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SUMMARY 

The mTOR pathway integrates both extracellular and intracellular signals and serves as a central 

regulator of cell metabolism, growth, survival and stress responses. Neurotropic viruses, such as 

herpes simplex virus-1 (HSV-1), also rely on cellular AKT-mTORC1 signaling to achieve viral 

latency. Here, we define a novel genotoxic response whereby spatially separated signals initiated 

by extracellular neurotrophic factors and nuclear DNA damage are integrated by the AKT-

mTORC1 pathway. We demonstrate that endogenous DNA double-strand breaks (DSBs) 

mediated by Topoisomerase 2b-DNA cleavage complex (TOP2bcc) intermediates are required to 

achieve AKT-mTORC1 signaling and maintain HSV-1 latency in neurons. Suppression of host 

DNA repair pathways that remove TOP2bcc trigger HSV-1 reactivation. Moreover, perturbation of 

AKT phosphorylation dynamics by downregulating the PHLPP1 phosphatase led to AKT mis-

localization and disruption of DSB-induced HSV-1 reactivation. Thus, the cellular genome integrity 

and environmental inputs are consolidated and co-opted by a latent virus to balance lifelong 

infection with transmission.  
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INTRODUCTION 

To preserve genomic integrity and maintain homeostasis, long-lived neurons must effectively 

respond to both exogenous and endogenous sources of DNA damage. DNA lesions such as 

altered bases, abasic sites, and single- and double-strand breaks (DSBs) contribute to 

neurotoxicity that is often associated with aging and neurological disorders, such as Parkinson’s 

disease, amyotrophic lateral sclerosis and Alzheimer’s disease (Madabhushi et al., 2014; 

McKinnon, 2013). Mammalian cells have evolved multiple DNA repair pathways to deal with 

various types of DNA damage (Hoeijmakers, 2001). For example, two major pathways are 

involved in DSB repair: homologous recombination (HR) and non-homologous end-joining 

(NHEJ). The HR repair pathway requires a sister chromatid to act as a template for faithful repair 

and is confined to late S and G2 phases of the cell cycle. HR takes place in conjunction with DNA 

replication and is not known to occur in terminally differentiated post-mitotic cells. In contrast, 

NHEJ is more error-prone but is active throughout the cell cycle, especially in G0/G1 and early S 

phases. As such, DNA DSBs cannot be accurately repaired in non-dividing, mature neurons, 

presumably due to the reliance on NHEJ as the predominant repair mechanism. Consequently, 

neurons are generally believed to gradually accumulate unrepaired DNA damage that over time, 

could potentially lead to the development of neurodegenerative disorders (Madabhushi et al., 

2014; Suberbielle et al., 2013). Emerging evidence further suggests that the impact of DNA 

damage and repair is not restricted to cellular stress and brain disorders, but also influences the 

normal physiological processes of neurons. A recent study showed that neuronal activity triggers 

DNA DSB formation on promoters of multiple neuronal early response genes in a topoisomerase 

2b (TOP2b)-dependent manner (Madabhushi et al., 2015). The generation of TOP2b-DNA 

cleavage complex (TOP2bcc) intermediates is required to activate early response genes in 

neurons. However, the underlying molecular circuitry regarding how neurons respond to DSBs 

and how DSBs impact neuronal cell biology, including responses to physiological stress like viral 

infection, are not fully understood.  
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Peripheral neurons in humans often harbor latent infections with neurotrophic alpha-

herpesviruses such as herpes simplex virus (HSV) and as a result maintain episomal viral DNA 

genomes within their nucleus. HSV-1 and HSV-2 are highly prevalent worldwide, contributing to 

recurring ulcerative blisters at the mucosal surfaces at sites of infection, ocular lesions such as 

stromal keratitis that can lead to blindness, and in rare cases, encephalitis in newborns (Thellman 

and Triezenberg, 2017). Recent models estimate that in 2012, about 3.7 billion people aged 0-49 

years are infected with HSV-1 (Looker et al., 2015). The latent state of the virus is classically 

defined as the absence of infectious virus production despite the presence of viral genomes in 

the neuronal nuclei. Expression of the more than 80 ORFs encoded by HSV-1 is largely 

suppressed through heterochromatin formation and other epigenetic mechanisms (Knipe and 

Cliffe, 2008). Periodically, the virus changes its relationship with the host cell, switching from a 

latent to a reactivated state; this results in the coordinate expression of productive cycle (lytic) 

genes and new synthesis of infectious virus that travels back along neuronal axons to the 

epithelium to undergo viral shedding (Wilson and Mohr, 2012). The ability of HSV-1 to establish 

and maintain a latent infection in peripheral neurons is essential for lifelong persistence and to 

function as a human pathogen (Wilson and Mohr, 2012). While a variety of conditions reportedly 

promote reactivation, including exposure to UV light, stress, fever, anxiety, and nerve trauma, it 

is unclear if neuronal responses to these stimuli operate independently or are integrated via a 

common molecular mechanism (Glaser and Kiecolt-Glaser, 2005; Warren et al., 1940; Wheeler, 

1975). 

Studies in small animal models, isolated ganglia and cultured neuron models have 

established that nerve growth factor (NGF) trophic support plays a key role in regulating latency 

and reactivation (Wilcox and Johnson, 1987, 1988; Wilcox et al., 1990). Significantly, continuous 

NGF-dependent signaling through the TrkA receptor and downstream activation of the AKT-

mTORC1 signaling pathway is required to maintain HSV-1 latency (suppression of HSV-1 lytic 

gene expression) in isolated ganglia and in cultured neurons (Camarena et al., 2010; Cliffe et al., 
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2015; Du et al., 2015; Kobayashi et al., 2012b). Disruption of this signaling pathway by small 

molecule chemical inhibitors or by shRNA-mediated gene silencing, results in efficient HSV-1 

reactivation. These studies establish that continuous growth factor signaling via the AKT-

mTORC1 pathway is a critical parameter regulating the duration of viral latency in neurons.  

 Here, we provide evidence that exposure of latently-infected neurons to exogenous DNA 

damaging agents (DSB inducers) triggers HSV-1 reactivation. In contrast, signaling from low-level 

TOP2b-dependent endogenous DNA breaks provides a trophic factor-dependent signal to help 

maintain HSV-1 latency. Furthermore, inhibiting the Mre11-Rad50-NBS1 (MRN) complex or 

individual NHEJ factors responsible for repairing TOP2b-dependent DNA breaks (Hoa et al., 

2016) stimulates HSV-1 reactivation. Significantly, both acute and low-level DNA damage 

converge onto the AKT-mTORC1 signaling axis to differentially regulate AKT (AKT1) 

phosphorylation and subcellular localization. We show that depletion of PHLPP1, the AKT 

Ser473-specific phosphatase (Gao et al., 2005), leads to prolonged AKT phosphorylation and 

nuclear mis-localization in response to DNA damage that, in turn, restricts HSV-1 reactivation. 

Our study provides new insight into the physiological role of AKT signaling and indicates how both 

neurotrophic growth factor and nuclear DNA damage signaling converge upon AKT to determine 

HSV-1 lifecycle decisions within host neurons.  

 

RESULTS 

Double-strand break (DSB) inducers cause HSV-1 reactivation in neuronal cells 

To assess how HSV-1 latency is regulated in neurons requires a cell culture model that utilizes a 

homogenous neuronal population that faithfully recapitulates the hallmarks of latency and 

reactivation. Sympathetic neurons from dissociated superior cervical ganglia (SCG) neurons from 

E21 rat embryos can be cultured as a pure population of cells that depend upon the trophic factor 

NGF (Glebova and Ginty, 2005). To determine whether genotoxic stress can affect HSV-1 latency 

in SCG neurons, we utilized a primary neuronal culture model system for establishing HSV-1 
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latency in vitro and employed a wildtype HSV-1 strain expressing the enhanced Green 

Fluorescent Protein (GFP) fused to the Us11 true-late (g2) protein (GFP-Us11) that can be 

detected during reactivation in living neurons (Benboudjema et al., 2003; Camarena et al., 2010; 

Kobayashi et al., 2012a; Linderman et al., 2017; Pourchet et al., 2017) (Figure 1A). Treatment of 

HSV-1 latently-infected neurons with either Bleomycin (DSB inducer, radiomimetic) or Etoposide 

(DSB inducer, TOP2 inhibitor) caused viral reactivation (productive viral replication leading to 

GFP-positive wells) at levels comparable to treatment with LY294002 (PI 3-kinase inhibitor, 

positive control). (Figure 1B). We confirmed that the accumulation of GFP-Us11 was detected in 

neurons (b3-tubulin, neuronal marker), and in cells experiencing DNA damage (gH2AX, DSB 

marker) by immunostaining (Figure 1C).  Importantly, both DSB inducers resulted in accumulation 

of ICP27 viral mRNA, which encodes an essential immediate-early (IE) regulatory protein required 

for productive replication (Kim et al., 2012), and infectious virus production (Figures 1D and 1E). 

The DSB-induced HSV-1 reactivation was not due to the cells undergoing apoptosis; treatment 

with a pan-Caspase inhibitor, z-VAD-fmk, in the presence of Etoposide did not reduce HSV-1 

reactivation levels (Figure S1A). Thus, exogenous DNA damage caused by DSB inducers can 

stimulate HSV-1 reactivation in latently-infected neurons. 

 

MRN complex and NHEJ factors are required for HSV-1 latency 

Next, the mechanism(s) by which DSB inducers cause HSV-1 reactivation was investigated. 

