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ABSTRACT Alpha herpesvirus (α-HV) particles enter their hosts from mucosal surfaces 
and efficiently maintain fast transport in peripheral nervous system (PNS) axons to 
establish infections in the peripheral ganglia. The path from axons to distant neuronal 
nuclei is challenging to dissect due to the difficulty of monitoring early events in a 
dispersed neuron culture model. We have established well-controlled, reproducible, 
and reactivateable latent infections in compartmented rodent neurons by infecting 
physically isolated axons with a small number of viral particles. This system not only 
recapitulates the physiological infection route but also facilitates independent treat­
ment of isolated cell bodies or axons. Consequently, this system enables study not 
only of the stimuli that promote reactivation but also the factors that regulate the 
initial switch from productive to latent infection. Adeno-associated virus (AAV)-mediated 
expression of herpes simplex-1 (HSV-1) VP16 alone in neuronal cell bodies enabled the 
escape from silencing of incoming pseudorabies virus (PRV) genomes. Furthermore, 
the expression of HSV VP16 alone reactivated a latent PRV infection in this system. 
Surprisingly, the expression of PRV VP16 protein supported neither PRV escape from 
silencing nor reactivation. We compared transcription transactivation activity of both 
VP16 proteins in primary neurons by RNA sequencing and found that these homolog 
viral proteins produce different gene expression profiles. AAV-transduced HSV VP16 
specifically induced the expression of proto-oncogenes including c-Jun and Pim2. In 
addition, HSV VP16 induces phosphorylation of c-Jun in neurons, and when this activity 
is inhibited, escape of PRV silencing is dramatically reduced.

IMPORTANCE During latency, alpha herpesvirus genomes are silenced yet retain the 
capacity to reactivate. Currently, host and viral protein interactions that determine the 
establishment of latency, induce escape from genome silencing or reactivation are not 
completely understood. By using a compartmented neuronal culture model of latency, 
we investigated the effect of the viral transcriptional activator, VP16 on pseudorabies 
virus (PRV) escape from genome silencing. This model recapitulates the physiological 
infection route and enables the study of the stimuli that regulate the initial switch from 
a latent to productive infection. We investigated the neuronal transcriptional activation 
profiles of two homolog VP16 proteins (encoded by HSV-1 or PRV) and found distinct 
gene activation signatures leading to diverse infection outcomes. This study contributes 
to understanding of how alpha herpesvirus proteins modulate neuronal gene expression 
leading to the initiation of a productive or a latent infection.

KEYWORDS alpha herpesvirus, herpes simplex virus, pseudorabies virus, VP16 protein, 
latency, reactivation
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A lpha herpesviruses (α-HV) are common pathogens of mammals. Herpes simplex 
virus-1 (HSV-1 and herpes simplex-2 (HSV-2) infect the vast majority of the adult 

human population. These viruses are the causative agents of cold sores, genital herpes, 
herpes stromal keratitis, and encephalitis (1–3). All α-HV infections begin as a productive 
infection in the epithelial cells of mucosal surfaces (e.g., the nasal-pharyngeal cavity, 
genitals) (2, 4, 5). Some of the progeny virus particles invade the innervating axons of 
PNS neurons. Viral particles then engage microtubule-based molecular motors in these 
long axons to reach neuronal nuclei (6–9). Viral genomes reaching PNS nuclei in the 
peripheral ganglia usually are silenced and remain quiescent for long periods of time, a 
state often referred to as latency.

PNS neurons have specialized signaling and gene expression patterns that utilize 
the highly polarized morphology for optimal function. Axonal biology and efficiency 
of long-distance transport of viral particles and tegument proteins influence whether 
the infection of α-HVs in neurons will be productive or latent. The sequence of events 
starting with axonal invasion and ending with the genome in PNS neuronal nuclei is 
challenging to dissect due to the difficulty of isolating early events in axons independent 
from later events in neuronal nuclei. Data from animal models and cultured primary 
neuron models revealed that the decision to replicate or enter latency depends on the 
presence of viral outer tegument proteins, particularly VP16 (virion protein 16, aka UL48) 
protein (7, 10–12). Incoming VP16 proteins delivered by virus particles interact with host 
transcription factors in the nucleus to activate immediate early (IE) viral gene expression 
to initiate productive infection (12–14). However, VP16 is an outer tegument protein that 
is not co-transported with capsids to the neuronal nucleus. It is still not well known 
whether VP16 in the tegument undergoes retrograde transport in axons alone or with 
other outer tegument proteins (15–19). Such separate transport of outer tegument and 
viral capsids in axons may lead to their asynchronous arrival at the neuronal nucleus and 
could bias the infection mode toward latency (7, 20). The VP16 gene is classified as a late 
gene, being efficiently transcribed after DNA replication begins. However, recent studies 
provided evidence that regulatory features in the 5′UTR of the VP16 gene, close to the 
promoter region, ensure pre-immediate early (pre-IE) expression of VP16 (11, 21). The 
expression and transactivation activity of VP16 is essential to initiate the gene expression 
cascade transitioning from an established latent infection to a productive state (i.e., 
reactivation) (11, 22, 23).

