damage induced by GaHV-1
infection but also delayed viral dissemination significantly. Moreover, p53 activation
repressed viral replication both in vitro and in ovo, suggesting that dual cell-intrinsic
mechanisms underlie the suppression of GaHV-1 infection by p53 activation. This
study uncovers the mechanism underlying the herpesvirus-triggered apoptosis of re-
mote host cells and extends our understanding of both herpesvirus-host interactions
and the roles of p53 in viral infection.

IMPORTANCE It is well accepted that herpesviruses suppress the apoptosis of host
cells via various strategies to ensure sustained viral replication during infection.
However, a recent in vivo study reported the apoptosis of remote uninfected cells
during GaHV-1 infection. The mechanism and the biological meaning of this unex-
pected herpesvirus-host interaction are unclear. This study uncovers the mechanisms
of herpesvirus-triggered apoptosis in uninfected cells and may also contribute to a
mechanistic illustration of paracrine-regulated apoptosis induced by other viruses in
uninfected host cells.

KEYWORDS alphaherpesviruses, virus-host interactions, paracrine apoptosis, p53

he induction of programed host cell death via apoptosis and necrosis is a common

response of multicellular organisms to the stress of pathogenic infection and
protects the host by directly eliminating infected cells. For example, at the onset of
herpes simplex virus (HSV) infection, the function of infected host cells can be induced
by viral proteins, such as ICPO and ICP6, which trigger apoptosis and necrosis, respec-
tively (1-3). To ensure sustained infection, pathogens have evolved many strategies to
evade cell death-based host defenses, which have been studied intensively in herpes-
viruses. Many HSV proteins that manipulate host cell apoptosis have been identified,
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such as ICP4, ICP27, glycoprotein D, Us3, and ICP6, as reviewed previously (4). However,
mounting evidence suggests that HSV-induced apoptosis has different effects on
infectious diseases. For example, in contrast to the proposed protective effect, apop-
tosis induced by HSV-1 infection has been shown to facilitate herpes simplex enceph-
alitis (HSE) in the human brain, which was strongly associated with a high level of
soluble Fas in cerebrospinal fluid from consecutive HSE patients (5). However, the exact
mechanisms underlying the promotive effect of apoptosis on such HSV infection-
associated diseases remain unknown. Studies of human immunodeficiency virus (HIV)
infection have revealed that the promotive effect of apoptosis on disease progression
is directly associated with the induction of apoptosis in uninfected host cells by HIV
infection (6-8). More than 60% and 99% of apoptotic CD4™ T cells are uninfected cells
during acute and established HIV infection, respectively (8). Many mechanisms, includ-
ing activation-induced cell death (9, 10), changes in mitochondrial permeability (11),
gp120/160-induced apoptosis (12), and autologous cell-mediated killing (13, 14), have
been proposed as possible triggers of HIV-associated apoptosis in uninfected cells.
Although the apoptosis of uninfected cells during infection with other viruses is rarely
reported, it is possible that the promotive effect of apoptosis on some HSV-associated
diseases, such as herpes simplex encephalitis, is also due to the killing of uninfected
cells by viral infection.

Gallid herpesvirus 1 (GaHV-1), also known as avian infectious laryngotracheitis virus
(ILTV), which belongs to the family Herpesviridae in the subfamily Alphaherpesvirinae,
continues to cause substantial economic losses to the poultry industry worldwide (15).
Both in vitro and in vivo studies have shown that ILTV infection blocks apoptosis in
infected cells, thereby prolonging the life span of infected cells and consequently
facilitating viral replication (16, 17). These findings are consistent with previous in vitro
observations of reduced apoptosis of cells infected with other alphaherpesviruses, such
as HSV-1, HSV-2, and suid herpesvirus 1 (18-20). Interestingly, along with the prosur-
vival effect of ILTV infection, a recent study by Reddy et al. showed that ILTV infection
induces apoptosis in bystander cells in vivo (17). However, the biological significance
and underlying mechanisms of this phenomenon remain unclear.

p53, one of the most important tumor suppressors, as evidenced by the malfunction
of p53 signaling in most cancers (21), is also an important host antivirus factor.
Super-p53 mice (with three copies of the wild-type TP53 gene) are not only resistant to
oncogenesis but also have stronger antiviral capabilities than normal wild-type TP53
mice (22, 23), providing the first in vivo evidence of the antiviral function of p53. To
date, the antiviral function of p53 has been confirmed in many viruses, such as Marek’s
disease virus (24), vesicular stomatitis virus (23, 25), poliovirus (26), hepatitis C virus (27),
and influenza A virus (28). However, the effect of p53 on ILTV infection has not yet been
reported.

Consistent with the findings of Reddy et al. (17), paracrine-regulated apoptosis of
uninfected host cells triggered by ILTV in a host immune response-independent
manner was observed in the present study. This interaction between ILTV and unin-
fected host cells is important for the pathological effects of viral infection and for early
viral dissemination. By comparing the transcriptional profiles of ILTV-infected cells to
those of uninfected apoptotic cells in combination with a set of functional studies, p53
was identified as one of the key determinants of the interaction between ILTV and
uninfected host cells.

RESULTS

ILTV infection induces apoptosis in uninfected host cells. To monitor viral
infection, an ILTV strain expressing enhanced green fluorescent protein (EGFP) was
generated, as shown in Fig. 1A. This EGFP virus strain was rescued and purified by
multiround (>3 rounds) isolations of EGFP-positive plaques. The deletion of the US9
gene was proved by PCR (Fig. 1B). After being confirmed by PCR identification, another
round of isolation of EGFP-positive plaques was performed to ensure the purification of
the EGFP virus strain. The expression of EGFP in leghorn male hepatoma (LMH) cells
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FIG 1 Characterization of recombinant ILTV expressing EGFP. (A) Scheme depicting the generation of ILTV-EGFP. (B) PCR
validation of the US9 deletion. The vertical dotted line indicates that all lanes are spliced from the same gel. (C and D)
Validation of EGFP expression in LMH cells infected with ILTV-EGFP by fluorescence microscopy (C) and flow cytometry (D).
Cell nuclei were stained with Hoechst 33342 (blue). The scale bar indicates 400 um in panel C. (E) The replication of
ILTV/ILTV-EGFP in LMH cells was determined with the TCID,, assay (upper, primary y axis), and the cytopathic effect of
ILTV/ILTV-EGFP infection on LMH cells was determined with the plaque assay. The spread of CPE was visualized by crystal
violet staining (lower) and quantified statistically using ImageJ (upper, secondary y axis). (F) Viral replication in allantoic
fluid from 9-day-old specific-pathogen-free (SPF) chicken embryos inoculated with ILTV and ILTV-EGFP was detected by
RT-gPCR at 5 days postinfection. Data are presented as the means = SD (n = 6; P < 0.05). (G) The survival rate of inoculated
embryos was calculated at 7 days postinfection. The data are presented as the means + SD (n = 10; P < 0.05).
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infected with ILTV-EGFP was validated by both fluorescence microscopy (Fig. 1C) and
flow cytometry (Fig. 1D). Viral replication and the cytopathic effects of infection, the
main properties we focused on and investigated throughout the present study, were
compared between the EGFP-expressing strain and its parental strain in our in vitro and
in ovo models. No significant difference in any characteristic investigated was observed
either in vitro (Fig. 1E) or in ovo (Fig. 1F and G).