Surprisingly, we found that treatment of neuronal cells with chemical inhibitors of either the DNA-

dependent protein kinase (DNA-PK) activity (NU4771), or the Mre11 nuclease activity of the MRN 

complex (Mirin), triggered HSV-1 reactivation in the absence of exogenous DSB inducers (Figure 

2A). Both NU7441 and Mirin treatment increased the percentage of GFP-positive wells (marker 

of viral late gene expression), increased ICP27 viral mRNA levels, and stimulated infectious virus 

production (Figures 2A-C) at levels comparable to the PI 3-kinase inhibitor LY294002. Moreover, 
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lentiviral-transduced shRNA knockdown of Ku80 (DSB-binding regulatory subunit of DNA-PK) or 

Rad50 (subunit of the MRN complex) using two different shRNA sequences led to HSV-1 

reactivation (Figures 2D and 2E), recapitulating and reinforcing the results obtained using 

chemical inhibitors. Inhibition of DNA repair using chemical inhibitors or by knockdown of DNA 

repair factors led to an increase in gH2AX levels in the neurons, suggesting that persistent DNA 

damage is occurring in these cells (Figure S1B). Because we showed that both Mre11-dependent 

nuclease and DNA-PK activity are required for the maintenance of HSV-1 latency, it was unclear 

whether this involved the classical (Ku/DNA-PK) or alternative (Alt) NHEJ pathway, as the MRN 

complex has been implicated in the Alt-NHEJ pathway (microhomology-mediated end joining, 

MMEJ) (Chang et al., 2017). One major difference between the two NHEJ pathways is the DNA 

ligase used in the final sealing step, with the classical NHEJ requiring DNA Ligase 4 (LIG4) and 

Alt-NHEJ requiring DNA Ligase 3 (LIG3) (Mateos-Gomez et al., 2015; Simsek et al., 2011). To 

distinguish between these two possibilities, we showed that the knockdown of LIG4 using two 

different shRNAs caused HSV-1 reactivation in neurons, while there was no detectable effect of 

LIG3 knockdown (Figures 2F and 2G). Our results strongly suggest that classical NHEJ, but not 

Alt-NHEJ, is the critical regulator of HSV-1 latency in neurons. 

 

NHEJ and MRN complex promote AKT-mTORC1 signaling to maintain HSV-1 latency 

Our previous work demonstrated that the AKT-mTORC1 signaling axis is a critical regulator of 

HSV-1 latency in SCG neurons (see schematic diagram in Figure 3A) (Camarena et al., 2010; 

Kobayashi et al., 2012b). Although several earlier studies have shown that DNA-PK and MRN-

dependent ATM activation can promote AKT phosphorylation on Ser473 in non-neuronal cell lines 

(Bozulic et al., 2008; Fraser et al., 2011; Wan et al., 2013), it is quite conceivable that NHEJ and 

the MRN complex could maintain HSV-1 latency independently of the AKT-mTORC1 signaling 

axis in primary neurons. Here, we showed that inhibition of NHEJ or MRN complex activity by 

chemical inhibitors or shRNA knockdown resulted in the reduction of baseline AKT 
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phosphorylation on Ser473 (marker for AKT activation) (similar results were obtained for 

phosphorylation of AKT on Thr308) (Figures 3B and 3C, other data not shown); AKT 

phosphorylation on these residues is critical for AKT downstream activity, with mTORC1 kinase 

being a key effector (Manning and Toker, 2017). In addition, ATM inhibition using the chemical 

inhibitor KU55933 reduced AKT Ser473 phosphorylation and led to an increase in HSV-1 

reactivation at levels comparable to Mirin treatment (Figure S3A). Interestingly, the effects of DNA 

repair inhibition on AKT phosphorylation appears to be independent of viral infection (Figure 3B). 

Other non-neuronal, dividing cells, such as primary rat embryonic fibroblasts (REFs) and an 

established rat fibroblast cell line (Rat2), were independently tested and were shown to have 

reduced baseline AKT phosphorylation when compared to rat SCG neurons, and remarkably, 

perturbation of the MRN complex or NHEJ factors had no detectable effect on baseline AKT 

phosphorylation status in these different rat cell lines (Figures S1C-E, other data not shown).  

 To determine whether HSV-1 reactivation upon NHEJ or MRN complex inhibition was 

specific for the AKT-mTORC1 signaling pathway, but not other AKT effector pathways, we utilized 

a Rheb Gln64 to Leu mutant (Q64L) that locks the the Rheb GTPase into a GTP-bound state; the 

Rheb Q64L mutant behaves as a constitutive mTORC1 activator (Martz et al., 2014). Thus, the 

Rheb Q64L bypasses the requirement for AKT phosphorylation and/or its upstream regulators 

(see schematics in Figure 3A). Our previous work demonstrated that Rheb Q64L mutant 

expression is sufficient to inhibit LY294002-mediated HSV-1 reactivation (Kobayashi et al., 

2012b). Here, we show that Rheb Q64L mutant expression also reduced HSV-1 reactivation in 

response to NHEJ or MRN inhibition, overcoming both Mirin and NU7441-induced AKT inhibition 

in neurons (Figures 3D and 3E).  

Moreover, we found that HSV-1 ICP27 mRNA accumulation triggered by inhibiting DNA 

repair (Mirin or NU7441 treatment or Ku80 shRNA) was sensitive to treatment with a Jun N-

terminal kinase (JNK) inhibitor, JNK Inhibitor II (Figures 3F and 3G). This is significant because 

the initiation of HSV-1 gene expression through the inhibition of PI 3-kinase during reactivation 
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was shown to be dependent upon a methyl/phospho switch on viral lytic gene promoters that 

requires JNK activity (Cliffe et al., 2015). Collectively, these data establish that both NHEJ and 

the MRN complex activity are required for the maintenance of HSV-1 latency; they act through 

the canonical AKT-mTORC1 pathway to prevent JNK signaling for the repression of HSV-1 lytic 

genes.  

 

TOP2b and TDP2 is required for the maintenance of HSV-1 latency 

Although both the MRN complex and NHEJ factors are required to maintain HSV-1 latency, the 

source of endogenous DNA damage that signals to the AKT-mTORC1 pathway remains unclear. 

TOP2 enzymes resolve DNA catenanes by catalyzing the transient formation of a DSB, enabling 

an intact DNA duplex to pass through the DSB, followed by a re-ligation (Nitiss, 2009a). During 

such transient DSB formation, TOP2 becomes covalently bound to the 5’ DNA end of the break, 

forming TOP2cc intermediates. Failure to complete the re-ligation step and release of TOP2 

produces a DSB. The protein-DNA covalent complex associated with TOP2cc lesions can be 

removed by either tyrosyl-DNA-phosphodiesterase 2 (TDP2) or the MRN complex, followed by 

the repair of the DSB by the NHEJ pathway (Aparicio et al., 2016; Cortes Ledesma et al., 2009; 

Gao et al., 2014; Hoa et al., 2016; Zeng et al., 2011). The generation and stabilization of TOP2cc-

DSBs is an important aspect of cancer therapy (Nitiss, 2009b; Pommier, 2013). Nearly half of the 

current antitumor regimens consist of treatment with topoisomerase inhibitors, including 

Etoposide, a TOP2 poison which strongly stabilizes TOP2cc intermediates and leads to the 

formation of stable DSBs. Previous studies have shown that Mre11 contributes to the canonical 

NHEJ-dependent repair of Etoposide-induced DSBs, and that Ku proteins and Mre11 functions 

epistatically in this pathway (Aparicio et al., 2016; Hoa et al., 2016). Moreover, TOP2b was 

identified as a critical regulator of neuronal activity-induced DSBs at promoters of early-response 
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genes and necessary for the expression of genes involved in neuronal growth (Madabhushi et al., 

2015).  

To test whether TOP2b or TDP2 plays a role in regulating HSV-1 reactivation, we used 

two different shRNAs to knockdown endogenous TOP2b or TDP2 in SCG neurons. The depletion 

of either TOP2b or TDP2 led to a decrease in baseline AKT Ser473 phosphorylation (Figures 4A 

and 4D). The loss of TOP2b also led to a decrease in gH2AX signal (Figure 4A), this suggests 

that the DSBs generated by TOP2bcc intermediates represent the major source of endogenous 

DNA damage required for continuous AKT activation. Indeed, we found that inhibiting Mre11-

dependent nuclease activity by Mirin treatment caused an increase in the abundance of TOP2bcc 

in SCG neurons (Figure 4B). As a control, knockdown of TOP2b reduced TOP2bcc intermediates 

both in SCG neurons and non-neuronal Rat2 fibroblasts (Figures 4B and S2A). Consistent with 

this hypothesis, TOP2b is required for maintaining HSV-1 latency as TOP2b depletion by shRNAs 

in latently-infected SCG neurons resulted in accumulation of viral lytic mRNA markers of 

reactivation (Figure 4C). Under our conditions, TOP2b depletion does not affect IE viral gene 

expression for reactivation and during the acute infection (lytic) cycle, suggesting that IE viral 

gene expression program can occur independently of TOP2b (Figures 4C and S2C). However, 

other viral maturation processes involved in HSV-1 reactivation, such as expression of viral late 

genes (as exemplified by GFP-Us11 accumulation) were not observed in TOP2b-depleted 

neurons (Figure S2B); this could be due to a critical role for TOP2b in relaxing supercoiled viral 

DNA during viral DNA replication. Nevertheless, the loss of TDP2 led to an increase in HSV-1 

reactivation (GFP-Us11 accumulation) (Figure 4D). In contrast to TOP2b, TDP2 is not necessary 

for HSV-1 lytic replication.  

Based on the reduced AKT Ser473 phosphorylation upon TOP2b knockdown (Figure 4A), 

it is highly suggestive that the loss of TOP2bcc intermediates leads to HSV-1 reactivation through 

the inhibition of the canonical AKT-mTORC1 signaling pathway. To demonstrate this 
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experimentally, we asked whether the expression of the Rheb Q64L mutant in TOP2b-deficient 

neurons could overcome AKT inhibition and suppress HSV-1 reactivation. Indeed, Rheb Q64L 

expression in TOP2b knockdown cells reduced expression of both the UL30 and ICP27 viral 

transcripts (Figure 4E).   Thus, our data supports a model whereby both TOP2b and TDP2 are 

major regulators of HSV-1 latency in neurons via the generation of TOP2bcc intermediates, which 

is somehow required for the continuous DDR-mediated activation of the AKT-mTORC1 pathway.  