In this paper, we investigated the effect of the related VP16 proteins encoded by 
pseudorabies virus (PRV) or HSV-1, on PRV escape from genome silencing. PRV is a 
varicellovirus from the alphaherpesvirinae subfamily and is a well-known veterinary 
pathogen (24). PRV and HSV-1 share common strategies to infect and invade the nervous 
system. VP16 is one of the most abundant proteins (app. 1,000–1,500 copies) in both 
HSV-1 and PRV tegument (16, 25). The functions of the HSV-1 VP16 protein are well 
known, but PRV VP16 is less well studied. While both proteins are required for transcrip­
tion of immediate early viral genes, how the proteins affect neuronal gene transcription 
remains unclear. There are some significant differences between the structure and 
function of the homolog viral proteins. The HSV-1 VP16 protein has 490 amino acid 
residues, whereas PRV homolog contains 413. There is no significant sequence similar­
ity, but some motifs are conserved such as the serine residue (S375 of HSV-1) critical 
for reactivation of HSV-1 (Fig. 1A and B). PRV and HSV-1 also differ in the number of 
immediate early (IE) genes that are encoded: HSV-1 has 5, whereas PRV has only 1. PRV 
IE180 is the only IE gene required for DNA replication and RNA transcription.

To establish a well-controlled, reproducible, and reactivatable α-HV latent infection 
in cultured PNS neurons without inhibiting DNA replication, we cultured rat superior 
cervical ganglionic (SCG) neurons in modified Campenot chambers with three compart­
ments (tri-chambers) and infected isolated axons with a small number of viral particles. 
Tri-chambers physically and fluidically separate neuronal cell bodies from axons during 
the establishment of neuronal polarity and maturation. The advantage of this approach 
is that it not only facilitates analysis of the physiological infection route (from axons to 
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cell bodies), but also it enables treatment of isolated cell bodies or axons separately 
to activate or inhibit target pathways. This model further enables study of the factors 
that regulate the initial switch from productive to latent infection. Using this model, 
previously, we investigated viral and cellular factors regulating productive versus latent 
PRV infection (8). Activation of neuronal protein kinase A (PKA) and c-Jun-N-terminal 
kinase (JNK) in the cell bodies led to a slow escape from silencing. Interestingly, when 
viral tegument proteins were delivered to cell bodies either by capsid-less light particles 
or UV inactivated virus particles, the axonal infection rapidly switched to a productive 
mode independent of cellular PKA and JNK pathways (8).

Here, we used adeno-associated virus (AAV) vectors to deliver the individual proteins 
(either HSV-1 or PRV VP16) to compartmented SCG neurons before initiating a latent 
PRV infection from axons. Surprisingly, HSV-1 VP16 alone potently induced a rapid 
escape from PRV genome silencing. On the other hand, PRV VP16 alone was not able 

FIG 1 Comparison of VP16 protein-coding sequences of HSV-1 and PRV. (A) Diagrams of HSV-1 and PRV VP16 coding sequences (core domain and transactiva­

tion domain-TAD are shown for HSV-1 VP16). (B) Comparative analysis of the protein sequences of HSV-1, HSV-2, Bovine Herpesvirus 1 and 2 (BoHV-1, BoHV-2), 

and PRV VP16 using UniProt (26).The arrow shows the highly conserved Ser375 residue of HSV-1 VP16. (C) Constructs designed for adeno-associated vector (AAV) 

expression. mT, mTurqoise2; cmv, cytomegalovirus promoter; P2A, self-cleaving 2A sequence; WPRE, Woodchuck Hepatitis Virus Posttranscriptional Regulatory 

Element.
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to induce such an escape. Moreover, AAV delivery of HSV-1 VP16, but not PRV VP16, 
to neurons after PRV latency was established, reactivated productive PRV infection. We 
further compared the transactivation activity of neuronal genes of both viral proteins 
by transducing primary neurons with the AAV vectors. We found that these homolog 
viral proteins induced transcription of different subsets of neuronal genes. HSV-1 VP16 
specifically activated transcription of proto-oncogenes, particularly c-Jun, while PRV 
VP16 increased levels of dual specificity phosphatase 4 (Dusp4; MKP-2) and Adenylate 
cyclase activating polypeptide 1 (Adcyap-1; PACAP) transcripts. These comparative 
experiments may offer new insight into the molecular biology of alpha herpesvirus 
latency and reactivation and how VP16’s role in these processes affects the expression of 
cellular genes.

RESULTS

Construction of recombinant AAV vectors expressing HSV-1 VP16 (H-16) or 
PRV VP16 (P-16)

To achieve high transduction efficiency of VP16 into neurons, we constructed adeno-
associated virus vectors (AAV) expressing either HSV-1 or PRV VP16. We chose AAV 
serotype PHP.eB that has shown broad tropism in primary rodent neurons (27). 
Recombinant AAV vectors are non-toxic, rarely integrate into the host genome, and 
expression of the transgene increases over time giving ample time to monitor transgene 
expression (27, 28). For monitoring transduction and expression efficiencies, we cloned 
the mTurqoise2 gene upstream of the VP16 sequence separated by the p2A cleavage 
sequence. We did this to avoid fusing the reporter to VP16 sequences with potential 
interference of the fluorescent reporter with the transactivation domain, or any other 
protein interaction domain in VP16. AAV plasmids coding for mTurqoise2 only (mT), 
mTurqoise2-P2A-HVP16 (H-16), and mTurqoise2-P2A-PVP16 (P-16) were synthesized by 
Genscript and used to produce AAV-PHP.eB vectors (see Materials and Methods) (Fig. 1C). 
Accumulation of mTurqoise2 protein started 2 days after the mT transduction, whereas 
detectable fluorescent protein accumulated in neuronal cell bodies only after 3 days 
after H-16 and P-16 transduction (Fig. 2A). To assess the cleavage efficiency of the protein 
fragments, we harvested SCGs at 5 days post transduction (dpt) and analyzed proteins 
by immunoblotting. A rabbit polyclonal antibody detecting PRV VP16 protein was made 
by Genscript. This antibody detected a 50 kDa band in the P-16 transduction sample 
(Fig. 2B). Anti-HSV-1 VP16 antibody (Abcam) detected an approximately 55 kDa band 
in the H-16 sample. Neither of the antibodies cross-reacted with the homolog viral 
proteins. mTurqoise2 was detected by an anti-GFP antibody in all three samples. An 
uncleaved fusion protein was detected approximately at 75 and 80 kDa, in P-16 and H-16 
transduction samples, respectively. The intensity of these bands was lower than the VP16 
and mTurqoise2 bands indicating that most of the fusion protein is cleaved at this time 
point.