Using this strain, the induction of apoptosis was compared between infected
and uninfected cells via fluorescence-activated cell sorting (FACS) using annexin
V-allophycocyanin (APC) at 36 h postinfection (hpi) at a multiplicity of infection (MOI)
of 0.1. Under those conditions, no Pl-positive cells were induced by ILTV infection (Fig.
2A). More than 15% of the uninfected cells were positive for annexin V-APC staining,
while apoptotic cells were rarely observed among the 35% of cells positive for EGFP
(Fig. 2A). The disparity in the induction of apoptosis by ILTV infection between the
infected and uninfected cells was also evidenced by immunofluorescence staining, as
the majority of annexin V-APC-positive cells and EGFP-positive cells localized differently
(Fig. 2B). Specific-pathogen-free (SPF) chicken embryos infected with ILTV next were
used as an in ovo model to avoid any potential effect of the host immune system.
Notably, the apoptosis of cells uninfected by ILTV was also observed in ovo by the
immunofluorescence-based examination of chorioallantoic membranes (CAMs) around
plagues and embryo livers using antibodies specific for the gl protein of ILTV and
transferase-mediated dUTP-biotin nick end labeling (TUNEL) (Fig. 2C and D).

ILTV-induced apoptosis facilitates the pathological effects and early transmis-
sion of ILTV. To explore the biological significance of ILTV-induced apoptosis, further in
ovo studies of the regulation of apoptosis were performed. Two widely used compounds,
carbobenzoxy-valyl-alanyl-aspartyl-{O-methyll-fluoromethylketone (Z-VAD-FMK) and N-tosyl-L-
phenylalanine chloromethyl ketone (TPCK), were employed to inhibit apoptosis, and a
well-known DNA-damaging agent, 5-fluorouracil (5-FU), was used to promote apopto-
sis. The alterations of ILTV-induced apoptosis by the above-mentioned agents were
confirmed by immunofluorescence staining of CAMs via TUNEL-APC staining at 1 day
postinfection (dpi) (Fig. 3A). The percentage of apoptotic cells per field was quantified
statistically by observing 100 cells per field in 3 fields per slide (Fig. 3B). Upon the
addition of these compounds, embryo livers and embryo survival were examined after
ILTV infection. Both Z-VAD-FMK and TPCK, which blocked ILTV-induced apoptosis, but
not 5-FU, which promoted ILTV-induced apoptosis, reduced the severity of liver dam-
age in ILTV-inoculated embryos at 5 dpi (Fig. 3C). In embryos infected with ILTV alone,
embryo death occurred at 5 dpi and reached 30% at 7 dpi (Fig. 3D). Upon 5-FU
treatment, ILTV induced embryo death 1 day earlier, and all ILTV-inoculated embryos
were dead at 6 dpi. In contrast to the significant reduction of survival rate by 5-FU
treatment (P < 0.05), no embryonic death was induced by ILTV infection in embryos
administered either Z-VAD-FMK or TPCK. In addition, none of these compounds alone
led to embryo death. Thus, the above-described data suggest that ILTV-induced
apoptosis is important for the severity of the pathological effect of ILTV infection.

The effects of apoptosis on ILTV replication and spreading next were investigated
using ILTV-specific reverse transcription-quantitative PCR (RT-qPCR) instead of a plaque
assay or 50% tissue culture infectious dose (TCIDs,) assay, since the strain we used is
unstable after being released from host cells (29). At 1 dpi, despite the presence of
detectable amounts, no difference in viral load in either allantoic fluid or CAMs was
observed among the groups (Fig. 4). Compared with the viral load at 1 dpi, a significant
increase in ILTV replication at 2 dpi was seen only in CAMs but not allantoic fluid. This
increase in the viral load in CAMs at 2 dpi was significantly reduced by all compounds,
which demonstrates the repression of ILTV replication in CAMs by all compounds.
However, except for 5-FU treatment of allantoic fluid, the viral loads reached similar
levels again at 5 dpi in both allantoic fluid and CAMs regardless of the treatment,
suggesting that there is little effect of ILTV-induced apoptosis on in ovo ILTV replication
in general. The lowest level of viral load in CAMs of 5-FU-treated embryos may be due
to the presence of the most severe pathological damage and the highest mortality rate
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FIG 2 ILTV infection induces apoptosis in uninfected host cells. (A) The ILTV infection-induced apoptosis of Pl-negative LMH cells was
assayed by flow cytometry using annexin V-APC staining. The percentage of apoptotic cells is presented as the means = SD (n = 3;
P < 0.05). (B) ILTV-infected LMH cells and apoptotic cells were detected by fluorescence microscopy via tracing EGFP and annexin
V-APC, respectively. (C and D) Immunofluorescence staining of CAMs (C) and embryo livers (D) using a rabbit polyclonal antibody
against glycoprotein | of ILTV, followed by an FITC-conjoined anti-rabbit secondary antibody and TUNEL-APC staining in ovo,
respectively. Normal rabbit serum was used as a background control. Cell nuclei were stained with Hoechst 33342 (blue). In panels
B to D, the scale bars indicate 400 um.
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FIG 3 Biological significance of ILTV-induced apoptosis. (A) TUNEL-APC staining of CAMs in ovo at 24 hpi.
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of apoptotic cells per field was quantified statistically by observing 100 cells per field in 3 fields per slide.
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Pathological examinations of livers by H&E staining. The scale bar indicates 50 wm. (D) Survival analysis
of embryos inoculated with ILTV (n = 10; P < 0.05).
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FIG 4 Effect of ILTV-induced apoptosis on in ovo viral replication. Viral replication in allantoic fluid, CAMs, brains,
and livers at 1, 2, and 5 days postinfection was detected by RT-qPCR. Data are presented in log,, form. Asterisks
indicate statistical difference (n = 6; P < 0.05).