 

Acute DSB inducers are unable to promote sustained AKT activation in neuronal cells 

In neurons, NGF-dependent activation of the TrkA receptor stimulates PI 3-kinase activity, which 

leads to downstream phosphorylation of two key residues on AKT1, Thr308 in the T-loop of the 

catalytic core, and Ser473 in the C-terminal hydrophobic motif (Camarena et al., 2010; Manning 

and Toker, 2017). The phosphoinositide-dependent protein kinase 1 (PDK1) phosphorylates 

AKT1 on Thr308, which is required for AKT activity, but maximal activation of AKT also requires 

phosphorylation of Ser473 (Manning and Toker, 2017). The major AKT Ser473 kinase is the 

mTOR complex 2 (mTORC2). However, other kinases can perform this function including DNA-

PK and ATM, both members of the PI 3-kinase family, which phosphorylates AKT Ser473 in 

response to DNA damage (Bozulic et al., 2008; Fraser et al., 2011). In agreement with an early 

study (Bozulic et al., 2008), we found that the treatment of uninfected SCG neurons with either 

NU7441, or alternatively by Ku80 shRNA knockdown, inhibited Bleomycin- or Etoposide-induced 

AKT Ser473 phosphorylation (Figures 5A and 5B). Despite the dramatic loss of DNA damage-

induced AKT phosphorylation in the absence of DNA-PK activity, the DNA damage signal (gH2AX) 

remained elevated, which suggests that AKT activation can be uncoupled to the sensing of DSBs 

via H2AX phosphorylation (Figure 5B). In contrast, inhibiting ATM had minimal effect on 

Etoposide-induced AKT Ser473 phosphorylation (Figure S3B), even though ATM has been 

reported to mediate the repair of DSBs with blocked DNA ends (Álvarez-Quilón et al., 2014). 

Interestingly, inhibition of RICTOR, a subunit of mTORC2, caused a reduction in baseline AKT 
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Ser473 phosphorylation in untreated neurons, but had no detectable effect on DNA damage-

induced AKT Ser473 phosphorylation (Figure 5C). In line with this result, loss of RICTOR caused 

spontaneous HSV-1 reactivation in latently-infected neurons (Figure S4A). This argues strongly 

that mTORC2 participates in the basal activation of AKT in response to neurotrophic growth factor 

signaling, which influences HSV-1 latency.  

 Since treatment of uninfected SCG neurons with either Bleomycin or Etoposide can induce 

robust AKT Ser473 phosphorylation, it is paradoxical why HSV-1 reactivation would occur. 

Intuitively, hyper-phosphorylation of AKT should limit, but not induce, HSV-1 reactivation due to 

the hyper-activation of the AKT-mTORC1 signaling pathway. Unexpectedly, we found that both 

Bleomycin and Etoposide treatment induced only transient AKT phosphorylation over time in 

neurons, peaking early at 30 min to 1 hour, but after 10 hrs, the AKT phosphorylation status fell 

below baseline (untreated) levels (Figure 5D). In contrast, Etoposide-induced AKT 

phosphorylation levels remained elevated even after 10 hrs in Rat2 fibroblasts (Figure S4B). 

Inhibiting Mre11 nuclease activity with Mirin treatment yielded a similar trend to the dynamics of 

AKT phosphorylation with the acute DSB inducers, namely a rapid increase in AKT 

phosphorylation (peak at 5 min), followed by a decrease in signal below baseline level after 90 

min (Figure 5D). Thus, our data supports the findings that acute DSB inducers (and DNA repair 

inhibitors) can cause HSV-1 reactivation in neurons due to a failure to sustain elevated levels of 

AKT phosphorylation.  

The inability of DSB inducers to sustain elevated AKT activation in SCG neurons could be 

due in part to differential regulation by an AKT phosphatase. The PH domain leucine-rich repeat 

protein phosphatase, PHLPP (PHLPP1), is reported to specifically dephosphorylates AKT1 

Ser473 (Gao et al., 2005). We therefore tested whether PHLPP1 knockdown using shRNAs was 

sufficient to modulate AKT phosphorylation in neurons. Strikingly, loss of PHLPP1 led to an 

elevated and sustained AKT phosphorylation state (at least up to 10 hrs) in response to Etoposide 

treatment (Figures 5E and S4C). A second family member, PHLPP2, which has also been 
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implicated as an AKT phosphatase (Brognard et al., 2007), had little or no effect on AKT 

phosphorylation status in this context (Figure S4D). Significantly, depletion of PHLPP1 inhibited 

HSV-1 reactivation by either Etoposide or Mirin treatment, demonstrating the relevance of AKT 

phosphorylation dynamics in the regulation of the HSV-1 latent-lytic switch. Notably, even though 

PHLPP1 depletion caused a slight increase in steady-state AKT phosphorylation levels (Figure 

S4C), this had no measurable impact on HSV-1 latency or lytic replication (Figures S4E-G). Based 

on these observations, we identify PHLPP1 as a new regulator of HSV-1 reactivation in neurons. 

 It has been previously shown that overexpressing TDP2 can reduce Etoposide-mediated 

TOP2cc intermediates and chromosomal aberrations (Hoa et al., 2016). How TDP2 regulates 

AKT-mTORC1 signaling remains elusive. Interestingly, we found that overexpressing TDP2 

accentuated AKT Ser473 phosphorylation in the presence of Etoposide (Figure 5G). This increase 

in phosphorylation level was dependent on DNA-PK activity as treatment with NU7441 can reduce 

AKT Ser473 phosphorylation (in the presence of Etoposide and overexpressed TDP2) back to 

the baseline level (Figure 5H). Even though TDP2 overexpression dramatically elevated AKT 

Ser473 phosphorylation, it was still susceptible to downregulation after 10 hrs of Etoposide 

treatment (Figure 5G). Nevertheless, at 10 hrs while in the presence of Etoposide and 

overexpressed TDP2, the level of AKT Ser473 phosphorylation was still significantly higher than 

baseline untreated levels (Figure 5G). In line with this observation, TDP2 overexpression was 

capable of inhibiting Etoposide-induced HSV-1 reactivation in SCG neurons (Figure 5I). How 

TDP2 stimulates DNA-PK activity to activate AKT in this context is completely unknown. It is noted 

that TDP2 overexpression in the presence of Etoposide led to a decrease in gH2AX signal in 

comparison to Etoposide treatment alone (Figure 5G), suggesting that TOP2bcc intermediates 

are being processed and repaired while AKT is being activated by DNA-PK.  

 

NGF-dependent cytoplasmic signaling is required for transient DSB-induced AKT nuclear 

localization and activation 
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AKT is a well-established central hub for cellular signal transduction, relaying critical information 

generated at the cell surface to nuclear functions (Manning and Toker, 2017). This process relies 

mainly on a series of phosphorylation events: cell surface receptor activation by extracellular 

growth factor binding, activation of PI 3-kinase, and phosphorylation of AKT on Thr308 by PDK1 

and Ser473 by mTORC2. Activated AKT then phosphorylates several downstream signaling 

molecules, including tuberous sclerosis complex 2 (TSC2), the Forkhead Box O (FOXO) 

transcription factors, Glycogen Synthase Kinase 3 (GSK3) and others (Manning and Toker, 2017). 

In contrast, precisely how nuclear DNA damage elicits phosphorylation and activation of the AKT-

mTORC1 signaling pathway in a spatial and temporal manner remains unknown. To determine 

whether AKT localization changes in response to DSB inducers, we treated SCG neurons with 

Etoposide in a time-course experiment and analyzed the subcellular distribution of AKT using 

immunofluorescence confocal microscopy. In untreated neurons, we found AKT to be either 

distributed primarily in the cytoplasm (nuclear exclusion), including axons, or evenly distributed 

between the nuclear/cytoplasmic compartments (Figure 6A, see 0h panels for representative 

images). Strikingly, after just 30 min of Etoposide treatment, most of the cells displayed a distinct 

nuclear accumulation (Figure 6A, 0.5h panel). After 4 hrs of Etoposide treatment, the signal 

became more evenly distributed throughout the soma (Figure 6A, 4h panel). Whether the neurons 

were latently-infected or uninfected with HSV-1 had no detectable bearing on AKT localization 

dynamics in response to Etoposide treatment (Figures 6A and S5A). The cytoplasmic localization 

of the downstream regulator and substrates of AKT, such as mTOR or TSC2, did not detectably 

change in response to Etoposide treatment (Figure 6A). This suggests that AKT subcellular 

localization is dynamically regulated as a means to receive a nuclear DNA damage signal which, 

in turn, can activate a cytoplasmic signaling event. Using a pre-permeabilization/extraction 

protocol (allows for the enrichment of chromatin-bound proteins and removal of soluble proteins 

in intact cells), we observed AKT in nuclear foci that co-localizes with gH2AX (a marker for DSBs) 

following Etoposide treatment at the 30 min time-point (Figure 6B). This is in agreement with a 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/518373doi: bioRxiv preprint 

https://doi.org/10.1101/518373


	 15	

previous study showing that AKT can form nuclear foci in non-neuronal cell lines in response to 

ionizing radiation (Bozulic et al., 2008). Based on these results, we predict that the 

phosphorylation status of AKT could be a critical determinant on its sub-cellular localization. In 

support of this idea, we showed that depleting PHLPP1 (AKT Ser473-specific phosphatase) 

caused prolonged nuclear accumulation of AKT, even after 10 hrs of Etoposide treatment (Figure 

6C). Thus, the phosphorylation status of AKT strongly correlates with its subcellular localization 

in response to DNA damage signals. 

