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Summary

The cellular transcriptional coactivator HCF-1 is required for initiation of herpes simplex virus 

(HSV) lytic infection and for reactivation from latency in sensory neurons. HCF-1 stabilizes the 

viral Immediate Early (IE) genes enhancer complex and mediates chromatin transitions to promote 

IE transcription initiation. In infected cells, HCF-1 was also found to be associated with a network 

of transcription elongation components including the Super Elongation Complex (SEC). IE genes 

exhibit characteristics of genes controlled by transcriptional elongation and the SEC-P-TEFb 

complex is specifically required to drive the levels of productive IE mRNAs. Significantly, 

compounds that enhance the levels of SEC-P-TEFb also potently stimulated HSV reactivation 

from latency both in a sensory ganglia model system and in vivo. Thus, transcriptional elongation 

of HSV IE genes is a key limiting parameter governing both the initiation of HSV infection and 

reactivation of latent genomes.

eTOC Blurb

HSV Immediate Early (IE) gene transcription requires the cellular coactivator HCF-1. Alfonso-

Dunn et al. demonstrate that during infection, HCF-1 is associated with transcription initiation and 

elongation components. Both lytic infection and reactivation of latent virus are dependent on 

elongation factors that mediate a critical checkpoint in viral IE expression.
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Introduction

Herpes simplex virus (HSV) is a prevalent human pathogen. Following an initial infection, 

the virus establishes a latent pool in neurons of sensory ganglia that periodically reactivate to 

produce recurrent disease. Clinical manifestations range from oral and genital lesions to 

herpetic keratitis, stromal keratitis, and blindness. Additionally, neonatal infections can 

result in disseminated infection and neurological-developmental issues. Importantly, 

infection with HSV is correlated with enhanced transmission of human immunodeficiency 

virus (HIV) (Roizman et al., 2013).

The lytic replication cycle is characterized by ordered and sequential expression of viral 

Immediate Early (IE), Early (E), and Late (L) genes that are regulated primarily at the level 

of transcription. Many nuclear DNA viruses like HSV utilize host cell transcriptional 

machinery, recruiting cellular components to navigate the transcriptional stages to drive the 

expression of their genes. RNAPII mediated cellular gene expression is regulated at multiple 

biochemical steps to assure timely cell division, differentiation, and response to both internal 

and external stimuli. Productive transcription requires the coordination of chromatin 

modulation machinery, assembly of transcription factor-coactivator complexes, the 

recruitment of the RNAPII initiation complex, elongation of nascent initiating RNAs, and 

appropriate RNA processing.

HSV IE gene transcription is mediated by viral (VP16) and cellular transcription factors (i.e. 

Oct-1, SP1, GABP) that assemble a potent transcription enhancer complex. A primary driver 

of IE expression is the cellular coactivator HCF-1 that is assembled into IE enhancer 
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complexes via direct interactions with multiple transcription factors, including the viral IE 

activator, VP16 (Vogel and Kristie, 2013). HCF-1 plays a key role in modulating the 

chromatin assembled on the IE genes as part of a complex containing histone demethylases 

(JMJD2/KDM4 and LSD1/KDM1A) and histone H3K4 methyltransferases (SETD1A and 

MLL1/KMT2A). This complex limits the assembly of heterochromatin at IE promoters and 

promotes the transition to an active euchromatic chromatin state (Liang et al., 2013; Liang et 

al., 2009).

Importantly, HCF-1 is also implicated in HSV reactivation from latency in sensory neurons. 

The protein is rapidly relocalized from the cytoplasm to the nucleus and is recruited to viral 

IE promoters upon stimuli that promote viral reactivation (Kim et al., 2012; Kristie et al., 

1999; Whitlow and Kristie, 2009). Additionally, the HCF-1 associated histone demethylases 

LSD1 and JMJD2s are required for reactivation (Hill et al., 2014; Liang et al., 2013; Liang 

et al., 2009), via removing repressive heterochromatin associated with the latent genome. 

Therefore, this protein is a central regulatory component for both the lytic infectious cycle 

and for reactivation from latency.