(Fig. 3C and D). Despite having no effect on viral load, both Z-VAD-FMK and TPCK
significantly reduced the levels of ILTV transmitted to the brain and liver at 1 dpi (Fig.
4). Especially in the brain, the levels of ILTV in the Z-VAD-FMK- and TPCK-treated groups
were substantially lower than those of the control group throughout the observation
period, while 5-FU had no effect on ILTV transmission at any time point. These findings
demonstrate that ILTV-induced apoptosis helps ILTV to spread from the primary
infection site to distant tissues and may be essential for ILTV infection of neurons and

subsequent latency.

Paracrine-regulated apoptosis of uninfected cells by ILTV infection. Considering
the apoptosis of remote uninfected cells induced by ILTV infection (Fig. 2), we hypoth-
esized that physical contact between ILTV-infected cells and uninfected apoptotic cells
might not be required for the infection-induced apoptosis of bystander cells. A pre-
diction from this hypothesis is that ILTV induces apoptosis in uninfected cells through
a paracrine-regulated mechanism. To address this idea, two strategies were employed.
First, a Transwell cell culture system was used to separate the target cells cultured in the
lower chamber from the virus-host cell mixture cultured in the upper chamber, as
shown in Fig. 5A (left). The success of the separation was evidenced by the absence of
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rescence staining using annexin V-APC, as described in the legend to Fig. 2B. The scale bar indicates 400 um.

EGFP-positive cells from the lower chamber (Fig. 5A, middle). After ILTV infection in the
upper chamber, apoptosis was clearly observed in the lower chamber cells, as detected
by FACS using annexin V-APC staining (Fig. 5A, middle and right), which demonstrated
the induction of paracrine-regulated apoptosis by ILTV infection. This effect was further
evidenced in LMH cells pretreated with conditioned medium (CM), as presented in the
schematic model, as apoptosis was clearly observed in cells incubated with CM (Fig. 5B).
The exclusion of the presence of viable virions was confirmed by the absence of
EGFP-positive cells from the lower chamber (Fig. 5B, middle). The induction of apop-
tosis by CM was also confirmed by immunofluorescence staining with annexin V-APC
(Fig. 5C). Taken together, the data obtained using both strategies demonstrate that
ILTV infection induces apoptosis in uninfected cells via a paracrine-regulated mecha-
nism.

Genome-wide gene expression analyses reveal the repression of p53 signaling
in uninfected apoptotic cells upon ILTV infection. To address the molecular mech-
anisms regulating the paracrine-regulated apoptosis of uninfected cells triggered by
ILTV infection, RNA samples isolated from living cells without any treatment, uninfected
apoptotic cells after ILTV inoculation, ILTV-infected cells, and apoptotic cells cultured in
CM were submitted for RNA sequencing (Fig. 6A). No significant difference in the total
amount of RNA was observed among the groups at the time of detection (Fig. 6B),
while the host RNA level of ILTV-infected cells, but not uninfected cells, was greatly
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arrays, and rows indicate genes. The values are normalized by row. Blue indicates downregulation, and pink
indicates upregulation.

repressed by infection, and viral RNA accounted for approximately 20% of the total RNA
of infected cells (Fig. 6C). Bioinformatics analysis identified 1,911 genes that were
differentially expressed among the groups based on the following criteria: (i) a P value
of <0.001, (ii) a g value of <0.001, and (iii) a fold change of >1.5 (see Table S1 in the
supplemental material). Hierarchical clustering analysis using these differentially ex-
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FIG 7 Validation of the genome-wide transcriptome analysis. The transcription of 15 genes selected for
the validation of the RNA sequencing data were assayed by RT-qPCR. Both RNA sequencing data and
RT-gPCR data are presented as the means = SD (n = 3).

pressed genes demonstrated efficient clustering of biological replicates for each group
of cells (Fig. 6D). Compared with control cells, 422 genes were downregulated and 511
were upregulated in infected cells, while 258 genes were downregulated and 360
genes were upregulated in uninfected apoptotic cells after ILTV inoculation; 611 genes
were downregulated and 546 genes were upregulated in apoptotic cells following CM
incubation. For validation, the transcript levels of 15 genes randomly selected from the
1,911 differentially expressed genes were examined by RT-qPCR analysis. The directions
of change determined by RT-qPCR detection and transcriptome sequencing (RNA-seq)
analysis are identical in 39 of the 45 conditions tested (~87%) (Fig. 7), suggesting an
acceptable correspondence between these two methods in our study.

Among these groups, the genome-wide transcription profiles of uninfected apop-
totic cells from the ILTV infection group and apoptotic cells from CM incubation were
in the same subcluster regardless of the presence of ILTV in the culture system (Fig. 6D),
suggesting that the transcription profiles of these two groups are relatively closer. This
could be explained by the finding that 65.5% of the downregulated genes and 63.8%
of the upregulated genes altered in the uninfected apoptotic cells cultured in the
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FIG 8 Biological analyses of transcriptome data to identify key modulators of the paracrine-regulated apoptosis of uninfected cells during
ILTV infection. (A) A Venn diagram showing the intersections of genes significantly regulated among subgroups in LMH cells (P < 0.05).
(B) Combined pathway analysis of significantly expressed genes (P < 0.05). (C) An analysis of functional interactions between the
significantly expressed genes reveals p53 as the most promising central modulator of the molecular events that are differentially induced
in infected nonapoptotic cells and uninfected apoptotic cells. (Left) The red rectangle in the functional interaction network represents p53,
and the blue rectangles represent other proteins. (Right) The top 20 key nodes were arranged in order of their functional connectivity to

other proteins in the network.

presence of ILTV were regulated similarly in apoptotic cells cultured with CM (Fig. 8A).
However, the general transcription profiles of these two groups of apoptotic cells were
very different from each other due to the additional 758 genes that are differentially
regulated by CM incubation only (65.5% of the total genes altered by CM). As the CM
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was produced by collecting culture medium from LMH cells at 24 h postinfection with
ILTV, the apoptotic cells isolated from the ILTV infection group and the CM group were
under different cellular conditions at the time of collection. The transcriptional profile
of uninfected apoptotic cells from the ILTV inoculation group represents the cellular
environment for the initiation of paracrine apoptosis, while the additional 758 genes
that were altered only by CM may be important for the maintenance of paracrine
apoptosis.