 Extracellular NGF signaling via TrkA receptor activates PI 3-kinase and PDK1-dependent 

phosphorylation of AKT on Thr308. This phosphorylation step is essential for priming AKT to be 

further phosphorylated on Thr308 and Ser473, and for signal amplification of the AKT-mTORC1 

pathway (Manning and Toker, 2017). To define how extracellular NGF signaling to AKT might 

impact DNA damage-induced AKT activation, NGF signaling was neutralized with anti-NGF 

antibody in the presence (or absence) of the DSB inducer, Etoposide. Treatment of SCG neurons 

in the media with the anti-NGF antibody caused a dramatic loss of both steady-state (untreated) 

and DNA damage-induced phosphorylation of Thr308 and Ser473 on AKT (Figure 6D). 

Importantly, in the absence of AKT phosphorylation due to anti-NGF antibody pretreatment 

(inhibiting TrkA receptor), AKT could no longer accumulate in the nucleus upon Etoposide 

treatment (Figure 6D). This strongly suggests that extracellular signaling from neurotrophic growth 

factors can inform and contribute towards the cellular response to nuclear DNA damage via the 

AKT-mTORC1 signaling axis (model, Figure 7).  
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DISCUSSION 

In addition to their critical roles in balancing anabolic and catabolic responses, AKT and its 

downstream effector mTORC1 react to changes in genomic integrity (Bozulic et al., 2008; Brown 

et al., 2015). By integrating extracellular, cytoplasmic, and nuclear cues, homeostasis can be 

maintained in response to a comprehensive array of physiological challenges. Until now, the 

biological impact of nuclear events on AKT signaling and the underlying molecular mechanisms 

have remained poorly understood.  Here, we establish that low-level TOP2b-dependent 

endogenous DNA breaks regulate AKT activation. Using a viral latency model where NGF-

dependent AKT activation represses virus reproduction in neurons, we demonstrate that inhibiting 

cellular DNA repair factors that repair TOP2b-dependent DNA breaks, such as NHEJ, TDP2, and 

the MRN complex, can block AKT activation and promote reactivation of latent HSV-1 infections. 

Unexpectedly, this process involves dynamic changes to both AKT Ser473 phosphorylation and 

the AKT subcellular localization; this is mediated, to a large extent, by the continued presence of 

extracellular NGF, DNA-PK and the AKT Ser473-specific phosphatase, PHLPP1. Thus, our study 

demonstrates that the DDR is tightly integrated into the growth control pathway via AKT 

phosphorylation dynamics, of which several nodal points can be co-opted by HSV-1 to serve as 

a control panel for viral latency.  

 

AKT dynamic localization in response to nuclear DNA damage 

Surprisingly, the source of the DNA damage responsible for regulating AKT activation was not 

confined to exogenous agents, but instead reflected endogenous, cell intrinsic dsDNA breaks 

generated by TOP2bcc intermediates. Promoters of neuronal early-response genes have only 

been recently found to contain TOP2bcc intermediates (Madabhushi and Kim, 2018) and the idea 

that these might impact the AKT central signaling network is therefore unexpected. Because AKT 

activation occurs in proximity to the plasma membrane, phosphorylation of AKT substrates in 
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other subcellular compartments (i.e. nucleus) was thought to rely on the subsequent diffusion of 

activated AKT (Calleja et al., 2007; Kunkel et al., 2005). While this conveniently accounts for the 

observation that AKT is activated by growth factor receptors localized at either the plasma 

membrane or in endosomes, its ability to target nuclear substrates would effectively uncouple 

AKT from its activating stimulus. Recent reports have shown that AKT activity can be confined to 

different activating lipid secondary messengers that could be spatially regulated throughout the 

cell (Ebner et al., 2017; Lučić et al., 2018). Here, we provide insight into how a cell membrane-

activated AKT (NGF-stimulated) can receive an additional nuclear DNA damage signal (DNA-PK) 

to become fully activated and subsequently stimulate downstream cytoplasmic mTORC1 

signaling (model, Figure 7). Whether AKT activation in the nucleus via phosphorylation by DNA-

PK drives its nuclear function prior to its more established cytoplasmic role is presently unknown. 

AKT has been implicated in regulating diverse substrates that have nuclear functions, including 

important roles in gene expression, DDR, DNA repair, and the maintenance of genomic stability 

(Szymonowicz et al., 2018). For example, activated AKT in the nucleus (immediately after Ser473 

phosphorylation by DNA-PK) may conceivably regulate phosphorylation of the transcription factor 

FOXO, which resides in the nucleus prior to AKT phosphorylation (Brunet et al., 1999; Brunet et 

al., 2002), or DNA repair effector proteins, such as XLF or MERIT40 (Brown et al., 2015; Liu et 

al., 2015). Thus, DNA damage-induced AKT activation expedites crosstalk between DNA 

repair/genome stability and cell growth/survival pathways (Hawkins et al., 2011), potentially 

impacting a diverse range of normal and pathophysiological processes, including neuronal stress 

responses, innate immunity, and cancer.  

By directly linking perturbations in AKT phosphorylation dynamics and subcellular 

localization to defects in downstream mTORC1 signaling, our findings support the possibility that 

AKT shuttles between nuclear and cytoplasmic compartments and thereby carrying a nuclear 

signal (via phosphorylation) back out to the cytoplasm (inside-out signaling) to phosphorylate its 

downstream targets (model, Figure 7). This starkly contrasts with the typical direction of cell 
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signaling from the cell membrane or endosomes via receptor tyrosine kinases to the nucleus to 

activate transcription factors, such as CREB or FOXO (Cox et al., 2008; Manning and Toker, 

2017; Terenzio et al., 2017). This is reminiscent of activation of NFkB transcription factor family 

members resident in the cytoplasm by the nuclear DNA damage response signaling (Huang et 

al., 2003; McCool and Miyamoto, 2012; Wu et al., 2006). Inside-out signaling of this kind could 

theoretically integrate DNA damage and/ or DNA sensing with any cytoplasmic signaling event. 

Further investigation is required to determine the pervasiveness of this cross-talk between 

signaling events that spans the two compartments and the extent it regulates physiologically-

relevant cell-intrinsic stress responses in different cell types and/or tissues.  

 By regulating AKT activation, endogenous DNA damage responses are able to control 

viral latency even in the presence of NGF, which before now was presumed sufficient to sustain 

continuous AKT and mTORC1 activation. Two of the DNA damage response factors that regulate 

AKT, DNA-PK and Mre11, have also been proposed to function as DNA sensors that participate 

in innate immune responses by sensing both microbial and non-microbial DNA (Ferguson et al., 

2012; Kondo et al., 2013). This potentially provides a mechanism to integrate nuclear DNA 

damage responses with cytoplasmic signaling to control inflammatory responses in a variety of 

diseases (Crowl et al., 2017; Gao et al., 2015; Li and Chen, 2018; Sliter et al., 2018). It might 

further expose a strategy used by a variety of nuclear DNA viruses that subvert DNA damage 

response to support their long-term persistence (Anacker and Moody, 2017; Bencherit et al., 

2017; Mariggiò et al., 2017; Piekna-Przybylska et al., 2017). 

 

Differential roles of the DDR and AKT in virus persistence and reproduction 

While we establish that the DDR influences HSV-1 latency in neurons by regulating AKT, it exerts 

a different impact upon productive virus growth, which has been primarily investigated in non-

neuronal cells. Following nuclear entry, the viral linear dsDNA genome, which contains nicks and 

gaps (Smith et al., 2014), triggers the host DDR (Weitzman and Fradet-Turcotte, 2018). To 
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prevent viral genome silencing and suppress antiviral defenses, virus-encoded factors antagonize 

select DDR components (Lilley et al., 2011). Other facets of the DDR, like the MRN complex, 

localize to sub-nuclear virus replication centers, interact with viral proteins, and stimulate virus 

reproduction (Balasubramanian et al., 2010; Lilley et al., 2005; Lou et al., 2016; Wilkinson and 

Weller, 2004). In addition, whereas DNA repair by NHEJ restricts productive virus replication, the 

Fanconi Anemia genome stability pathway stimulates HSV-1 DNA synthesis and productive 

growth, in part, by antagonizing NHEJ and likely stimulating HR (Karttunen et al., 2014). Finally, 

instead of harnessing the DDR to activate AKT, HSV-1 expresses an AKT-like kinase during its 

productive growth program that shares overlapping substrate specificity with the cellular AKT 

(Chuluunbaatar et al., 2010; Vink et al., 2018). Thus, both AKT and the DDR plays distinct roles 

during virus persistence (latency) and reproduction.   

 

Potential new strategies for interfering with AKT activation  

In our study, we showed that DSB inducers can cause transient AKT nuclear accumulation 

(Figures 6A and 6B). Unexpectedly, inhibition of PHLPP1 led to prolonged AKT nuclear 

accumulation (Figure 6C); this suggests that controlling the half-life of phosphorylated Ser473 

could impact the dynamics of AKT subcellular localization and its activation kinetics. One 

possibility is that dephosphorylation of Ser473 controls AKT nuclear export. Alternatively, AKT 

could also be dephosphorylated upon its return to the cytoplasm such that an unrelated 

mechanism may regulate its nuclear export where it is then subsequently acted upon by PHLPP1. 