We also tested the capacity of antibodies to recognize VP16 proteins expressed after 
virus infection (Fig. 2C). Rat2 cells either were mock infected or infected with HSV-1 
OK14 or PRV180 recombinants expressing mRFP-VP26 at an MOI of 10. Infected cells 
were harvested at 2, 4, 6, and 8 h post infection (hpi). Both VP16 proteins expressed 
either during HSV-1 or PRV infection showed comparable steady state levels, starting 4 
hpi and accumulating over time (Fig. 2C). Immunofluorescence (IF) analysis also showed 
punctate VP16 staining at 2 hpi, mostly overlapping with the capsid signal (mRFP-VP26) 
in both HSV-1 and PRV infection (Fig. 3). As expected, both PRV- and HSV-infected Rat2 
cells exhibited nuclear localization of VP16 at 4 hpi. At each subsequent time point, 
more VP16 was seen in the cytoplasm and, at 8 hpi, most of the tegument protein 
was cytoplasmic. From these data, it appears that VP16 proteins of HSV-1 and PRV are 
expressed in a similar time frame with a comparable subcellular localization in infected 
cells.
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HSV-1 VP16 but not PRV VP16 expression in SCGs enables PRV fast escape 
from silencing

To investigate whether HSV-1 or PRV VP16 protein alone is capable of inducing PRV 
escape from silencing, we performed a ‘complementation assay’ in compartmented 
neuronal cultures as we previously described (8). Briefly, we determined the infectious 
PRV dose infecting axons that results in latent infections in the neuronal cell bodies in 
the distant S-compartments. Before infecting axons with PRV, we transduced neurons 

FIG 2 Expression analysis of VP16 from recombinant AAV vectors and after viral infection. (A) mTurqoise2 expression levels of AAV-transduced SCGs after 96 h. 

Neurons, from left to right, were transduced with AAVs encoding mTurqoise2 (mT), PRV VP16 (P-16), and HSV VP16 (H-16). The bottom panels show zoomed-in 

images of single neurons. Scale bars represent 100 µm. (B) Western Blot analysis of neurons transduced with the AAV vectors as in (A). Cells were lysed and 

protein expression levels were investigated for HSV and PRV-VP16 using corresponding antibodies. The expected sizes of HSV VP16 is 56 kDa and PRV VP16 

is 50 kDa (arrowhead). Uncut protein (mT-P2A-VP16) shown with a star. (C) Western Blot analysis of Rat2 cells infected with HSV-1 OK14 or PRV180 at MOI of 

10. Cells harvested at a different time-points after infection (hpi: hours post infection) as indicated. Endogenous VP16 expression was monitored during virus 

infection. Beta-actin is used as a loading control.

Full-Length Text Journal of Virology

July 2024  Volume 98  Issue 7 10.1128/jvi.00561-24 5

https://doi.org/10.1128/jvi.00561-24


in the S-compartments with AAV vectors mT, H-16, or P-16 (Fig. 4A). We confirmed 
transgene expression by monitoring mTurqoise2 accumulation. Four days after AAV 
transfection, we infected isolated axons in the N-compartments with PRV180 at an MOI 
of 0.01 and monitored mRFP-VP26 accumulation in the cell bodies over time (Fig. 4B). As 
controls, we treated cell bodies in the S-compartments with UV inactivated PRV (UVPRV) 
or PRV light particles (LP), while infecting axons with PRV180, as both conditions result 
in fast escape from genome silencing (8). mRFP-VP26 accumulated in cell bodies as 
early as 48 hpi in chambers transduced with H-16 (Fig. 4B, inset). By 3 dpi, all the H-16 
transduced chambers had productive PRV infection that spread all among neuronal cell 
bodies in S-compartments (Fig. 4B). At this time point, control dishes treated with UVPRV 
and LP also had productive infection as deduced by mRFP capsid accumulation and 
spread among cell bodies. We saw no evidence of productive infection in the chambers 
transduced with P-16 and mT even at 5 dpi (Fig. 4C).