Pathways enriched with these differently regulated genes were analyzed using
DAVID functional annotation with a P value of <0.05. The pathways significantly
regulated in each group are listed in Fig. 8B. Among these pathways, p53 pathway and
splicecosome were the only two pathways commonly altered in uninfected apoptotic
cells but unaffected in infected cells, which may play important roles throughout the
initiation and maintenance of the paracrine-regulated apoptosis. However, the other
significantly altered pathways might also contribute to the observed paracrine-
regulated apoptosis. Thus, it is hard to predict the potential essential mechanisms
regulating paracrine-regulated apoptosis based only on an analysis at the pathway
level, and further bioinformatic strategies were needed.

Thus, the functional connections between proteins encoded by the genes that were
differentially regulated in infected nonapoptotic cells and uninfected apoptotic cells
were analyzed using STRING software with the default settings to predict the central
modulators of the observed paracrine apoptosis. This analysis revealed a protein-
protein interaction network with p53 at the center (Fig. 8C, left, the red rectangle
represents p53 and the blue rectangles represent other proteins). The top 20 potential
central modulators were arranged in order of their functional connectivity to the other
proteins in the network, and p53 was identified as the modulator with the highest
connectivity (Fig. 8C, right). Interestingly, most of the above-mentioned differentially
regulated pathways, which are mainly involved in metabolism, DNA repair, RNA regu-
lation, and the cell cycle, have been reported to be regulated by p53 (30, 31). Thus, the
repression of the p53 pathway was considered a major molecular event inducing
paracrine-regulated apoptosis in uninfected cells.

p53 is a key determinant of paracrine-regulated apoptosis in uninfected cells
after ILTV infection. p53 is widely recognized as a transcriptional factor regulating
multiple signaling pathways, such as metabolism, the cell cycle, and apoptosis, and its
activity can be regulated by different mechanisms, such as posttranslational modifica-
tions of p53, isoforms, and cofactors of p53, depending on the specific cellular
environment (30). In our model, no alteration of p53 protein levels was observed in
either EGFP-positive or EGFP-negative cells upon ILTV infection or CM incubation, as
assayed by FACS using an antibody that specifically recognizes chicken p53 (Fig. 9A).
However, the repression of p53 basal transcriptional activity (p53 transcriptional activity
indicates the ability of p53 in controlling the transcription of its target genes) in
uninfected apoptotic cells was evidenced by both RNA-seq (Fig. 8B) and RT-qPCR (Fig.
9B) analyses, indicating that the repression of p53 basal activity in apoptotic cells is
achieved via other regulation mechanisms of p53 activity, such as changes in the
posttranslational modifications of p53 and alterations of p53 cofactors. Unfortunately,
neither mechanism could be detected in chickens in this study.

To determine the role of p53 repression in the apoptosis of uninfected cells, p53
activity was maintained using a well-known p53 regulator, Nutlin-3a, which has been
used in a p53 study of chickens (32). The induction of p53 by Nutlin-3a was confirmed
by FACS analysis (Fig. 10A). Paracrine-regulated apoptosis during ILTV infection was
greatly reduced by Nutlin-3a in both cells subjected to ILTV inoculation and cells
cultured in CM (Fig. 10B).

To test the p53 dependence of the prosurvival effect of Nutlin-3a observed in Fig.
10B, p53 was repressed using a short interfering RNA (siRNA) specifically targeting TP53,
the administration of pifithrin-a (PFT-«), a well-known p53 inhibitor, which was shown
to inhibit p53 activity in both mammalian and chicken cells (32-34), or the adminis-
tration of PFT-u, which inhibits p53 binding to mitochondria by reducing its affinity for
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FIG 9 Repression of p53 signaling by ILTV infection in uninfected apoptotic cells. (A) Protein levels of p53
were examined by flow cytometry using an anti-p53 antibody followed by an APC-conjugated anti-
mouse secondary antibody in LMH cells after ILTV infection or inoculation with conditioned medium. The
mouse IgG was used as an isotype control to determine the level of background. (B) The transcription
levels of selected genes involved in p53 signaling were assayed by RT-qPCR. Data are presented as the
means *= SD (n = 3; P < 0.05).

the antiapoptotic proteins Bcl-xL and Bcl-2 but has no effect on p53-dependent
transactivation, as a control (35). The depletion of p53 by the siRNA was validated with
Western blotting (Fig. 11A). The promotive effect of Nutlin-3a on the transcriptional
activity of p53 was evidenced by the induction of the p53 target genes p21, GADD45A,
and MDM2, which were blocked by the preadministration of PFT-a but unaffected by
PFT-w (Fig. 11B). This prosurvival effect of Nutlin-3a was p53 dependent, as the
Nutlin-3a-mediated rescue of uninfected cells from apoptosis was greatly compromised
by siRNA-mediated p53 depletion (Fig. 11C). Notably, this p53-mediated rescue of
uninfected cells from paracrine-regulated apoptosis was transcription dependent, be-
cause it was only halted by PFT-«a but was generally unaffected by PFT-w (Fig. 11D).

Considering the induction of p53 by Nutlin-3a in both ILTV-infected and uninfected
host cells (Fig. 10A), the prosurvival effect of p53 on the paracrine-regulated apoptosis
of uninfected cells was investigated in cells cultured in CM upon siRNA-mediated p53
depletion or PFT-a preadministration. Consistent with our findings in Fig. 11C and E,
the reduction of CM-triggered apoptosis by Nutlin-3a treatment was halted by both
siRNA-mediated p53 depletion (Fig. 11E) and PFT-«a preadministration (Fig. 11F), sug-
gesting that p53 activation in uninfected cells is sufficient to rescue uninfected cells
from the paracrine-regulated apoptosis triggered by ILTV infection, while an increase in
the p53 protein in infected cells is not required.