PHLPP1 has other substrates in addition to phosphorylated Ser473 that could perhaps regulate 

AKT subcellular localization and activation indirectly. Understanding the regulation and 

subcellular localization of PHLPP1 could shed new light into how AKT activation can be controlled 

by subcellular trafficking dynamics. Significantly, PHLPP1-depletion inhibited HSV-1 reactivation 

(Figure 5F), and as such, represents a new cellular effector that links genome integrity to AKT 

Ser473 phosphorylation and regulates HSV-1 latency. Antagonizing a cellular target like PHLPP1 
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might prevent reactivation without the concern of developing viral resistance that can undermine 

targeting a viral function by anti-virals (Piret and Boivin, 2016). Conversely, PHLPP1 agonists 

might trigger reactivation, and perhaps in combination with an anti-viral, could result in a strategy 

to reduce or eliminate latent viral reservoirs.  
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EXPERIMENTAL PROCEDURES 
Primary Neuronal Culture 
Primary superior cervical ganglion (SCG) neurons were dissected from embryonic day 21 (E21) 
Sprague-Dawley rat pups and cultured as described (Camarena et al., 2010; Kobayashi et al., 
2012a). All protocols for isolating SCGs were approved by the Institutional Animal Care and Use 
Committee at NYU School of Medicine. Isolated SCGs were placed in Leibovitz’s L-15 media 
(Leibovitz’s L-15 with 0.4% D(+)-glucose) and incubated in collagenase (1 mg/mL, Sigma) and 
trypsin (0.25%, Invitrogen) at 37°C for 15 min then centrifuged for 1 min at 1000rpm. Cells were 
suspended in MEM medium (1x MEM, 0.4% D (+)-glucose, 2mM L-glutamine, 10% FBS) and 
passage through 21G and 23G needles followed by a 70-mm cell strainer then plated in 96-
wells or 24-wells plates. The plates were coated with rat-tail collagen (0.66 mg/mL, Millipore) 
and laminin (2 µg/mL, Sigma). After 1 day culture, cells were maintained in NBM medium 
(neurobasal medium, 0.4% D (+)-glucose, 2mM L-glutamine, NeuroCult™ SM1 Neuronal 
Supplement, 50 ng/ml 2.5S NGF) supplemented with aphidicolin (5 µM, Calbiochem) and 5-
fluorouracil (20 µM, Sigma) to remove proliferating cells. 
 
Non-neuronal Cell Culture 
Rat2 (normal rat fibroblast, ATCC CRL-1764) and REF (primary embryonic fibroblast from E16 
Sprague-Dawley rat pups) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and 2 mM L-Glutamine. 
 
HSV-1 Latency Establishment and Reactivation in Primary SCG Neurons 
After 6 days culture, the day before HSV-1 infection, SCG neurons were pretreated with 
Acyclovior (ACV) overnight. At the next day, the neuronal cultures were infected with wild-type 
HSV-1 (Patton strain expressing a Us11-EGFP fusion protein). Neurons were infected at an 
MOI of 1.5 PFU/neuron (the titer was determined in Vero cells) in NBM medium for 2 hrs. After 2 
hrs, the virus was removed and the neurons were maintained in NBM medium supplemented 
with 50 ng/mL NGF and 100 µM ACV for at least 6 days to establish latency. After 6 days post 
HSV-1 infection, ACV was removed and cultures were induced to reactivate by treatment with 
LY294002 (20 µM, 20hrs, Calbiochem), NU7441 (1 µM, 20hrs, TOCRIS), Mirin (100 µM, 20hrs, 
TOCRIS), KU55933 (10 µM, Calbiochem), Etoposide (10 µM, 8hrs, Calbiochem), or Bleomycin 
(10 µM, 8hrs, Calbiochem). JNK inhibitor (20 µM, JNK Inhibitor II, Calbiochem) was used to 
block reactivation and was used for pre-treatment (6 hrs) prior to the addition of the inhibitor with 
other chemical inhibitors for the indicated times. Z-VAD-fmk (20 µM, 8hrs, Calbiochem) was 
used to block reactivation and was used concomitantly with Etoposide (8hrs) prior to detection 
of GFP-positive cells. Reactivation was quantified by counting the percentage of GFP-positive 
wells, 30 independently infected wells were analyzed for individual treatments. All the data were 
collected from a minimum of three separate dissection experiments (3 biological replicates). 
Analysis and statistical calculations were made using two-tailed unpaired Student’s t-test (Prism 
7.0). 
 
Western Blot Analysis 
Total whole cell extracts from SCGs were collected by lysis in Laemmli buffer (Bio-Rad) from 
approximately 50,000 neurons and fractionated on NuPAGE 4-12% Bis-Tris Protein Gels (Life 
Technologies). For REF and Rat2 cells, cells were lysed in lysis buffer (0.05 M Tris pH 6.8, 2% 
(w/v) SDS and 6% (v/v) β-mercaptoethanol) and protein concentrations were quantified using 
Bradford Protein Assay (Bio-Rad). Equal concentrations of protein were fractionated on 
NuPAGE 4-12% Bis-Tris Protein Gels. The protein was then transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore), blocked with 5% milk in TBST for 1 hour and 
incubated with primary antibody overnight at 4°C. The signals were detected by HRP-
conjugated secondary antibodies and ECL reagent (PerkinElmer). Quantitative Western blotting 
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was made using ImageJ. Primary antibodies used for Western blot analysis: anti-Ku80 (Santa 
Cruz Biotechnology), anti-a-tubulin (Millipore), anti-Rad50 (Santa Cruz Biotechnology), anti-Lig 
III (Abcam), anti-Lig IV (Novus Biologicals), anti-phospho-AKT (Ser473) (Cell Signaling 
Technology), anti-AKT1 (Santa Cruz Biotechnology), anti-Nbs1 (Cell Signaling Technology), 
anti-FLAG (Sigma-Aldrich), anti-TOP2B (Novus Biologicals), anti-phospho-Histone H2A.X 
(Ser139) (Cell Signaling Technology), anti-SGK1 (Abcam), anti-phospho-SGK1 (Ser422) 
(Abcam), anti-Rictor (Cell Signaling Technology), anti-PHLPP1 (Millipore), anti-PHLPP2 (Bethyl 
Laboratories), anti-TDP2 (Santa Cruz Biotechnology). 
 
RNA isolation and reverse-transcription quantitative PCR (RT-qPCR) 
Total RNA was extracted from approximately 50,000 neurons using the Qiashedder spin column 
and the RNAeasy mini kit (Qiagen). Neurons were lysed in 350 µL of RLT buffer (QIAGEN) and 
centrifuged through a QIAGEN Shredder spin column for homogenization. Each sample were 
added 550 µL RNase free-water and 450 µL 100% ethanol to precipitate RNA. The samples 
were then applied to the RNeasy columns and washed as recommended then eluted with 
RNase-free water. The eluted RNA was treated with DNase I (New England Biolabs) for 10 min 
at 37°C and the DNase I was heat inactivated at 75°C for 10 min in the presence of 2 mM 
EDTA. cDNA was generated using qScript™ cDNA SuperMix (QuantaBio). Quantitative real-
time PCR (qRT-PCR) analysis was performed using SYBR™ Green PCR Master Mix (Applied 
Biosystem) and a StepOnePlus Real-Time PCR System (Applied Biosystem). Relative 
expression levels of viral mRNAs were normalized to 18S rRNA (Camarena et al., 2010; 
Kobayashi et al., 2012b), statistical calculations were made using two-tailed paired students T-
test (Prism 7.0).  
 
Immunofluorescence 
Neurons were seeded at a density of 2x104 cells/well onto coverslips pre-coated with poly-D 
lysine and laminin. After treatments, cultures were washed twice with PBS and fixed with 4% 
paraformaldehyde in PBS for 15 min at RT then permeabilized with 0.25% Triton X-100 in PBS. 
To detect AKT1 and γ-H2Ax nuclear localization, cells were pre-permeabilized with Scully buffer 
(0.5% Triton X-100, 20 mM HEPES-KOH, pH 7.4, 50 mM NaCl, 3 mM MgCl2, 300 mM sucrose) 
for 1 min and fixed with 4% paraformaldehyde in PBS for 15 min at RT. After blocking in 2% 
BSA in PBS for 20 min, cells were incubated with primary antibodies for 3 hours at RT and 
detected using anti-mouse Alexa Fluor® 488, anti-rabbit Alexa Fluor® 488 or anti-rabbit Alexa 
Fluor® 546 for 2 hours at RT. Nuclei were stained with Hoechst 33258 (Life Technologies). 
Images were acquired by Zeiss LSM 700 confocal microscope software and were processed 
using ImageJ. Primary antibodies used for immunofluorescence studies: anti-GFP (Santa Cruz 
Biotechnology), anti-phospho-Histone H2A.X (Ser139) (Cell Signaling Technology), anti-b3-
Tubulin (Cell Signaling Technology), anti-AKT1 (Santa Cruz Biotechnology), anti-mTOR (Cell 
Signaling Technology), anti-TSC2 (Cell Signaling Technology). 
 
Preparation of HSV-1 stocks and plaque assay 
HSV-1 stocks were amplified and titered on Vero cell monolayers by standard methods. Vero 
cells were infected (MOI=0.01) and maintained in Dulbecco’s modified Eagle’s medium 
supplemented with 10% FBS and 2 mM L-glutamine at 37°C for 2–3 days then harvest by 
freeze-thaw lysis and sonication. Infectious titers were determined by plaque assay using Vero 
cells. For plaque assays, uninfected Vero cells were seeded in 6-well plates and incubated with 
serial diluted virus for 2 h at 37°C then overlaid with 0.5% agarose in MEM supplemented with 
1% FBS. After incubation for 2-3 days at 37°C, cells were fixed with 10% TCA for 10 min and 
stained with 1% crystal violet to visualize the plaques. 
 
Preparation of lentiviral stocks and lentivirus infection of SCG neurons 
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Lentiviruses expressing shRNAs (Sigma-Aldrich Mission mouse or human Lentiviral shRNA 
libraries) or Flag-Rheb (Q64L) were generated using the 293LTV packaging cell line. The 
envelop plasmid (pMD2.G), packaging plasmid (psPAX2), and pLKO.1 or pcw107 control 
vectors were cotransfected into 293LTV cells, and viral particles were harvested 48 hr post-
transfection. Lentiviral particles (MOI=10) were added to neurons overnight. For expression of 
the Rheb (Q64L) mutant, latently-infected neurons were transduced with Rheb (Q64L) or control 
pcw107 lentiviral particles overnight. After two days, ACV was removed and cultures were 
induced to reactivate by treatment with LY294002 (20 µM), NU7441 (1 µM), or Mirin (100 µM). 
20 hours later, mRNA was prepared and analyzed by qRT-PCR. Flag-Rheb (Q64L)-pcw107 
was a gift from David Sabatini and Kris Wood (Addgene plasmid #64607). 
 