Given the significance of this cellular coactivator, a proteomic analysis of HCF-1 associated 

complexes was done in uninfected and HSV-infected cells. In addition to transcriptional 

initiation complexes, this analysis uncovered a striking association of the coactivator with 

multiple transcription elongation components. Transcriptional elongation has emerged as an 

important rate-limiting step, particularly for regulating the expression of cellular genes in 

response to environmental signaling and stress stimuli (Adelman and Lis, 2012; Jonkers and 

Lis, 2015). Following release from the initiation complex, RNAPII promoter-proximal 

pausing can prime genes for rapid expression and may also allow for the coordination of 

chromatin transitions that promote transcription.

Pausing is mediated, at least in part, by association of pausing factors NELF and DSIF with 

the initiating polymerase (Jonkers and Lis, 2015). Induced elongation of paused polymerase 

is promoted by recruitment of the P-TEFb complex to specific target genes as part of either 

the Super Elongation Complex (SEC) or the Bromodomain containing protein 4 (BRD4) 

adaptors (Jang et al., 2005; Luo et al., 2012b), although other interactions with components 

such as Mediator have also been described (Takahashi et al., 2011; Wang et al., 2013). P-

TEFb, containing the CDK9 kinase, phosphorylates multiple targets including the RNAPII 

carboxy terminal domain, NELF, and DSIF to stimulate release from pausing.

P-TEFb itself is tightly regulated in a dynamic manner. More than 50% of P-TEFb is 

sequestered in an inactive form in the 7SK snRNP complex (Nguyen et al., 2001; Yang et 

al., 2001). Upon stress or growth signaling, P-TEFb is released and associates with the SEC 

or BRD4 adaptors. Thus, the P-TEFb shuffle and the association with specific adaptors 

allows for the rapid expression of specific genes primed for transcription.

Investigation of the significance of HCF-1 association with transcriptional elongation 

components demonstrated that elongation is a limiting stage for HSV IE gene expression 

and that the SEC-P-TEFb complex is specifically critical to drive IE gene expression and 

productive infection. Furthermore, BET inhibitors that enhance the levels of active SEC-P-

Alfonso-Dunn et al. Page 3

Cell Host Microbe. Author manuscript; available in PMC 2018 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TEFb complexes induced the expression of viral IE genes and promoted reactivation of HSV 

from latency in sensory neurons. The data supports a model in which the expression of IE 

genes can be rapidly induced by the SEC-P-TEFb complex upon stress signaling to 

reactivate a population of latent viral genomes.

Results

HCF-1 is associated with multiple transcription initiation and elongation complexes

While it is clear that HCF-1 functions, in part, to mediate transitions in viral chromatin that 

promote IE gene expression, the interactions and roles of this essential component have not 

been fully investigated. Therefore, a proteomic approach was taken to identify HCF-1 

interactions in mock infected and HSV-1 infected cells. Endogenous HCF-1 complexes were 

immunoaffinity purified (IP) from MRC5 cells and the co-isolated proteins were analyzed 

by mass spectrometry (MS) as described (Diner et al., 2015). Interaction specificity was 

assessed by comparing HCF-1 IPs against the IgG controls and using the significance 

analysis of interactome (SAINT) tool (Choi et al., 2011) (Table S1).

A subset of the HCF-1 associated complexes and their interaction networks are depicted in 

Figure 1 and Table S1. As anticipated, major HCF-1 protein partners (Vogel and Kristie, 

2013) were readily detected in the HCF-1 immunoprecipitates. These included the SETD1A, 

KMT2C/MLL3, KMT2E/MLL5, and KMT2A/MLL1 methyltransferases that install 

activating histone H3-lysine 4-trimethylation (H3K4me3) marks; OGT (O-GlcNac 

transferase), a protein that modulates multiple cell pathways but more recently has been 

implicated in promoting promoter occupancy of RNAPII (Lewis et al., 2016); and BAP1 

(BRCA1 Associated Protein 1), a deubiquitinase that stimulates transcription, at least in part, 

by removing repressive histone H2A-K119 monoubiquitin (Balasubramani et al., 2015).

Most striking was the association of HCF-1 with components of complexes regulating stages 

of RNAPII transcriptional elongation including the SEC (Super Elongation Complex), PAFc 

(Polymerase Associated Factor Complex), DSIF (DRB Sensitivity Inducing Factor), SETD2 

(histone H3K36 methyltransferase), CDK9 (Cyclin Dependent Kinase 9) and FACT 

(Facilitates Chromatin Transcription, histone chaperone/remodeler) in both uninfected and 

HSV-1 infected cells (Table S1). This network of interactions that mediate release of paused 

polymerase and efficient transcriptional elongation indicated that HCF-1 might also be 

involved in promoting transcription elongation of its target genes.