Repression of in vitro ILTV replication by p53 activation. We next investigated
the effect of p53 on ILTV replication. Nutlin-3a treatment repressed viral replication
significantly at 24 hpi, as evidenced by a TCID,, assay (Fig. 12A to C). This effect of
Nutlin-3a was p53 dependent, since the reduction of ILTV replication by Nutlin-3a was
compromised by both siRNA-mediated p53 knockdown (Fig. 12A) and pretreatment
with PFT-a (Fig. 12B). Neither p53 knockdown using siRNA nor the administration of
PFT-a had any effect on ILTV replication at 24 hpi, demonstrating that the basal
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FIG 10 Rescue of LMH cells from paracrine-regulated apoptosis by Nutlin-3a. (A) Protein levels of p53
were examined by flow cytometry in LMH cells after ILTV infection in the presence or absence of
Nutlin-3a treatment, as described in the legend to Fig. 9A. (B) Apoptosis of LMH cells upon ILTV infection
(blue) or inoculation with conditioned medium (CM; red) in the presence or absence of Nutlin-3a
treatment was assayed by flow cytometry, as described in the legend to Fig. 2A. Data are presented as
the means = SD. Asterisks indicate statistical difference (n = 3; P < 0.05).

function of p53, which is essential for the survival of uninfected cells, has no effect of
ILTV replication. Furthermore, this p53-mediated repression of ILTV replication was not
a transient effect, because the repression of viral replication by Nutlin-3a was also
observed at 72 hpi (Fig. 12C). Unexpectedly, PFT-« treatment itself, which had no effect
on viral replication at 24 hpi (Fig. 12B), repressed viral replication significantly at 72 hpi
(Fig. 12C). This finding was correlated with faster cell death after PFT-a treatment
during ILTV infection than with ILTV infection alone (Fig. 12D). In contrast, Nutlin-3a
treatment rescued cells from death induced by ILTV infection throughout the obser-
vation period after 36 hpi (Fig. 12D). Hence, the repression of viral replication by PFT-«
was likely due to rapid cell loss. In addition, both Nutlin-3a and PFT-a were found to
induce transient low levels of cell death (less than 10% of cells) at the beginning of
infection (Fig. 12D), which was inconsistent with previous findings concerning the
induction of low levels of apoptotic cells by the administration of Nutlin-3a or siRNAs
targeting p53 and PFT-« (Fig. 11C to F). The transient cell death caused by Nutlin-3a
alone was p53 independent, since it could be blocked by neither siRNA-mediated p53
knockdown (Fig. 11C and E) nor pretreatment with PFT-« (Fig. 11D and F), indicating
the existence of another target for Nutlin-3a in LMH cells. Given that the LMH chicken
hepatoma cell line is the only cell line susceptible to ILTV infection in vitro, in ovo
studies were carried out to determine whether the above-mentioned effects of
Nutlin-3a and PFT-a were cell line-specific effects.

p53 is a key determinant of ILTV infection in ovo. To determine whether the
above-mentioned effects of p53 observed in the chicken hepatoma cell line LMH also
exist in living organs and tissues, in ovo investigations were conducted using 9-day-old
SPF chicken embryos inoculated with ILTV through the allantoic cavity at 1X 105 TCIDg,
in the presence or absence of 250 ug of PFT-a or 250 pg of Nutlin-3a. Apoptosis was
observed in CAMs after ILTV inoculation and was strongly promoted by PFT-a but
reduced by Nutlin-3a (Fig. 13A and B). Damage to the hepatic tissue was commonly
observed in all embryos inoculated with ILTV, except for embryos coinoculated with
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FIG 11 p53 is a key determinant of paracrine-regulated apoptosis in uninfected cells during ILTV
infection. (A) The efficiency of p53 depletion by an siRNA specifically targeting p53 and the induction of
p53 by Nutlin-3a in LMH cells were evaluated by immunoblotting. Actin was used as a loading control.
(B) The transcriptional activity of p53 was determined by assaying the transcription levels of p53 target
genes using RT-qPCR. All levels were normalized to the housekeeping gene GAPDH. Data are presented
as log, fold change between Nutlin-3a-treated samples and DMSO mock samples. (C to F) The apoptosis
of LMH cells upon ILTV infection (C and D) or inoculation with conditioned medium (CM; E and F) in the
presence or absence of Nutlin-3a treatment was assayed by flow cytometry as described in the legend
to Fig. 2A. p53 activity was blocked by siRNA-mediated p53 depletion (C and E), PFT-a, an inhibitor of
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Nutlin-3a, in which only the recruitment of lymphocytes around blood vessels occurred
(Fig. 13C). The effect of p53 on the survival of inoculated embryos was also investigated.
The death of inoculated embryos occurred at 4 dpi, and 40% of inoculated embryos
were dead by 7 dpi (Fig. 13D). PFT-a reduced the survival rate of inoculated embryos
significantly (P < 0.05), as upon the administration of PFT-«, the death of inoculated
embryos occurred 2 days earlier, and all inoculated embryos were dead by 6 dpi (Fig.
13D). In contrast, throughout the observation period, no death of inoculated embryos
was observed in the Nutlin-3a-treated group (Fig. 13D). No obvious apoptosis of CAM
cells, pathological damage to the hepatic tissue, or embryonic death was found in any
uninfected embryos, including embryos treated with Nutlin-3a or PFT-«, suggesting
that the transient cell death induced by Nutlin-3a and PFT-a in LMH cells is a cell
line-specific effect rather than a complicated effect of p53 (Fig. 13A to C). In addition,
Nutlin-3a treatment significantly reduced the viral load in the allantoic fluid, CAMs, and
liver at 2 dpi and 5 dpi and reduced the viral load in brain throughout the period of
investigation (Fig. 14). Thus, at least two mechanisms, delayed viral dissemination and
repressed viral replication, were involved in the reduced viral load caused by Nutlin-3a
treatment in the brain and liver.