ICE (In vivo Complex of Enzyme) assay   
TOP2b-DNA complexes were isolated from approximately 600,000 SCG neurons using the ICE 
(In Vivo Complex of Enzyme) assay kit (TopoGEN). All procedures were performed as 
instructions. Cells were washed in PBS twice and lysed in lysis buffer. Genomic DNA was 
precipitated by 100% ethanol and then centrifuged. Pellets were washed with 75% ethanol and 
resuspended in buffer D (provided from the kit). DNA concentration was determined by 
nanodrop (Thermo Scientific) then applied to a methanol-pretreated PVDF membrane using a 
Bio-Dot apparatus (Bio-Rad). The membranes were then probed for TOP2b using standard 
western blotting procedures. 
 
Statistical analysis  
All statistical analysis was performed using Prism software (7.0). Number of biological repeats of 
experiments and statistical significance are indicated in the corresponding figure legends. P 
values equal to or less than 0.05 were considered significant, asterisks denote statistical 
significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p <0.0001). P-values are calculated 
using two-tailed unpaired Student’s t-test. P values greater than 0.05 were not significant (NS). 
 
 
KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Goat polyclonal anti-Ku80 Santa Cruz Biotechnology Cat# sc-1484, RRID:AB_2218751 

Mouse monoclonal anti-α-tubulin Millipore Cat# CP06, RRID:AB_212802 
Rabbit polyclonal anti-Rad50 Santa Cruz Biotechnology Cat# sc-20155, RRID:AB_2176948 
Rabbit polyclonal anti-Lig III Abcam Cat# ab185815 
Rabbit polyclonal anti-Lig IV Novus Biologicals Cat# NBP2-16182 
Rabbit monoclonal anti-phospho-
AKT (S473) 

Cell Signaling Technology Cat# 4060, RRID:AB_2315049 

Rabbit monoclonal anti-phospho-
AKT (T308) 

Cell Signaling Technology Cat# 13038, RRID:AB 2629447 

Mouse monoclonal anti-AKT1 Santa Cruz Biotechnology Cat# sc-5298, RRID:AB_626658 
Rabbit monoclonal anti-Nbs1 Cell Signaling Technology Cat# 14956 
Mouse monoclonal anti-FLAG (M2) Sigma-Aldrich Cat# F1804, RRID:AB_262044 
Rabbit polyclonal anti-TOP2B Novus Biologicals Cat#  NBP1-89527, 

RRID:AB_11035093 
Mouse monoclonal anti-phospho-
Histone H2A.X (Ser139) 

Millipore Cat# 05-636, RRID:AB_309864 

Rabbit polyclonal anti-SGK1 Abcam Cat# ab43606, RRID:AB_2285950 
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Rabbit polyclonal anti-phosphor-
SGK1 (S422) 

Abcam Cat# ab55281, RRID:AB_882529 

Rabbit monoclonal anti-Rictor Cell Signaling Technology Cat# 2114S, RRID:AB_10694641 
Rabbit polyclonal anti-PHLPP1 Millipore Cat# 07-1341, RRID:AB_1977419 
Rabbit polyclonal anti-PHLPP2 Bethyl Laboratories Cat# A300-661A, RRID:AB_2299551 
Mouse monoclonal anti-GFP Santa Cruz Biotechnology Cat# sc-9996, RRID:AB_627695 
Rabbit monoclonal anti-phospho-
Histone H2A.X (Ser139) 

Cell Signaling Technology Cat# 9718, RRID:AB_2118009 

Rabbit monoclonal anti-β3-Tubulin Cell Signaling Technology Cat# 5568S, RRID:AB_10694505 
Rabbit monoclonal anti-mTOR Cell Signaling Technology Cat# 2983, RRID:AB_2105622 
Rabbit monoclonal anti-TSC2 Cell Signaling Technology Cat# 4308S, RRID:AB_10547134 
Mouse monoclonal anti-TDP2 Santa Cruz Biotechnology Cat# sc-515179, no RRID number 
Bacterial and Virus Strains  
HSV-1, Us11-GFP Kobayashi et al., 2012 N/A 
Biological Samples   
Chemicals, Peptides, and Recombinant Proteins 
LY294002, PI3K inhibitor Calbiochem Cat# 440202 
NU7441, DNA-PK inhibitor TOCRIS Cat# 3712 
Mirin, MRE11 inhibitor TOCRIS Cat# 3190 
KU55933, ATM inhibitor Calbiochem Cat# 118500 
Etoposide Calbiochem Cat# 341205 
Bleomycin Calbiochem Cat# 203401 
JNK inhibitor (JNK Inhibitor II) Calbiochem Cat# 420128 
Nerve growth factor Envigo Cat# B.5017 
Acyclovir Calbiochem Cat# 114798 
z-VAD-fmk Calbiochem Cat# 627610 
Neurobasal media Gibco Cat# 12348017 
NeuroCult™ SM1 Neuronal 
Supplement 

STEMCELL Technologies Cat# 05711 

Critical Commercial Assays 
RNeasy Mini Kit QIAGEN Cat# 74104 
ICE Assay Kit TopoGEN Cat# TG1020-0 
SYBR Green Master reagent Applied Biosystems Cat# 4309155 
Deposited Data 
Experimental Models: Cell Lines 
Rat: embryonic day 21 primary SCG 
neurons 

N/A N/A 

Rat: Rat2 cell line ATCC CRL-1764 
Rat: embryonic day 16 primary 
fibroblast culture 

N/A N/A 

Human: 293LTV cell line   
Experimental Models: Organisms/Strains 
Rat: WT, Sprague-Dawley Hilltop Lab Animals N/A 
Oligonucleotides 
ICP27-F  
5’TTTCTCCAGTGCTACCTGAAGG-3’ 

Kim et al., 2012 N/A 

ICP27-R  
5’-TCAACTCGCAGACACGACTCG-3’ 

Kim et al., 2012 N/A 
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UL30-F 
5’-CGCGCTTGGCGGGTATTAACAT-3’ 

Kim et al., 2012 N/A 

UL30-R 
5’-TGGGTGTCCGGCAGAATAAAGC-3’ 

Kim et al., 2012 N/A 

18S-F 
5’-AGGAATTGACGGAAGGGCACCA-3’ 

Kobayashi et al., 2012 N/A 

18S-R 
5’-
TTATCGGAATTAACCAGACAAATCG-3’ 

Kobayashi et al., 2012 N/A 

Recombinant DNA 
pLKO.1-puro Non-Target shRNA 
Control Plasmid  

Sigma-Aldrich SHC016-1EA 

shRNA: Ku80-1 Sigma-Aldrich TRCN0000071044 
shRNA: Ku80-2 Sigma-Aldrich TRCN0000071047 
shRNA: Rad50-1 Sigma-Aldrich TRCN0000040104 
shRNA: Rad50-2 Sigma-Aldrich TRCN0000040105 
shRNA: Nbs1-1 Sigma-Aldrich TRCN0000012671 
shRNA: Nbs1-2 Sigma-Aldrich TRCN0000012672 
shRNA: LIG III-1 Sigma-Aldrich TRCN0000048499 
shRNA: LIG III-2 Sigma-Aldrich TRCN0000070979 
shRNA: LIG IV-1 Sigma-Aldrich TRCN0000040004 
shRNA: LIG IV-2 Sigma-Aldrich TRCN0000071162 
shRNA: Rictor-1 Sigma-Aldrich TRCN0000123396 
shRNA: Rictor-2 Sigma-Aldrich TRCN0000296313 
shRNA: TOP2b-1 Sigma-Aldrich TRCN0000311781 
shRNA: TOP2b-2 Sigma-Aldrich TRCN0000049286 
shRNA: PHLPP1-1 Sigma-Aldrich TRCN0000081359 
shRNA: PHLPP1-2 Sigma-Aldrich TRCN0000081362 
shRNA: PHLPP2 Sigma-Aldrich TRCN0000082660 
shRNA: TDP2-1 Sigma-Aldrich TRCN0000193512 
shRNA: TDP2-2 Sigma-Aldrich TRCN0000314715 
FLAG-Rheb (Q64L)-pcw107 Addgene Cat# 64607 
pcw107 Addgene Cat# 62511 
TDP2-Myc-DDK-tagged (Lenti ORF) Origene Cat# RC202015L1 
Software and Algorithms 
GraphPad Prism (version 7.0) GraphPad Software  
ImageJ (version 1.49P) NIH https://imagej.nih.gov/ij/ 
Other 
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FIGURE LEGENDS 

Figure 1. DSB inducers cause HSV-1 reactivation in primary neurons 

(A) Schematic for the establishment of HSV-1 latency and reactivaton in infected rat SCG-derived 

neuron cultures. Dissociated SCG were seeded in 96-well plates in media supplemented with 50 

ng/ml NGF for 7 days. Cells were pre-treated with 50 µM acyclovir (ACV) for 1 day prior to infection 

on day 8 with HSV-1 GFP-Us11. Infected cultures were maintained with ACV for an additional 

week to allow the virus to establish a non-replicating infection. ACV was then removed and 

infected cultures treated with indicated drugs or lentiviral-delivered shRNA knockdown. GFP 

fluorescence was monitored in live cells and quantified by percent of GFP-positive wells. 30 

independently-infected wells were analyzed for individual treatments. 

(B) Reactivation assay comparing the response of HSV-1 GFP-Us11 infected SCG neurons 

treated with either Bleomycin (10 µM, 8hrs), Etoposide (10 µM, 8hrs), LY294002 (20 µM, 20hrs), 

or DMSO, then drug was washed out and the neurons recovered for 6 days. Data for percentage 

of GFP+ wells are plotted from four independent experiments with mean ±s.e.m. and p-values 

calculated as indicated in Experimental Procedures. 

(C) HSV-1 latently-infected SCG neurons were established and treated with Etoposide as in (B) 

for 8hrs, then drug was washed out and the neurons recovered for an additional 40hrs. Neurons 

were then fixed and probed with the indicated antibodies for indirect immunofluorescence (IF). 