HSV-1 VP16 expression in SCGs reactivates latent PRV infection

Latent PRV infections were established in cultured neurons by infecting isolated axons at 
MOI of 0.01 with PRV180. Individual chambers were screened every 3 days for mRFP-
VP26 expression and accumulation reporting the late phase of productive infection. 
We did not detect any mRFP-VP26 signal in these chambers for 2 weeks indicating 
establishment of in vitro latency. Reactivation assays were performed by transducing cell 
bodies in the S-compartments with mT, H-16, and P-16. mRFP-VP26 accumulation in the 
cell bodies was monitored over time (Fig. 5A). In all the chambers transduced with H-16, 
mRFP-VP26 signal was detected as early as 2 dpt, and reactivated virus infections spread 
among the S-compartment cell bodies by 4–6 days (Fig. 5B). PRV reactivation was not 

FIG 3 Subcellular localization of VP16 during HSV-1 OK14 (A) or PRV 180 (B) infection in Rat2 cells. (A) HSV-1 (OK14) or (B) PRV (PRV180) infected cells were 

fixed every 2 h and were stained with corresponding VP16 antibodies. VP26 is expressed as mRFP fusion in these recombinant viruses. Hpi stands for hours post 

infection. Scale bars represent 10 µm. Arrows show intact (dual color) virus particles, whereas stars point to green only particles, most probably light particles 

seen at 2 and 4 hpi.
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detected in any of the mT or P-16 transduced chambers (Fig. 5C). These chambers were 
imaged for mRFP-VP26 for 10 days.

Comparing the neuronal gene transactivating activity of HSV-1 VP16 to PRV 
VP16 in primary neurons using RNA seq

The effects of HSV VP16 and PRV VP16 proteins on neuronal gene expression have not 
been well characterized. RNA sequencing (RNA-seq) was performed on superior cervical 
ganglia (SCG) neurons transduced with one of three AAV vectors: mT, H-16, and P-16. 
Rat SCG neurons were cultured in 6-well dishes and transduced with the AAV vectors 
for 3 days. While an incubation time of 5 days would have ensured higher expression 
levels, we harvested transduced neurons at 72 hpt for RNA extraction to reduce the risk 
of triggering cellular stress responses due to the viral protein expression. Four to six wells 
of a 6well dish were pooled together per sample for RNA extraction and experiment was 
repeated three times.

In the HSV VP16-transduced data, c-Jun and Pim2 were the most and second most 
enriched genes, respectively (Fig. 6A; Supplemental Material S1). Previous research has 
demonstrated that activation of the c-Jun N-terminal kinase (JNK) pathway increased 
HSV-1 reactivation and replication (29, 30). Recently, c-Jun was shown to be a critical 
factor for full HSV-1 reactivation (31). Pim2 is a proto-oncogene that encodes kinases 
implicated in promoting cell survival and inhibiting apoptosis in multiple types of cancer.

Dusp4 and Adcyap1 were the most expressed neuronal genes in the PRV VP16-trans­
duced data. Dusp4 (dual specificity phosphatase 4) was identified as an inhibitor of the 

FIG 4 PRV escape from silencing experiment. (A) Illustration of the complementation assay: (1) S-compartments were transduced with AAV vectors expressing 

mT, H-16, P-16 or kept as control and (2) 3-days post transduction, N compartments were infected with PRV180 at an MOI of 0.01. (3) S-compartments were 

imaged starting from 24 hpi for the next 7 days. (B) Whole-S-compartment tiled images are shown for mT and VP26-mRFP expression at 3 dpi for one set 

of experiments with triplicates: a-b; #1, c-d; #2, e-f; #3 (H-16 insets show detection of mRFP-VP26 capsid proteins at 2 dpi). (C) Table summarizing all the 

experimental conditions and results of the experiment.

Full-Length Text Journal of Virology

July 2024  Volume 98  Issue 7 10.1128/jvi.00561-24 7

https://doi.org/10.1128/jvi.00561-24


MAPK signaling pathway and was implicated in a range of roles from regulating muscle 
cell differentiation to controlling circadian rhythm. Adcyap1 (adenylate cyclase activating 
polypeptide 1), as the name implies, increases production of the second messenger 
cAMP by activating adenylate cyclase. Crem (cAMP response element modulator) was 
one of the few transcripts that was significantly expressed in both the PRV VP16- and HSV 
VP16-transduced samples.

HSV-1 VP16-induced-PRV escape from silencing is mediated by activated 
c-Jun

Since we observed rapid escape from PRV genome silencing in H-16 transduced neurons, 
and c-Jun transcripts showed the highest significant increase after H-16 transduction, we 
determined if H-16 induced escape is dependent on activated c-Jun. First, we confirmed 
the activation of c-Jun after transduction of SCGs with H-16 in comparison to P-16 

FIG 5 PRV reactivation experiment. (A) Illustration of the complementation assay: (1) N compartments were infected with 

PRV180 at an MOI of 0.01; (2) 10 dpi, S-compartments were transduced with AAV vectors expressing mT, H-16, P-16 or kept 

as control; (3) S-compartments were imaged starting from 24 hpi for the next 7 days. (B) Whole-S-compartment tiled images 

are shown for VP26-mRFP expression at 4 dpi. (C) Table summarizing all the experimental conditions and results of the 

experiment.
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and mT transduction. We detected specific increased expression and phosphorylation 
of c-Jun only after H16 transduction (Fig. 7A). Next, we transduced neurons in the S 
compartments with H-16, then 3 dpt, we treated the neuronal cell bodies in the S 
compartments with c-Jun N-terminal kinase inhibitors: JNKII (20 µM), JNK8 (10 µM), 
AS601245 (20 µM), or Pim kinase inhibitors: TCS-Pim-1-4a (SMI-4a, 20 µM), SMI-16a 
(5 µM), or DMSO. Three hours post treatment, we infected the axons in the N com­
partments with PRV180 at an MOI of 0.01. All the JNK inhibitors severely reduced the 
efficiency of HSV-1 VP16-mediated escape from silencing of PRV genomes, while the Pim 
kinase inhibitors had no effect (Fig. 7C). These results indicate that HSV-1 VP16 protein 
induces rapid escape of PRV genomes from silencing by activating mainly the c-Jun 
signaling pathway that was not induced by PRV VP16 protein (Fig. 7A and C).