DISCUSSION

Despite being widely recognized as a common host defense mechanism, apoptosis
induced in uninfected cells during viral infection may have the opposite effect. For
example, HIV infection induces massive apoptosis in uninfected CD4" T cells, which is
directly associated with disease progression (8). Recently, ILTV was reported to induce
the apoptosis of remote uninfected cells in solid tissues (17). However, the biological
significance and underlying mechanisms of this phenomenon remain unclear. The
results of the present study found that ILTV infection triggers the apoptosis of unin-
fected cells in a host immune response-independent manner, since the apoptosis of
uninfected host cells was observed in both the in vitro and in ovo models without
interference by the host immune system during ILTV infection (Fig. 2). This effect of ILTV
infection contributed to the pathological effect and early tissue transmission of ILTV
(Fig. 3 and 4) and is facilitated by the paracrine repression of p53 activity in uninfected
cells (Fig. 5 to 14).

Recent studies have demonstrated that ILTV infection prolongs the survival of
infected cells by blocking the apoptosis of infected cells to ensure the greatest ILTV
replication while triggering apoptosis in uninfected cells (16, 17). The underlying
mechanisms remain largely unknown but are important for developing novel strategies
targeting the interactions between ILTV and host cells for better control of diseases,
especially when the host immune response is compromised. Our previous studies
identified Src-FAK cooperation as an essential determinant of efficient ILTV replication
and prolonged survival of infected cells (29). The disruption of Src-FAK cooperation
significantly represses ILTV replication but also promotes ILTV-associated cell death and
pathological damage, which limits the future clinical application of an Src-FAK-based
strategy for ILTV control. Other potential therapeutic targets are required for the
development of strategies that can improve ILTV control and reduce side effects during
therapy. The results of the present study showed that the pharmacological reactivation
of host p53 not only limited ILTV replication and distant tissue dissemination but also
alleviated the extent of pathological damage during ILTV infection. The dual cell-
intrinsic mechanisms of p53-mediated suppression during ILTV infection suggest that
p53 is a promising therapeutic target for combating ILTV infection.

The antiviral function of p53 has been recognized since the generation of super-p53
mice (with three copies of the wild-type TP53 gene) (21). To date, the antiviral function

FIG 11 Legend (Continued)

p53 transcriptional activity, or PFT-w, an inhibitor of p53 posttranslational activity (D and F, respectively).
The data in panels B to F are presented as the means = SD. Asterisks indicate statistical difference (n =
3; P < 0.05).
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FIG 12 Repression of in vitro ILTV replication by p53 activation. (A to C) The effect of p53 on viral
replication in LMH cells upon p53 depletion (A) or pretreatment with PFT-a (B and C) in the presence or
absence of Nutlin-3a treatment was determined with the TCID,, assay. (D) The proportions of Pl-positive
cells were assayed by flow cytometry after pretreatment with Nutlin-3a or PFT-a. The data are presented
as the means = SD. Asterisks indicate statistical difference (n = 3; *, P < 0.05).

of p53 has been confirmed in many viruses, such as Marek’s disease virus (24), vesicular
stomatitis virus (23, 25), poliovirus (26), hepatitis C virus (27), and influenza A virus (28).
To the best of our knowledge, the present study is the first to provide evidence for the
antiviral effect of p53 against ILTV infection. p53 has been shown to control many
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100 cells per field in 3 fields per slide. Data are presented as the means = SD. Asterisks indicate statistical
difference (n = 6; P < 0.05). (C) Pathological examinations of livers by H&E staining. The scale bar
indicates 50 um. (D) Survival analysis of embryos inoculated with ILTV (n = 10; P < 0.05).

aspects of host immune responses (36-43) and has been identified as a transcriptional
factor for several important antivirus immune ligands (44-47), which provides a link
between p53 function and the antiviral immune response. In contrast to these ad-
vancements in our mechanistic understanding of the cell-extrinsic antiviral function of
p53, the mechanisms that underlie the cell-intrinsic antiviral function of p53 remain to
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FIG 14 Effect of p53 on in ovo viral replication. Viral replication in allantoic fluid, CAMs, brains, and livers was
detected by RT-qPCR at 1, 2, and 5 days postinfection. Data are presented in log,, form. Asterisks indicate statistical
difference (n = 6; P < 0.05).

be explored. The present study provides dual cell-intrinsic mechanisms by which p53
suppresses ILTV infection. In uninfected cells, p53 activation protects cells from ILTV-
induced paracrine-regulated apoptosis, which may reduce pathological damage and
delay viral transmission, while in infected cells, p53 activation suppresses ILTV replica-
tion (Fig. 12 and 14).

The establishment of a latent infection in the trigeminal ganglia is a general
mechanism by which alphaherpesviruses escape from host immune surveillance. The
latent viruses cannot be eliminated in either humans or animals by any currently
available therapy and are frequently reactivated once host immunity is suppressed.
Here, we observed delayed ILTV transmission from the primary inoculation site to the
embryo brain via the repression of apoptosis in host cells (Fig. 4). It is possible that the
repression of host apoptosis prevents acute ILTV infection of the trigeminal ganglia.
According to the dual mechanisms that underlie the p53-mediated suppression of ILTV
infection, as discussed above, we can speculate that p53 reactivation helps to delay
disease progression and the establishment of a latent infection, which may in turn
provide sufficient time for the activation of host anti-ILTV immune responses and
thereby improve the clearance of residual infected cells.

In the present study, Z-VAD-FMK and TPCK were used to block apoptosis of host
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cells, and we found that both apoptosis inhibitors repressed ILTV infection significantly
(Fig. 4). In general, TPCK showed greater effects than Z-VAD-FMK, which is most likely
due to the greater reduction of the apoptosis of host cells by TPCK (Fig. 3). However,
other mechanisms in terms of the repression of ILTV infection by TPCK should also be
taken into account, because TPCK is a nonspecific inhibitor of apoptosis (48). Besides,
some p53-regulating compounds we used in the current study seemed to play roles
more complicated than those we have revealed in our experimental models. Nutlin-3a
treatment itself could induce transient low levels of cell death (less than 10% of cells)
at the beginning of infection independent of p53 (Fig. 10B, 11C to F, and 12D), which
indicates the existence of another target for Nutlin-3a in LMH cells. Similar to Nutlin-3a,
both sip53 and PFT-« trigger cell death in LMH cells (Fig. 11C to F), which suggests a
crucial role of p53 basal activity in the survival of LMH cells. Although no apoptosis was
induced by PFT-u, ILTV-PFT-w interaction promoted apoptosis of LMH cells regardless
of Nutlin-3a-mediated p53 activation (Fig. 11D and F). This proapoptotic effect of PFT-u
demonstrates a proapoptotic effect of PFT-u in ILTV-infected cells in a p53-
independent manner, since it was not observed during the induction of apoptosis by
conditioned medium (Fig. 11F).