Note that gH2AX levels remain present even in neurons that are GFP-negative (after Etoposide 

is washed out and recovered), suggesting that DNA repair is delayed in neurons and that the 

gH2AX signal is independent of viral replication. Nuclear DNA was visualized using Hoechst stain 

(blue). DMSO represents mock treatment. Bar = 50µm. 

(D) Latently-infected neurons were treated with the indicated chemical inducers as in (B) but were 

recovered for additional 12 hours, except for LY294002 treatment, and viral ICP27 mRNA levels 

were assessed by quantitative RT-PCR (qRT-PCR). Each data point signifies a biological 

replicate with mean ±s.e.m. for 4 biological replicates.  
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(E) Infectious virus production was evaluated by plaque assay after 3 days of treatment as in (B). 

Bar graph shows the average number of plaque forming units (PFU) per well with mean ±s.e.m.  
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Figure 2. Inhibition of NHEJ or the MRN complex causes HSV-1 reactivation 

(A) Reactivation assay comparing the response of HSV-1 GFP-Us11 infected SCG neurons 

treated with either NU4771 (1 µM, 20hrs), Mirin (100 µM, 20hrs), LY294002 (20 µM, 20hrs) or 

DMSO control, drugs were then washed out and the neurons were maintained for 6 days. Plot 

shows percentage of GFP+ wells were plotted from six independent experiments scored on 

successive days with mean ±s.e.m.  

(B) Latently-infected neurons were treated with the indicated chemicals as in (A) and ICP27 viral 

mRNA levels were quantified by qRT-PCR after 20 hrs of treatment. Each data point signifies a 

biological replicate with mean ±s.e.m. for 7 biological replicates.  

(C) Infectious virus production was evaluated by plaque assay after 3 days of treatment as in (A). 

Bar graph shows the average number of plaque forming units (PFU) per well with mean ±s.e.m.  

(D) Depletion of Ku80 using lentiviral-transduced shRNAs in latently-infected SCG neurons. 

Following ACV removal, HSV1-GFP-Us11 latently-infected cultures were infected with two 

different lentiviruses expressing shRNAs against rat Ku80. Cultures infected with a lentivirus 

expressing a non-silencing shRNA (NS) were used as a negative control. Number of wells 

expressing GFP was scored after 5 days with mean ±s.e.m. for 4 biological replicates. Knockdown 

efficiencies for individual shRNAs in latently-infected SCG neurons were confirmed by Western 

blot analysis (D-G). 

(E-G) Depletion of the indicated rat gene products (Rad50, LIG3, LIG4) using two independent 

lentivirus shRNAs for each were performed and scored for reactivation as in (D).   
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Figure 3. DNA repair factors maintain HSV-1 latency through the canonical AKT-mTORC1 

signaling axis 

(A) Schematic diagram of mTORC1 signaling induced by both the NGF-mediated 

TrkA/PI3K/PDK1/AKT pathway and DNA damage (and DNA repair inhibition) activation, leading 

to the maintenance of HSV-1 latency. (TSC) Tuberous sclerosis complex, (Rheb) Rheb is 

depicted in GDP- and GTP-bound forms. The Rheb (Q64L) mutant is a constitutively active 

protein that acts at the point shown (stabilization of the GTP-bound form) to bypass upstream 

AKT inhibition in order to activate the downstream mTORC1 signaling pathway. 

(B) Western blot analysis comparing levels of AKT Ser473 phosphorylation in uninfected and 

HSV-1 latently-infected SCG neurons treated with either NU4771 (1 µM, 20hrs), Mirin (100 µM, 

20hrs), LY294002 (20 µM, 20hrs) or DMSO control. LY294002 serves as a positive control for 

inhibiting AKT Ser473 phosphorylation.  

(C) Different DNA repair factors are depleted by shRNAs for 5 days in uninfected SCG neurons 

and analyzed by Western blot for AKT Ser473 phosphorylation as in (B) and along with other 

indicated proteins. 

(D) Uninfected SCG neurons were transduced with either empty vector or Flag epitope-tagged 

Rheb (Q64L) mutant expression construct and treated as in (B) and analyzed by Western blot 

with the indicated antibodies.  

(E) Lentivirus-delivered expression of the constitutively active Flag-Rheb (Q64L) mutant in HSV-

1 latently-infected SCG neurons in the presence or absence of treatment with Mirin, NU7441 or 

LY294002 for 20 hrs as indicated (see schematics). Viral ICP27 mRNA levels were then quantified 

by qRT-PCR. Each data point signifies a biological replicate with mean ±s.e.m. for 5 biological 

replicates. 

(F-G) Induction of ICP27 viral mRNA in response to the different DNA repair inhibitors (F) or 

shRNA knockdown of Ku80 (F) can be blocked by a JNK inhibitor. LY294002 serves as a positive 

control for the JNK inhibitor consistent with a previous study (Cliffe et al., 2015). Relative ICP27 
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mRNA levels were quantified by qRT-PCR after 20 hrs drug treatment and represent the mean 

±s.e.m. for 4 biological replicates.  
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Figure 4. Generation of endogenous TOP2bcc intermediates is critical for the maintenance 

of HSV-1 latency 

(A) Uninfected SCG neurons were transduced with two different shRNAs against TOP2b and 

analyzed by Western blot for differences in AKT and H2AX phosphorylation levels. 

(B) TOP2b covalently-bound to genomic DNA from uninfected SCG neurons were isolated and 

displayed using a Dot blot method. Cells were treated either with Mirin or depleted of TOP2b with 

the indicated shRNAs.  

(C) HSV-1 latently-infected SCG neurons were transduced with non-silencing (NS) or TOP2b 

shRNAs for 3 days and scored for ICP27 or UL30 viral mRNA levels by qRT-PCR with the mean 

±s.e.m. for 4 biological replicates.   

(D) Uninfected SCG neurons were transduced with two different shRNAs against TDP2 and 

analyzed by Western blot for differences in AKT and H2AX phosphorylation levels (left panel). 

HSV-1 latently-infected SCG neurons transduced with either NS or two different TDP2 shRNAs 

were scored for GFP-positive neurons after 5 days (right panel). 

(E) Uninfected SCG neurons were transduced with Flag-Rheb (Q64L) and then shRNA against 

TOP2b to monitor relative efficiency of knockdown of TOP2b and Flag-Rheb (Q64L) expression 

by Western blot analysis (left panel). HSV-1 latently-infected SCG neurons were transduced with 

either empty vector or Flag-Rheb (Q64L), and then with two different shRNAs against TOP2b (see 

schematics) and scored for UL30 or ICP27 viral mRNA levels by qRT-PCR with the mean ±s.e.m. 

for 4 biological replicates (right panels).   
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Figure 5. Loss of PHLPP1 causes sustained AKT Ser473 phosphorylation and reduced 

HSV-1 reactivation in response to DSB inducers 

(A) Treatment of uninfected SCG neurons with NU7441 (DNA-PK activity inhibitor) prevents basal 

and DSB-induced AKT Ser473 phosphorylation. Samples were analyzed by Western blot with the 

indicated antibodies. 

(B) Uninfected SCG neurons were transduced with a lentivirus expressing a non-silencing shRNA 

(NS) or an shRNA specific for Ku80. Following treatment with either DMSO (control), Etoposide, 

or Bleomycin, total protein was analyzed by immunoblotting using the indicated antibodies. 

Phosphorylation of SGK1 (another substrate of AKT) served as a negative control. 

(C) Knockdown of RICTOR, a subunit of the mTORC2 complex, using two different lentivirus-

delivered shRNAs had no detectable effect on Etoposide-induced AKT Ser473 phosphorylation. 

Samples were analyzed by Western blot with the indicated antibodies.  

(D) Time-course study performed using DSB inducers (Bleomycin, Etoposide) or the DNA repair 

inhibitor (Mirin) to analyze the kinetics of AKT Ser473 phosphorylation. Samples were analyzed 

by Western blot (top panels, a representative image of pS473-AKT and AKT signals) and 

quantified by ImageJ for the corresponding DSB inducers at the indicated time-points (bottom 

panels). The signal was normalized to endogenous AKT levels (pS473-AKT/AKT) as a ratio, with 

mean ±s.e.m. for 3 biological replicates. 

(E) PHLPP1 depletion by lentivirus-delivered shRNA causes elevated and sustained AKT 

phosphorylation. Samples were analyzed by Western blot and probed with indicated antibodies. 

(F) Both Etoposide- and Mirin-induced HSV-1 reactivation are inhibited by PHLPP1 depletion 

using two different shRNAs. Number of GFP-positive wells was scored after 6 days with mean 

±s.e.m. for 3 biological replicates. Knockdown efficiency of PHLPP1 in latently-infected SCG 

neurons were confirmed by Western blot analysis (see Figure S4C).  
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(G) TDP2-Flag overexpression hyper-activates AKT Ser473 phosphorylation in response to 

Etoposide treatment. Uninfected SCG neurons were transduced with lentivirus expressing Flag 

epitope-tagged TDP2 (TDP2-Flag) for 3 days and then treated with Etoposide for the indicated 

times and analyzed by Western blot. 

(H) TDP2-dependent hyper-activation of AKT Ser473 phosphorylation by Etoposide requires 

DNA-PK activity. Uninfected SCG neurons were transduced with TDP2-Flag for 3 days and then 

treated with Etoposide in the presence or absence of NU7441 as indicated and analyzed by 

Western blot. 