A selection of the HCF-1 interactions, identified by mass spectrometry, were confirmed by 

western blots of HCF-1 immunoprecipitates from mock infected and early (2 h) infected 

HEK293 cell extracts. As shown in Figure 2A, the HSV IE transactivator VP16 and the 

cellular Mediator complex (represented by MED12) were detected in HCF-1 

immunoprecipitates from infected cells while the HCF-1 associated SETD1A histone 

methyltransferase complex (represented by SETD1A, RbBP5) was found in both uninfected 

and infected extracts. Importantly, the interactions of HCF-1 and transcriptional elongation 

factors (SEC scaffold component AFF4, PAF complex component PAF1, and the FACT 

subunit SUPT16H) were also confirmed in both uninfected and early 2 h infected cells. 

Enhanced levels of some components (i.e. AFF4) and the detection of additional 
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components of the SEC complex in the HCF-1 MS and co-IPs from infected cells may 

reflect other cellular or viral interactions that enhance the stability of the complex (Figure 1 

and Table S1). Alternatively, as shown in Figure S1, HSV infection induces the release of P-

TEFb from the inactive complex and may thus increase the population of available SEC-P-

TEFb complexes.

As noted above, subunits of RNAPII were detected in the HCF-1 IP-MS. Given the 

interactions with protein complexes involved in both transcription initiation and elongation, 

the association of HCF-1 with specific phospho-forms of RNAPII was investigated. The 

phosphorylation status of the carboxy-terminal domain (CTD) of the large subunit of 

RNAPII is a well-established characteristic of the promoter associated (RNAPII-0), 

initiating (RNAPII-S5p), and elongating (RNAPII-S2p) enzyme (Figure 2B). 

Coimmunoprecipitation of all forms of RNAPII further indicates that HCF-1 is involved in 

multiple stages of transcription in both uninfected and infected cells (Figure 2C).

The SEC localizes to early viral transcriptional foci and is required for efficient viral IE 
gene expression

Association of HCF-1 with the Super Elongation Complex and the P-TEFb CDK9 subunit 

were of particular interest as CDK9 inhibitors suppress viral gene expression (Durand and 

Roizman, 2008; Ou and Sandri-Goldin, 2013). Furthermore, the viral IE activator VP16, a 

partner for HCF-1 in infected cells, was reported to interact with P-TEFb through the CycT1 

subunit (Guo et al., 2012; Kurosu and Peterlin, 2004).

The interaction of HCF-1 with the P-TEFb adaptor SEC but not BRD4 in early HSV-1 

infected cells (Figures 1, 2A) suggested that the SEC might play a role in mediating 

expression of the viral IE genes. As shown in Figure 3A, the SEC scaffold component AFF4 

accumulated in early viral transcriptional foci as visualized by costaining with ICP4, the 

major viral transcriptional activator. Furthermore, the levels of viral IE mRNAs in cells 

depleted of AFF4 were significantly reduced (Figure 3B). In contrast, in cells depleted of the 

competitive P-TEFb adaptor, BRD4, IE expression was enhanced (Figure 3C). No impact of 

depletion of the related SEC family member AFF1 or the BET family members BRD2 or 

BRD3 on viral IE expression was observed (Figure S2). Thus, the data suggest that the SEC-

AFF4 complex is specifically important to drive viral IE gene transcription.

To confirm these results, cells were infected with HSV-1 and subsequently treated with BET 

inhibitors (JQ1+, HMBA, IBET-762). These compounds inhibit the binding of BRD4 to its 

targets but also promote the release of P-TEFb from the inactive 7SK snRNP complex 

(Bartholomeeusen et al., 2012; Contreras et al., 2007; Filippakopoulos et al., 2010; Mirguet 

et al., 2013; Nilsson et al., 2016), thereby increasing the pool of SEC containing active P-

TEFb (Figure 3D, Figure S3). As shown (Figure 3E–F, Figure S4), treatment of infected 

cells with JQ1+, HMBA, or IBET-762 results in enhanced IE gene mRNA levels in a manner 

analogous to depletion of BRD4. In contrast, inhibition of CDK9 activity by treatment of 

cells with either flavopiridol or the more specific CDK9 inhibitor iCDK9 (Lu et al., 2015) 

blocked IE expression as expected (Figure 3G–H). Interestingly, in contrast to HSV, 

depletion of AFF4 and BRD4 or treatment with BET inhibitors did not significantly impact 

the levels of Human cytomegalovirus IE mRNAs (Figure S5).
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Recently, JQ1+ was identified in a compound library screen as an enhancer of HSV lytic 

infection and gene expression. However, in that study, viral yields and protein accumulation 

were reduced at a late stage of infection in BRD4-depleted HeLa cells (Ren et al., 2016). 