DISCUSSION

During latency, α-HV genomes are silenced yet retain the capacity to reactivate 
periodically to produce infectious viral progeny. The cue for reactivation is usually stress 
such as physical trauma, sunburn, or fever (22, 23, 32). Importantly, the threshold for 
reactivation is high such that it does not occur very often. Currently, host and viral factors 
that maintain latency and induce reactivation are not completely understood. One of 
the reasons is that the tissue architecture of PNS innervation is difficult to recapitulate in 
culture, which challenges dissecting the molecular mechanisms of latency establishment 
and reactivating cues.

Recently, we have devised a method to produce a reactivateable α-HV latent infection 
in vitro by using compartmented primary neurons (8, 33). The compartmented neuronal 
culture system is well-controlled and recapitulates the natural route of latent infection 
(axon to cell bodies) eliminating the use of DNA synthesis inhibitors such as acyclovir. 
This model allows studying not only the reactivation but also the decision-making step 
early in the establishment of latency. Since the number of virus particles and conditions 
required to establish reproducible latency is determined, viral and cellular proteins and 
pathways that interfere with the establishment of a latent infection can be studied. 
By using this model, we found that activating neuronal protein kinase A (PKA) and 
c-Jun-N-terminal kinase (JNK) in the cell bodies induce a slow escape from silencing 
(8). On the other hand, when viral tegument proteins were delivered to cell bodies, the 
infection rapidly switched to a productive mode independent of cellular PKA and JNK 

FIG 6 Volcano plot for differential gene expression upon HSV-1 (A) or PRV (B) VP16 transduction. Neurons were transduced with HSV-1 or PRV VP16 or 

mTurqoise2 (mT) expressing AAVs for 3 days. Scattered points represent genes, the x-axis is the log 2-fold change VP16 vs mT expressing neurons, whereas the 

y-axis is the statistical significance in its differential expression. Red dots highlight genes significantly over or under-expressed after VP16 expression.
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pathways (8). In this paper, we investigated the effect of the tegument protein VP16 from 
two alpha herpesviruses, PRV and HSV-1, on the escape from silencing of incoming PRV 
genomes.

Live-cell imaging experiments examining the retrograde transport of monomeric 
red-fluorescent protein-tagged PRV capsids and green-fluorescent protein (GFP)-tagged 
tegument proteins in sensory neurons revealed that outer tegument proteins, such as 
UL47 (VP13/14), UL48 (VP16), and UL49 (VP22), were lost during viral entry and did not 
move along with capsids to the nucleus (6, 15, 34). We and others hypothesized that such 
loss of the major transcriptional activator of viral genes during the retrograde transport 
might be the reason for silenced infection in PNS neurons (7, 32, 33).

Upon entry of the HSV genome into the nucleus, histones are loaded on the viral 
genome, and initial viral gene transcription depends on cellular epigenetic regulation. 

FIG 7 Escape from silencing experiment in the presence of JNK and Pim kinase inhibitors. (A) Neurons were transduced with 

the AAV vectors expressing mT, H-16, P-16 for 4 days, and c-Jun and P-c-Jun protein levels were analyzed by western blotting. 

Beta-actin was used as loading control. (B) Illustration of the complementation/inhibition assay: (1) S-compartments were 

transduced with AAV vector expressing HSV-VP16; (2) 3-days post transduction, inhibitors were added in the S-compartments: 

SP600125 (10 µM), JNK-IN-8 (5 µM), AS601245 (20 µM), SMI-4A (20 µM), SMI-16A (5 µM). (3) Simultaneously, N compartments 

were infected with PRV180 at an MOI of 0.01. (4) S-compartments were imaged starting from 24 hpi for the next 7 days. 

(C) Table summarizing all the experimental conditions and results of the experiment.
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VP16 interacts directly with transcriptional activators and indirectly with epigenetic 
factors through host cell factor-1 (HCF-1) (35). VP16 has a core region and C-terminal 
transcriptional activation domain (TAD). The core region is sufficient for VP16-induced 
transactivator complex formation, and the TAD is known to be critical for activation of 
transcription (12). This transactivation is induced by interactions with multiple transcrip­
tion factors including TATA-binding protein (TBP), transcription factor IIA (TFIIA), TFIIB, 
TFIID, and TFIIH (36–38). In addition, the VP16 TAD interacts with subunits of Mediator 
(39, 40), implying a direct role in the regulation of the RNA polymerase II machinery.

Furthermore, studies using a series of virus mutants demonstrated that the transition­
ing out of the latent program (i.e., reactivation) is dependent on VP16 transactivation 
function (11, 41). Collectively, these data point that VP16 protein functions as a potent 
transactivator of viral IE genes in the sensory neuron, and the regulation of its transport 
to the neuronal cell body or its expression through the promoter regions determines the 
latency to productive infection transition (7, 10, 12, 14, 41–45).