(I) TDP2-Flag overexpression inhibits Etoposide-induced HSV-1 reactivation. HSV-1 latently-

infected SCG neurons were transduced with TDP2-Flag for 3 days and then treated with 

Etoposide for 8hrs as indicated. Number of GFP-positive wells was scored after 3 days with mean 

±s.e.m. for 3 biological replicates. 
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Figure 6. AKT subcellular localization is controlled by both extracellular growth factor and 

nuclear DSB signaling 

(A) Confocal microscopy images of cultured, uninfected SCG neurons that were untreated (0h) 

or treated with Etoposide for the indicated times (h) and subsequently immuno-stained with the 

indicated antibodies. Nuclear DNA was visualized using Hoechst stain (blue). The percentage of 

cells with either cytoplasmic, nuclear/cytoplasmic, or nuclear enriched AKT1 subcellular 

localization were quantified and displayed as bar graphs with mean ±s.e.m. for 3 biological 

replicates. Representative images of AKT1 staining for cytoplasmic enriched (top panel, 0h), 

nuclear/cytoplasmic enriched (middle panel, 0h), and nuclear enriched (bottom panel, Etoposide 

0.5h) are shown. Bar = 20µm. Images acquired from parallel cultures immuno-stained with anti-

mTOR or TSC2 provide specificity controls indicating that the subcellular distribution of two 

downstream AKT effectors did not detectably change in response to Etoposide. 

(B) Uninfected SCG neurons treated with Etoposide for the indicated time (h) were processed to 

detect chromatin-bound proteins in intact cells. Neurons were immuno-stained with the indicated 

antibodies and representative images of AKT1 and gH2AX co-localization are shown. The 

percentage of cells displaying 5 or more AKT1 nuclear foci per nuclei are quantified with mean 

±s.e.m. for 3 biological replicates. Bar = 10µm. 

(C) Comparing the impact of PHLPP1 shRNA knockdown versus non-silencing (NS) control 

shRNA on AKT subcellular distribution in uninfected SCG neurons treated with Etoposide for the 

indicated times (hrs). The percentage of cells with either cytoplasmic, nuclear/cytoplasmic, or 

nuclear enriched AKT1 subcellular localization were quantified and displayed as bar graphs with 

mean ±s.e.m. for 3 biological replicates. 

(D) Cultured SCG neurons were treated with or without anti-NGF blocking antibody in the media 

to inhibit TrkA receptor activation and then treated with DMSO (vehicle control) or DSB inducers 

as indicated. Samples were analyzed by Western blot to ensure that anti-NGF antibody blocked 
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AKT phosphorylation, but not DSB formation (gH2AX). The subcellular distribution of AKT was 

analyzed by immuno-staining and confocal microscopy imaging. The percentage of cells with 

either cytoplasmic, nuclear/cytoplasmic, or nuclear enriched AKT1 subcellular localization were 

quantified and displayed as bar graphs with mean ±s.e.m. for 3 biological replicates. 
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Figure 7.  A working model of how the spatial distribution of nuclear DNA damage and 

extracellular neurotrophic factor signaling coordinates AKT-mTORC1 activation 

(A) Working model depicting how both extracellular growth factor and TOP2b-mediated nuclear 

DNA damage signaling collaborate together to sustain AKT-mTORC1 activation to maintain HSV-

1 latency. NGF-dependent activation of TrKA leads to sustained AKT Thr308 phosphorylation. 

This step is critical in order for AKT to be subsequently phosphorylated on Ser473 by DNA-PK. 

DNA-PK is then activated from transient DSBs generated by TOP2bcc intermediates in 

collaboration with TDP2, which can occur at promoters of early-response host genes during 

normal neuronal activity (Madabhushi et al., 2015). The MRN complex is critical for the processing 

of TOP2bcc for both DNA repair (Hoa et al., 2016) and the activation of DNA-PK (our study). 

Based on our present study, we speculate that AKT undergoes continuous nucleocytoplasmic 

shuttling. AKT is likely phosphorylated on Thr308 at the plasma membrane by PDK1. This step is 

critical for initiating AKT nuclear translocation and phosphorylation by DNA-PK on Ser473, but 

negatively regulated by PHLPP1, leading to its nuclear export and activation of cytoplasmic AKT-

mTORC1 canonical pathway. Continuous AKT-mTORC1 signaling is crucial for the maintenance 

of HSV-1 latency. Thus, the sustained activation of the AKT-mTORC1 signaling axis in neurons 

requires consolidation from two independent signals generated from potentially different cellular 

compartments (nuclear and plasma membrane/cytoplasm). During latency, histones at HSV-1 

lytic promoters remain in a repressed state. Neuronal cell stress stimuli triggering DLK/JIP3-

mediated activation of JNK will contribute to histone demethylation and a histone methyl/phospho 

switch (Cliffe et al., 2015), leading to euchromatin-associated marks enriched on lytic promoters 

during reactivation (not pictured). The novel link between neurotrophic factors and neuronal 

genome integrity is an unexplored territory for neuronal homeostasis. Nevertheless, neurotropic 

viruses have conveniently co-opted this genome integrity link for its own life cycle advantages. 
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Supplementary Figure 1.  The loss of MRN or NHEJ factors do not affect Akt phosphorylation in non-neuronal rat
 cells. (A) Neuronal apoptosis is not required for HSV-1 reactivation after Etoposide treatment. HSV-1 latently-infected SCG 
neurons were treated with Etoposide (10μM) or DMSO in the presence or absence of 20 μM Z-VAD-fmk. Reactivation assay 
showing the percentages of wells containing GFP-positive cells deteced by fluorescent microscopy of living neurons at day 3 
post-treatment. (B) Inhibiting Mre11 or knockdown of different NHEJ or MRN complex components elevates γH2AX levels in  
SCG neurons. Western blot analysis of uninfected SCG neurons treated with Mirin (100 μM) or DMSO control for 8 hrs 
(left panel), or untreated SCG neurons lentivirally-transduced with different shRNAs for 5 days (right panel). (C) Western blot 
analysis comparing Akt activation in Rat2 normal fibroblasts vs SCG neurons. (D-E) Lentiviral-expressed shRNAs
against Rad50 or Ku80 in either the Rat2 fibroblast cell line (D)  or primary REFs (E) and analyzed by Western blot
 with the indicated antibodies. 
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Supplementary Figure 2.  Detection of TOP2βcc upon Etoposide or Mirin treatments in Rat2 cells. (A) Dot blot
analysis of TOP2βcc levels in Rat2 cells treated with either DMSO control or Etoposide (10μM, 20 hrs) or Mirin 
(100μM, 48hrs), or with an shRNA against TOP2β. Different amounts of genomic DNA were prepared as indicated. 
(B) Schematic for HSV-1 lytic infection detection of GFP-positive SCG neurons (no acyclovir treatment). Live-cell imaging 
of GFP+ fluorescence in SCG neurons undergoing lytic replication. SCG neurons were depleted for TOP2β for 6 days prior 
to HSV-1 infection (1 day). Loss of TOP2β compromised HSV-1 lytic replication due to the absence of GFP-Us11 
accumulation. (C) Induction of ICP27 viral mRNA (qRT-PCR) was unaffected by the loss of TOP2β in SCG neurons under 
lytic infection (3 biological replicates with -/+ s.e.m., NS is not significant, p > 0.05). 
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Supplementary Figure 3.  Treatment of SCG neurons with ATM inhibitor causes HSV-1 reactivation. 
(A) Uninfected SCG neurons treated with either DMSO or KU55933 (ATM inhibitor, 10μM for 3 hrs) and analyzed by 
Western blot for its effect on Akt Ser473 phosphorylation (left panel). HSV-1 latently-infected SCG neurons were treated 
with either KU55933 or Mirin as indicated in the schematics (right panel). The number of GFP+ wells from a 96-well plate 
were scored for with +/- s.e.m. for 3 biological replicates and p-values calculated using two-tailed unpaired Student’s t-test. 
(B) Modest effect on H2AX and Akt phosphorylation after KU55933 treatment in response to Etoposide 
(see treatment schematics). Western blot analysis was performed to probe the indicated proteins. 
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Supplementary Figure 4.  Loss of RICTOR, but not PHLPP1, caused an increase in spontaneous HSV-1
reactivation. (A) Depletion of RICTOR using lentiviral-delivered shRNAs in latently-infected SCG neurons. Number of 
GFP+ wells from a 96-well plate were scored for with +/- s.e.m. for 4 biological replicates and p-values calculated using 
two-tailed unpaired Student’s t-test. (B) Time-course study with Etoposide treatment in Rat2 cells for Akt phosphorylation
by Western blot analysis. (C-D) Depletion of either PHLPP1 using two different shRNAs or PHLPP2 in SCG neurons were
analyzed after different days post-lentiviral infection. Effects on Akt phosphorylation were displayed by Western blot analysis 
using the indicated antibodies. (E-F) Depletion of PHLPP1 using lentiviral-delivered shRNAs (6 days) in latently-infected 
SCG neurons were scored for spontaneous HSV-1 reactivation  by GFP+ wells (E), or with qRT-PCR for elevated levels of 
ICP27 viral mRNA (F) after 1 day. (G) Depletion of PHLPP1 did not affect HSV-1 lytic infection in SCG neurons.  SCG neurons 
were depleted of PHLPP1 by shRNAs and then infected with HSV-1 in the absence of acyclovir (1 day) to induce lytic infection
 (see schematics). Levels of GFP-positive neurons (left panel) and ICP27 viral mRNA induction (right panel) observed were 
comparable between NS and PHLPP1 shRNA-treated neurons (not significant, P value greater than 0.05).
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Supplementary Figure 5
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Supplementary Figure 5.  Akt subcellular localization in response to Etoposide treatment are comparable in both
HSV-1 latently-infected and uninfected SCG neurons. (A) Cultured SCG neurons that are latently infected with HSV-1 
are immunostained with Akt1 antibody were left either untreated (0h) or treated with Etoposide for indicated times and 
imaged by confocal microscopy. Nuclear DNA was visualized using Hoechst stain to determine the boundaries of the 
nucleus/cytoplasm. The percentage of cells with either cytoplasmic, nuclear/cytoplasmic, or nuclear-enriched Akt1 
subcellular localization were quantified and displayed as bar graphs with mean +/- s.e.m. for 3 biological replicates. 
These results are similar to the uninfected SCG neurons as shown in main Figure 5A.
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