Therefore, to further demonstrate that the SEC is the significant P-TEFb adaptor complex 

that is required for IE gene expression, MRC5 cells were treated with a recently described 

BET inhibitor (dBET1) that mediates rapid turnover of BRD4 (Winter et al., 2015). As 

shown in Figure 3I–J and Figure S6, treatment of cells with dBET1 resulted in significant 

degradation of BRD4 (∼85%) and the anticipated increase in viral IE mRNA levels. Thus, 

depletion and inhibition studies of BRD4 and the SEC scaffold AFF4 support the hypothesis 

that the SEC-P-TEFb is the complex that promotes HSV IE expression.

The SEC mediates transcriptional elongation of HSV IE mRNAs

The interaction of HCF-1 with a network of elongation regulatory components and the 

requirement for SEC-P-TEFb for efficient viral IE expression suggests that transcriptional 

elongation is an important rate limiting step for IE gene expression. Therefore, small 

(promoter-proximal initiating) and large (full length) mRNAs (depicted in Figure 4A) were 

isolated from infected cells depleted of either AFF4 or BRD4. In cells depleted of AFF4, the 

levels of full length IE mRNAs were suppressed while no significant impact was observed 

on the levels of small initiating RNAs (Figure 4B, D). As expected, depletion of BRD4 

enhanced the levels of full-length mRNAs also without impact on the levels of initiating 

RNAs (Figure 4C, D).

Consistent with the siRNA results, treatment of infected cells with the CDK9 inhibitor 

flavopiridol suppressed the accumulation of large RNAs while treatment with the BRD4 

inhibitor JQ1+ enhanced this population (Figure 4E). Neither compound affected the levels 

of small RNAs.

IE genes are regulated by promoter proximal pausing

As RNAPII disengages from the promoter complex, proximal pausing is mediated by factors 

including the Negative Elongation Factor (NELF). ChIP assays to assess levels of RNAPII 

and NELF occupancy at viral IE genes illustrate a peak of RNAPII and NELF occupancy 

proximal to the initiation sites of the IE ICP4 and ICP0 genes (Figure 5A, B). This pattern of 

NELF and RNAPII occupancy mimics that of the cellular Myc gene whose expression is 

tightly regulated by elongation (Krumm et al., 1992).

Furthermore, treatment of infected cells with the BRD4 inhibitor JQ1+ enhanced the levels 

of elongating RNAPII (RNAP-S2p), SEC (AFF4), and P-TEFb (CDK9) associated with the 

ICP4 viral IE promoter-TSS region (Figure 5C, D). Together the data suggest that expression 

of HSV IE genes is dependent on release from transcriptional pausing and induced 

transcriptional elongation.

BRD4-BET inhibitors induce HSV reactivation from latency in a mouse sensory ganglia 
explant model

Both viral lytic infection and reactivation from latency are dependent on HCF-1-mediated 

expression of viral IE genes. Given this, the significance of SEC-P-TEFb-mediated 

Alfonso-Dunn et al. Page 6

Cell Host Microbe. Author manuscript; available in PMC 2018 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transcriptional elongation of viral reactivation was investigated in a sensory ganglia explant 

model system. Here, reactivation can be stimulated by explant of latently infected mouse 

trigeminal ganglia into culture. Additionally, signals and mechanisms regulating reactivation 

can be probed by inclusion of compounds that target critical components of the latency-

reactivation dynamic.

Latently infected ganglia were explanted into vehicle, inactive control JQ1− or JQ1+ for 24–

48 h. Viral yields were determined as a measure of reactivation (Figure 6A). No significant 

differences in viral yields were observed between vehicle and control JQ1− treated ganglia. 

However, treatment with JQ1+ resulted in a strong stimulation of reactivation at both 24 and 

48 h timepoints. Similarly, explant in the presence of a second BET inhibitor (IBET-762, 

Figure S7A) also resulted in enhanced viral reactivation. Strikingly, ganglia explanted with 

JQ1+ for 3 h, followed by washout of the inhibitor was sufficient (Figure S7B), suggesting 

that JQ1+ acted at an initial stage in reactivation.