The interaction between the virus and the host is a complex process involving not
only the virus and infected cells but also uninfected cells and their microenvironment.
Thus, it is difficult to address all of the properties of virus-host interactions using in vitro
experimental models with a high MOI. Increasing efforts have been made to monitor
virus-host interactions with a low MOI to better mimic in vivo infection, and some
previously unexpected findings have been reported. Using an in vitro experimental
model with an MOI of 0.001, HSV-1 was found to promote host DNA replication in both
infected and uninfected cells via an unknown paracrine-regulated mechanism (49). This
finding is consistent with our analysis of genome-wide gene expression data, which
demonstrated that ILTV infection elevates the metabolic signaling pathways of both
infected and uninfected cells (Fig. 8). Once the abnormal elevation of metabolic activity
occurs, apoptosis can be triggered in the cells. During retrovirus and Chlamydia
trachomatis infection, host p53 is activated to balance host metabolism and protect
host cells from apoptosis (50, 51). It will be interesting to address whether ILTV infection
triggers paracrine-regulated apoptosis by promoting metabolism and repressing p53
activity simultaneously in uninfected cells. In addition, although the paracrine-
regulated apoptosis of uninfected cells has been observed in both HIV and ILTV
infections (6-8) (Fig. 5), several molecules from the host cell and HIV that are essential
for the apoptosis of uninfected T cells have been identified (12-14). However, the exact
soluble molecules from the host cell or virus that induce this paracrine-regulated
mechanism during ILTV infection remain unknown. Given that p53 suppresses ILTV
infection through its transcriptional activity (Fig. 11), further investigations of the
genome-wide chromatin occupancy of p53 in combination with transcriptional profil-
ing analysis may help to uncover the molecular basis of this paracrine-regulated
mechanism.

To the best of our knowledge, this study is the first to uncover the mechanism of
ILTV-triggered apoptosis in uninfected host cells, which extends our understanding of
both herpesvirus-host interactions and the role of p53 in viral infection and may also
contribute to a mechanistic illustration of apoptosis induced by other viruses in
uninfected host cells.

MATERIALS AND METHODS

Ethics statement. The animal experimental protocol was approved and performed in accordance
with the ethical guidelines of the Animal Ethics Committee of Harbin Veterinary Research Institute of the
Chinese Academy of Agricultural Sciences (approval no. SYXK [Hei] 2011022).

In ovo experiments. Viral specimens (100 ul) at a median tissue culture infective dose (TCID,) of 1 X
10° cells/ml were inoculated into the allantoic cavities of 9-day-old specific-pathogen-free (SPF) chicken
embryos, in addition to 250 ug of the p53 activator Nutlin-3a, 250 ug of the p53 inhibitor pifithrin-c
(PFT-a0), 250 ng of carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-FMK), 1.5
mg of N-tosyl-L-phenylalanine chloromethyl ketone (TPCK), 500 g of 5-fluorouracil (5-FU), or an equal
volume of dimethyl sulfoxide (DMSO). All reagents were purchased from Sigma-Aldrich Corporation (St.
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Louis, MO, USA). Chicken embryos were incubated at 37°C and examined daily for 7 days. The
chorioallantoic membranes (CAMs), allantoic fluid, brains, and livers were then harvested, homogenized,
and subjected to three freeze-thaw cycles at the indicated time points.

Viral strain and cell line. The virulent ILTV strain LJS09 (GenBank accession no. JX458822) is stored
at the Harbin Veterinary Research Institute of the Chinese Academy of Agricultural Sciences. This strain
can be propagated in a chemically immortalized leghorn male hepatoma (LMH) cell line with clear
cytopathic effects (52, 53). LMH cells were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin, 100 ug/ml streptomycin, and 2 mM
L-glutamine. The cell cultures were incubated at 37°C under an atmosphere of 5% CO,. The p53 activator
Nutlin-3a, the p53 inhibitor PFT-a, and the p53 inhibitor PFT-w (Sigma-Aldrich Corporation) were used at
10 uM for in vitro experiments. Control groups were treated with DMSO at the same volumes. The cell
medium was prefiltered through a 0.1-um filter twice and stored at —80°C for use as conditioned
medium (CM).

RNA interference and transfection. A short-interfering RNA (siRNA) that specifically recognized
sequences from the TP53 mRNA (NM_205264; sip53, 5'-CGG AGG AGA UGG AAC CAU U-3’) and a control
siRNA (siControl, 5'-GCA CUU GAU ACA CGU GUA A-3’) with no specific target site in chickens were used.
The transfection of siRNA was conducted using an N-TER nanoparticle siRNA transfection system
(Sigma-Aldrich Corporation) according to the manufacturer’s instructions.

Viral quantitation. Levels of viral replication were determined using an ILTV-specific gPCR assay (53)
and a TCID,, assay (54), as described previously. LMH cells were infected with LJS09 at a multiplicity of
infection (MOI) of 0.1. The indicated MOI was obtained according to the number of cells to be infected
and the estimated number of infectious particles, based on PFU detected in LMH cells.

Flow cytometry and immunofluorescence. Fluorescence-activated cell sorting (FACS) analyses
were conducted using a BD FACScan cell sorter and CellQuest software version 4.0.2 (Becton Dickinson-
Pharmingen, San Diego, CA, USA). Cell death was assayed by examining cells in the sub-G, phase of the
cell cycle with propidium iodide (PI) staining of permeabilized cells, as described previously (44).
Apoptosis was assayed using the annexin V-APC staining kit (KeyGEN BioTECH, Nanjing, China), the
annexin V-fluorescein isothiocyanate (FITC)/Pl double staining kit (KeyGEN BioTECH), or the TUNEL
staining kit (Beyotime BioTECH, Shanghai, China) according to the manufacturer’s instructions. For
immunofluorescence staining, the samples were washed with phosphate-buffered saline and fixed with
4% paraformaldehyde for 10 min. After quenching excess aldehyde, the samples were permeabilized
with 0.1% Triton X-100. Nonspecific antibody binding was blocked with 2% bovine serum albumin for 1
h, and then the samples were incubated with a rabbit polyclonal antibody against ILTV glycoprotein |
(29), followed by a secondary FITC-conjugated goat anti-rabbit antibody (The Jackson Laboratory, Bar
Harbor, ME, USA). Background was determined by normal rabbit control serum from nonimmunized SPF
rabbits. All cell nuclei were stained with Hoechst 33342 (Sigma-Aldrich Corporation).