Unlike HSV VP16, little is known about the host factors associated with PRV VP16 in 
neurons during infection, and whether the presence of VP16 protein in the cell bodies 
during initial infection is sufficient to start productive infection. Earlier reports confirmed 
that a PRV VP16 null mutant has a severe reduction in virus yield (almost 1,000-fold) 
and shows defects in virion assembly in non-neuronal cells (46, 47). It was also noted 
that the VP16 protein in the virion can activate transcription of the sole PRV immediate 
early protein, IE180 (46). Therefore, we hypothesized that PRV VP16, when present in 
the neuronal cell bodies, interacts with diverse neuronal proteins to activate viral gene 
expression and induce the PRV productive cycle in our compartmented neuronal model 
of escape from genome silencing. We included the well-known HSV-1 VP16 in these 
assays to compare the transactivation potential of the two homolog alpha herpesvirus 
proteins. To achieve high transduction efficiency, we constructed recombinant PHP.eB 
adeno-associated virus (AAV) vectors expressing VP16 proteins of PRV or HSV. Since we 
did not want to affect protein-protein interactions, we designed a cleavable fluorophore-
VP16 construct (mTurqoise-P2A-VP16) instead of a fusion protein. Upon transduction of 
neurons with these AAV vectors, abundant amounts of full-length and cleaved proteins 
were detected after 4 days. When the axons of these neurons were infected with a 
latency establishing dose of PRV180, we found that HSV-1 VP16 expression was sufficient 
to induce a fast escape from genome silencing. However, PRV VP16 was not able to 
induce productive infection. Moreover, HSV VP16 expression successfully reactivated 
latent PRV infection while expression of PRV VP16 did not. These results were surprising 
not only because PRV VP16 expression was not able to activate PRV productive infection 
but also, because HSV-1 VP16 is known to have a weak affinity to murine oct-1 (43). 
Therefore, we did not expect a strong activation of PRV IE gene expression leading to fast 
escape from silencing.

To explore the indirect activity of HSV-1 VP16 on PRV gene expression, we identified 
the genes in neurons whose transcription was increased after transduction with HSV or 
PRV VP16 expressing AAVs without herpesvirus infection. We analyzed differential gene 
expression profiles of HSV-VP16 and PRV-VP16 transduced neurons in comparison to the 
mTurqoise2 expressing AAV transduced ones by RNA seq experiment. We found that 
the gene expression profiles were surprisingly different in HSV-VP16 versus PRV VP16 
expressing neurons.

Transcription of the Dusp4 and Adcyap1 genes was increased significantly in PRV 
VP16 transduced neurons. Dual specificity phosphatase 4 (Dusp4) or mitogen-activated 
protein kinase phosphatase 2 (MKP-2) is a dual-specific nuclear phosphatase that is 
selective for both ERK and JNK. These phosphatases regulate the activities of the MAP 
kinases through dual-specific dephosphorylation at tyrosine and threonine residues, fine 
tuning the amplitude and extent of cellular activation. Cadalbert et al. showed that 
Dusp4 has specificity for JNK (not ERK) in vivo (48). We did not detect JNK activation in 
neurons when PRV VP16 was expressed (as we detected with HSV VP16 transduction) 
and the elevated levels of Dusp4 might be the reason for that. Interestingly, the gene 
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with the second highest expression level was Adcyap1 (adenylate cyclase-activating 
polypeptide 1, i.e., PACAP) gene. This gene encodes a secreted pro-protein that is further 
processed into multiple peptides that stimulate adenylate cyclase and increase cyclic 
adenosine monophosphate (cAMP) levels. We have previously shown that increased 
cAMP levels in neurons either upon forskolin or cell permeable dibutryl cAMP treat­
ment induces slow PRV escape from gene silencing (8). Surprisingly, PRV VP16 protein 
expression in neurons, even with increased Adcyap1 transcription, was not sufficient to 
induce PRV escape from silencing. Our data suggest that PRV VP16, unlike the HSV-1 
homolog, requires an additional viral co-factor to interact with neuronal factors and 
activate viral transcription to enable PRV escape from genome silencing.

A clear signature of HSV VP16 expression in primary neurons is the significant 
activation of proto-oncogene expression dominated by c-Jun, JunD, and Pim2 genes. 
Jun proteins can induce cell transformation dependent on phosphorylation by the 
c-Jun-N-terminal kinase (JNK). We have previously reported that the activity of JNK is 
essential in neuronal stress-mediated PRV escape from genome silencing (8). Active JNK 
was not essential in viral tegument mediated escape from genome silencing in the same 
model. Therefore, we hypothesized that HSV VP16-mediated escape from PRV genome 
silencing is mediated by elevated c-Jun activity. In support of this hypothesis, we 
detected increased levels of c-Jun and phosphorylated c-Jun protein only when neurons 
were transduced with HSV-16 expressing AAVs. Furthermore, when we inhibited c-Jun 
phosphorylation using various JNK inhibitors, we consistently decreased the efficiency of 
HSV VP16-mediated PRV escape from genome silencing. Cliffe et al. also demonstrated 
that JNK activity is critical for reactivation of HSV-1; particularly for lytic gene expression 
during the initial phase (phase I) of reactivation (22, 29). Interestingly, Dochnal et al. 
recently showed that c-Jun expression is not required for Phase I initiation of HSV-1 
reactivation but is necessary for efficient Phase II completion (31). Authors showed 
that c-Jun depletion particularly affects late gene expression and accumulation during 
reactivation (31). These results confirm that HSV VP16 activity depends on active JNK 
similar to the cellular stress pathway mediated but differs from PRV tegument mediated 
fast escape from genome silencing. However, the HSV-VP16-mediated escape happens 
rapidly in the neuronal cell bodies with kinetics resembling the tegument mediated fast 
escape. This might require the action of other proteins with elevated expression levels.