Enhanced reactivation by JQ1+ treatment was also evident by immunofluorescent staining of 

ganglia explanted in the presence of vehicle, JQ1+ or JQ1−. Explanted ganglia were 

sectioned and stained with an antibody to detect the viral lytic DNA replication protein 

UL29 (ICP8) as a marker of productive reactivation. As shown (Figure 6B, C), JQ1+ treated 

ganglia exhibited a dramatic increase in the number of cells expressing UL29 relative to 

control treated ganglia.

Increased numbers of UL29+ cells and viral yields from explanted ganglia in the presence of 

BET inhibitors suggest that these compounds induce primary reactivation in neurons 

(initiation) and/or promote the lytic spread of infection throughout the ganglia. To 

discriminate between these possibilities, ganglia were treated with JQ1+ or JQ1− in the 

presence of the DNA replication inhibitor ACV to prevent viral spread from the initiating 

neuron (Figure 6D). Treatment with JQ1+/ACV resulted in ∼8-fold increase in the number 

of primary reactivation events per ganglia when compared to either ACV alone or 

JQ1−/ACV (Figure 6E). This increase was also reflected in the number of JQ1+ treated 

ganglia sections that scored positive for UL29+ cells (Figure S7C).

To define the timecourse of JQ1+ stimulated reactivation, ganglia were explanted in the 

presence of vehicle or JQ1+ and viral lytic mRNAs levels were determined at points in the 

reactivation process (0–12 h post explant, Figure 6F). By 8 h post explant, JQ1+ treated 

ganglia exhibited an induction in the expression of the viral IE ICP27 gene. This was 

followed by the induction of the representative Late (L, gC) mRNA at 12 h post explant.

In ganglia explanted in the presence of both JQ1+ and ACV to suppress viral DNA 

replication, the level of the IE gene mRNA (ICP27) was not significantly affected (Figure 

6F). In contrast, as gC is a true Late gene and its expression is dependent upon DNA 

replication, the level of gC mRNA was more potently suppressed in the presence of ACV. 

Thus, the JQ1+ induction of reactivation proceeded in the characteristically ordered manner 

seen during lytic infection.

Finally, to demonstrate that CDK9 activity was required for JQ1+ stimulation of viral 

reactivation, ganglia were explanted in the presence of JQ1+ or JQ1+ and iCDK9 for 12 h. 
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Inclusion of iCDK9 significantly reduced the ability of JQ1+ to stimulate viral gene 

expression (Figure 6G).

BRD4-BET inhibitors induce HSV reactivation in vivo

To determine if BET inhibitors would stimulate viral reactivation in vivo, latently infected 

mice were injected intraperitoneal with vehicle or JQ1+ and viral lytic mRNA levels in the 

trigeminal ganglia were determined at 24 and 48 h post injection. As shown in Figure 7A, IE 

and L gene mRNAs were induced by 24 h post injection. Continued treatment resulted in an 

enhanced level of the L gene at 48 h relative to the earlier point.

Similar to the induction of these genes in the explant model system, injection of JQ1+ 

stimulated the detectable expression of the representative IE gene in vivo by 4 h post 

injection and the accumulation of the L gene mRNA by 8 h post injection (Figure 7B).

Finally, to assess if JQ1+ mediated induction resulted in reactivation as defined by the 

enhanced detection of viral DNA at the site of the initial infection, latently infected mice 

were injected once or twice daily with vehicle or JQ1+ and viral DNA levels in the eyes 

were assessed at 48 h post the initial injection (Figure 7C). In comparison to the control 

vehicle group, injection of JQ1+ resulted in enhanced detection (>2-fold vehicle maximum 

value) of viral DNA in 3 of 8 (37.5%) of eye samples. This data does not reach statistical 

significance, likely due to the small sample size and the expected low level of full 

reactivation events. However, a clear pattern of induction in JQ1+ treated animals was 

evident in both experiments and is consistent with the induction of viral lytic mRNAs in the 

ganglia in vivo (Figure 7A–B).