Histopathological examination. Embryonic CAMs and livers were collected and fixed in 4%
paraformaldehyde. The fixed samples were sent to the Plaques Diagnosis and Technical Service Center
of the Harbin Veterinary Research Institute (animal biosafety level 3; accredited by the China National
Accreditation Service for Conformity Assessment, or CNAS) for histopathological examination. Briefly, the
samples were embedded in paraffin and then sectioned. The sample slides were stained with
hematoxylin-eosin (H&E) and observed by light microscopy or used for immunofluorescence staining.
Histopathological examination reports were provided by the Plaques Diagnosis and Technical Service
Center.

Protein extraction and Western blotting. Western blotting was performed under reduced dena-
turing conditions according to previously described procedures (55). Antibodies against p53 (Pab240;
Santa Cruz Biotechnology, Dallas, TX, USA) and actin (Sigma-Aldrich Corporation) were used.

RNA sequencing. Genome-wide gene expression profiling of LMH cells was performed via RNA deep
sequencing by Annoroad Gene Technology Co., Ltd. (Beijing, China). Library construction was performed
using the lllumina platform (lllumina, Inc, San Diego, CA, USA) according to the manufacturer’s
instructions. The samples were sequenced on an lllumina HiSeq 2500 instrument.

RT-qPCR. RNA was isolated from 100 cells using the REPLI-g single-cell kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. RT-gPCR was performed using the SYBR PrimeScript kit
(TaKaRa Bio Inc., Tokyo, Japan) as described previously (56). The primer sequences used for RT-qPCR are
presented in Table 1. Data were calculated according to the 2-24¢7 method, and the results are
presented as the log, fold change.

High-throughput data analysis. RNA sequencing data were analyzed with the Galaxy web-based
tool (57). Pathway analysis was performed with DAVID (gene enrichment analysis using the EASE score,
a modified Fisher's exact P value, as the threshold) (58). Functional protein network analysis was
performed with STRING (59).

Statistical analysis. The SPSS software package (SPSS for Windows, version 13.0; SPSS Inc., Chicago,
IL, USA) was used for all statistical analyses. Data obtained from several experiments are reported as the
means = standard deviations (SD). The significance of differences between two groups was determined
with Student’s t test. One-way or two-way analysis of variance with the Bonferroni correction was
employed for multigroup comparisons. Kaplan-Meier survival analysis with the log-rank test was per-
formed for survival analysis. For all analyses, a P value of <0.05 was considered statistically significant.

Accession number(s). Raw RNA sequencing data were uploaded to the Gene Expression Omnibus
(GEO) database under accession number GSE103371.
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TABLE 1 List of RT-gPCR primers

Gene Direction Sequence (5'-3')

CCNB2 F GATGGGAAGACGATCAATGGAC

R CTGGATGACTTTGTAAGAAGCGG
cDC2 F GAATCTTCAGAGCTTTAGGGACAC

R ACAACAGATCGAGTCCATCCT
CNBP F GCTTCCAGTTCATGTCTTCATCTC

R GTTATAGCAGGCTTCATCCTCC
DDX47 F TACGAGCTCTGAAGTTCCTAGTG

R CAGTATCTTATCCACCTCTGTCTC
DUSP1 F AGGCGATTGACTTCATAGATTCTG

R GGCTTCATCCAGCTTGACTC
FARSB F AACTTCCACTCAATAAGCTCACAG

R TTCCGTAGAACACAGGGCA
GADD45A F CGTCTTGGTCACGAATCCC

R CACCCACTGATCCATATAGCGA
GAPDH F GGCACTGTCAAGGCTGAGAA

R TGCATCTGCCCATTTGATGT
GTSE1 F GCATGGATGTTTCAGACTTTCCT

R AGACTTCATCTTCACTTCCGCT
HDAC2 F CAAACGCATTTCTATTCGAGCA

R GCAACATTTCGCCGTCCA
HSPA14 F AGAACGAGGAGGTTGTGGG

R AGGATCTGCTTTACTTTCACCA
HSP70 F GTATTCTTGCGTGGGTGTC

R CGCTCTGTATCGGTGAAGG
IFNGR2 F AGACTGAGTGCAGTTTCCT

R GGCCCTATGGTAGTGTTTCTC
KIT F GGTTAAAGGAAATGCTCGTCTC

R ATTCCATAAGACCAGACATCAC
MDM2 F GCCAAATTTCGGCTTGAAAA

R TGTTGTTGGCTGGGAAGTTG
Novel gene F TTGCCAAGACTCCGGGT

R CTTCGCTGCTTTGCCCT
p21 F CCACCATCAAAGACTTCTACGG

R CTTAGACAGTACAGGGCAGG
RFLB F GTGCCGTCATCTTCACCT

R CTTGAGAAGAATCGGCCGC
RPF1 F TGTAGATCCCAATGATGAAGAGGT

R TCTCACTGTTCTCCCACGA
SIRT1 F GCATTGATTCCAAGTTCCATCC

R TCACAGTCTCCAAGAAGCTCC
THBS1 F CCACAGCAGTATGACTATGACAG

R GTTGAGGACACCATCTCCA
TMEM167A F TCTTCTGACTGTAATCTTGCTG

R CTCTTTCGTTCACCAATCCTG
TNFRSF21 F CGGCATCTCTTCCAAACAC

R AAGAGTTCAGACCTTTGGGA
TUBB6 F GAATCATCTTCCCAGAAATACGTG

R CCAGTTGTTTCCTGCACCA
YWHAQ F CCAAGACAGCGTTTGATGAG

R CAGCATCACATTCTTCTCCTG
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