The Pim2 gene had the second highest enrichment in HSV VP16 transduced neurons. 
Therefore, we hypothesized that Pim2 and c-Jun activation synergistically promotes 
rapid PRV escape from silencing. The proviral integration site for Moloney murine 
leukemia virus 2 (Pim2) is a serine/threonine kinase belonging to the PIM family of 
kinases and plays an important role as an oncogene in multiple cancers including 
leukemia, myeloma, prostate, and breast cancers. PIM2 is largely expressed in both 
leukemia and solid tumors, and it promotes the transcriptional activation of genes 
involved in cell survival, cell proliferation, and cell-cycle progression. When we used Pim 
kinase inhibitors, we did not detect a reduction in the efficiency of HSV-1 VP16 to induce 
PRV escape from silencing suggesting that the activity of this kinase is not complemen­
tary to c-Jun activation but is dispensable for escape from silencing mechanism.

In summary, our results showed that prior HSV-1 VP16 expression in neurons enabled 
incoming PRV genomes to escape from silencing primarily by activating c-Jun signal­
ing. However, this escape is not a slow escape as we observed with cellular stress 
mediated pathway that depends on active PKA and JNK kinases. HSV VP16 expressing 
neurons start accumulating the PRV capsid protein in 2 days, and infection spreads 
throughout the whole S-compartments in 3 days. Such fast escape was observed when 
PRV tegument proteins were present in the S-compartments that alleviated the need 
for active cellular kinases such as PKA and JNK. Surprisingly, we did not detect escape 
from silencing or reactivation events upon PRV VP16 expression in neurons leading us 
to hypothesize that PRV VP16 requires a viral co-factor to initiate IE180 transcription. 
Our future studies will aim to identify the interaction partners of HSV and PRV VP16 in 
primary neurons with or without virus infection.
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MATERIALS AND METHODS

Cells lines and viruses

The cell lines used in this study are from ATCC; Rat2 (rat fibroblasts), PK15 (pig kidney 
epithelial cells), and Vero cells (African green monkey kidney cells). All cell lines were 
grown in DMEM media containing 10% fetal bovine serum (FBS). The virus strains used in 
this study were HSV-1 OK14 and PRV 180. HSV-1 OK14 was constructed by co-transfect­
ing BamHI-digested pHSV1(17+) Lox-mRFPVP26 and purified HSV-1(17+) DNA (O. Kobiler 
and L. W. Enquist, unpublished data). The pHSV1(17+) Lox-mRFPVP26 was a kind gift 
from Katinka Döhner and Beate Sodeik. PRV 180 expresses an mRFP-VP26 fusion protein 
in a PRV-Becker background (49).

Primary neuron cultures

Experiments on neurons were performed using primary superior ganglionic (SCG) 
neuron cultures. The following cell culture procedure is adapted from Ch’ng and 
Enquist and lasts between 14 and 21 days in total (50). SCG neurons isolated from 
Sprague-Dawley rat embryos (Hilltop Labs) were cultured in either 35 mm, 12-well, 
or 6-well dishes. After coating the culture dishes with poly-DL-ornithine (Sigma) and 
natural mouse laminin (Invitrogen), two-thirds of tryspsinized and triturated ganglion 
were plated per S-compartment. The neuronal medium used was supplemented with 
nerve growth factor 2.5S (Invitrogen), B27 (Gibco), penicillin, and streptomycin. After 2–3 
days, cytosine-D-arabinofuranoside (Ara-C; Sigma) was added for a minimum of 2 days 
to kill non-neuronal cells. All animal work was done in accordance with the Institutional 
Animal Care and Use Committee of the Princeton University Research Board under 
protocol 1947-13, and the University of California, Irvine Research Board under protocol; 
AUP-21-008.

Recombinant adeno-associated virus vectors

The AAV vectors are designed to express HSV-1 VP16 (AAV_mTurq_HSV VP16) or PRV 
VP16 (AAV_mTurq_PRV VP16) (Fig. 1). They encode a polyprotein containing a self-cleav­
ing picornavirus P2A cleavage site in the middle. One part of the polyprotein consists 
of the VP16 protein, either from HSV-1 or PRV, and on the other side of the P2A site, 
the AAV encodes a diffusible fluorophore: mTurqoise2. When the P2A site cleaves, it 
cleaves at its C-terminus, leading only one amino acid attached to the VP16 protein. This 
fluorophore serves as a reporter to test the transduction efficiency of the AAV vector. 
To reduce the risk of the reporter interfering with the function of VP16, a cleavable 
polyprotein was chosen over the use of a fusion protein. The SCGs that were transduced 
with these AAV vectors were plated in 6-well dishes and the following amounts of AAV 
vector were added to each well: 8 × 1011 genome copies of AAV_mTurq, 1.9 × 1012 

genome copies of AAV_HSV_VP16, and 1.4 × 1012 genome copies of AAV_PRV_VP16 
for both RNA-seq and IF analysis. All PHP.eB AAVs were constructed by the Princeton 
Neuroscience Institute Viral Core Facility using triple plasmid transfection of HEK 293 cells 
as previously described (51). The pUCmini-iCAP-PHP.eB was a gift from Viviana Gradinaru 
(Addgene plasmid # 103005; http://n2t.net/addgene:103005; RRID:Addgene_103005).

Antibodies and inhibitors

The main primary antibodies used for gel analysis of virus-infected cells were a 
commercial HSV-1 VP16 antibody (Abcam) and a rabbit polyclonal antibody against 
the full-length PRV VP16 that was ordered from Genscript. Anti-c-Jun and anti-phos­
pho-c-Jun (Ser63) antibodies were purchased from Cell Signaling. Goat-anti-mouse and 
goat-anti-rabbit, horseradish peroxidase (HRP) secondary antibodies were used for their 
appropriate primary antibodies at 1:5,000 dilution (KPL). Fluorescent anti-rabbit and 
anti-mouse Alexa-488 and Alexa-546 secondary antibodies from Invitrogen were used for 
IF. SP600125 was ordered from Sigma (420119) (used at 10 µM), JNK-IN-8 was ordered 
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from Selleckchem (ab145194) (used at 5 µM), AS601245 was ordered from Abcam 
(ab145194) (used at 20 µM). Pim kinase inhibitors, TCS-PIM-1–4a (SMI-4a) was purchased 
from MedChemExpress (HY-16576, used at 20 µM), and SMI-16a was purchased from 
Selleckchem (S6497; used at 5 µM).

Immunofluorescence analysis

To prepare cells for IF, they were grown either on glass coverslips in 6-well dishes or 
in 8-well chamber slides. Cells were fixed using 4% paraformaldehyde (PFA) at room 
temperature or methanol at −20°C. Blocking was done using a 3% milk powder solution 
in PBS-Tween (0.05%) for 1 hour. Primary and secondary antibody dilutions were both 
prepared in 1% milk powder solution in PBS-Tween. The primary antibody staining was 
done for 1 hour at room temperature without rocking and then washed three times 
with PBS-Tween while rocking. Secondary antibody (Alexa fluor) staining was also done 
for one hour at room temperature with the dishes covered. After three more washes in 
PBS-Tween rocking at room temperature, the cells grown on coverslips were mounted 
onto glass microscope slides. Images were taken of AAV-transduced or PRV-infected 
SCGs and the IF patterns of VP16-directed fluorescent antibodies compared. Images were 
taken using a Nikon Eclipse Ti fluorescence microscope and analyzed using NIS Elements 
software.

Polyacrylamide gel electrophoresis and Western blot analysis

After infection with virus, Vero and Rat2 cells were collected after set amounts of time 
and protein lysates extracted. These protein lysates were analyzed by SDS polyacryla­
mide gel electrophoresis (PAGE) and Western blotting (WB). To run SDS-PAGE, proteins 
were extracted from the supernatant of lysed cells. This Western blot (WB) procedure 
is adapted from (9). Cells were lysed in a mixture of radioimmunoprecipitation assay 
(RIPA-light) buffer, 1 mM dithiothreitol (DTT), and protease inhibitor cocktail (Sigma-
Aldrich). After incubation on ice for 30 min, followed by sonication, and centrifugation, 
the supernatants were extracted, mixed with 5× Laemmli buffer, and heated at 90°C for 
5 min before running the gel. SDS-PAGE was performed using 4%–12% polyacrylamide 
gels. After running the gel, the proteins were transferred from the gel onto nitrocellulose 
membranes. Blocking was performed with 5% milk powder in PBS for 1 h at room 
temperature while rocking or overnight at 4°C while rocking. The blots were transferred 
to nitrocellulose membranes and immunoblots performed with primary and secondary 
antibodies. Membranes were incubated first with primary antibodies for 1 h at room 
temperature or overnight at 4°C and then with HRP-coupled secondary antibodies 
(KPL) for 1 h at room temperature. After washing, the protein bands were visualized 
by exposure on HyBlot CL (Denville scientific) blue x-ray films. For the Vero infection 
and Rat2 infection time-course, cells were grown in 6-well dishes with two wells being 
harvested together and loaded for each lane of SDS-PAGE.

RNA-sequencing and data analysis

The SCGs cultured in 6-well dishes were transduced with AAV vectors and one entire 
6-well was harvested and pooled together for RNA isolation (RNeasy, Qiagen) per sample 
(AAV-mTurqoise2, AAV-PRV-VP16, AAV-HSV-VP16). This was repeated three times and 
RNA-seq libraries were prepared in triplicates. The RNA concentration and RNA integrity 
number (RIN) of each sample were measured using Agilent Bioanalyzer. Illumina Truseq 
RNA preparation protocol was followed after the enrichment of poly(A)-RNA. Libraries 
were sequenced by using Illumina HiSeq2000 (75-nucleotide single end). The library 
preparation and RNA-seq were performed by the High-Throughput Sequencing and 
Microarray facility (Princeton University) and analysis of RNA-Seq data were performed 
with the help of Lance Parsons from Princeton University Lewis-Sigler Institute for 
Integrative Genomics. Analysis consisted of four main steps: (i) Alignment of the raw 
reads to the reference genome using the STAR aligner (52); (ii) a count of the reads 
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aligned to each gene using featureCounts (53); (iii) QC on the raw data, alignment, and 
quantification using FastQC, samtools, RSeQC, and MultiQC (54–56); and (iv) differential 
expression analysis using DESeq2 (57). The reference genome used was a combination 
of the Rattus norvegicus genome with additional sequences for mTurqoise2, HSV VP16, 
and PRV UL48. After running differential expression (DESeq2) analysis, RUVseq (Remove 
Unwanted Variation) was used to remove variation due to batch effects. To further 
analyze differential gene expression, the log2-fold change (logFC) and the adjusted 
P-value (P-adj) of each gene in the DESeq2 results were prioritized. A P-adj value of 
0.5 was set as the cutoff and any gene with P-adj > 0.5 was disregarded. The P-adj 
value was calculated by taking the P-value derived from a Wald test and using the 
Benjamini-Hochberg procedure to control for false discovery rate.
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