Discussion

As an essential cellular transcriptional coactivator, HCF-1 plays critical roles in cell cycle 

dependent transcription (Tyagi et al., 2007) and maintenance of embryonic cell pluripotency 

(Dejosez et al., 2010) as a component of chromatin modulation complexes including 

SETD1A and the MLL family of histone methyltransferases. Recently, point mutations in 

HCF-1 were determined to be a basis for both neurological (X-linked Intellectual Disability) 

and biochemical (cblX) syndromes (Jolly et al., 2015; Yu et al., 2013).

HCF-1 is also an essential component of the HSV IE gene regulatory program. This 

coactivator mediates initiation of IE transcription through direct interaction with 

transcription factors in the IE enhancer complexes and modulates viral chromatin through 

recruitment of multiple histone modification components. Importantly, the protein and the 

associated chromatin modulation activities are also components of the regulatory switch 

mechanism that governs viral reactivation from latency.

The data presented here shows that, in addition to initiation factors, HCF-1 is associated 

with elongating RNAPII and an extended network of transcriptional elongation complexes 

including SEC, PAFc, FACT, and SETD2 that play roles in mediating initial release of 

paused polymerase but also in chromatin modulation during mRNA elongation. Importantly, 

elongation specifically mediated by the AFF4/SEC-P-TEFb complex, was defined as a 
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critical step for productive viral IE gene expression during lytic infection. The SEC localized 

to early viral transcriptional foci and depletion of the AFF4 scaffold subunit specifically 

suppressed viral IE transcriptional elongation while depletion of the major competitor for 

active P-TEFb (BRD4) resulted in enhanced IE mRNA elongation. Additionally, AFF4 and 

the P-TEFb-CDK9 kinase occupy IE promoters during productive infection and occupancy 

increased following treatment with BET inhibitors that increase the levels of available P-

TEFb.

It is worth emphasizing that HCF-1 is found in multiple complexes that regulate 

transcription and chromatin modulation. The associations with both transcription initiation 

and elongation regulatory complexes shown here may represent distinct HCF-1 complexes 

or may be networked to couple efficient initiation and elongation. With respect to the 

identified association with the SEC-P-TEFb complex, the P-TEFb component is regulated at 

multiple levels (Lu et al., 2013; Mbonye and Karn, 2014) and therefore other cellular or viral 

regulatory factors are likely to play a role. In addition, while the SEC is clearly important for 

viral IE expression, multiple P-TEFb complexes can also be recruited to target genes 

although the functional significance of each is dependent on the target and the regulation 

context (Lin et al., 2011).

In this study, BET inhibitors that enhance the release of free P-TEFb from the 7SK snRNP 

complex also stimulated reactivation of HSV from latency in a CDK9 dependent manner. 

Interestingly, stress stimuli that promote viral reactivation (i.e. UV irradiation) also result in 

release of P-TEFb (Nguyen et al., 2001). Additionally, compounds that induce reactivation 

have recently been found to either induce release of P-TEFb (i.e. PKC agonist PMA, 

HMBA) (Bernstein and Kappes, 1988; Contreras et al., 2007; Fujinaga et al., 2015; Smith et 

al., 1992) or function as dual kinase-BET inhibitors targeting BRD4 (i.e. PI3K-mTOR 

inhibitor PP-242 and the PI3K inhibitor LY294002) (Camarena et al., 2010; Ciceri et al., 

2014; Dittmann et al., 2014; Kobayashi et al., 2012). It is therefore tempting to speculate 

that the induction and recruitment of available P-TEFb to viral IE genes is a critical common 

step in the initiation of reactivation via several distinct stimuli.

The regulated transcriptional elongation, the specific requirement for the SEC-P-TEFb 

adaptor elongation complex, and the induction of viral reactivation by BET inhibitors share 

striking similarities to the regulation of HIV transcription and reactivation (Boehm et al., 

2013; Cary et al., 2016; Li et al., 2013; Lu et al., 2013; Ott et al., 2011). Importantly, while 

both BRD4-P-TEFb and the SEC-P-TEFb can mediate HIV basal level expression, the SEC-

P-TEFb is required for Tat-mediated induced transcription during reactivation (He et al., 

2011; He et al., 2010; Jang et al., 2005; Sobhian et al., 2010; Yang et al., 2005). The use of 

the SEC for potent transcriptional induction by both HSV and HIV may be reflective of the 

significant level of RNAPII CTD kinase activity in this complex as compared to that of the 

BRD4-P-TEFb or the free enzyme (Luo et al., 2012a). In addition, other subunits of this 

multi-protein complex play roles in promoting highly efficient transcription (Byun et al., 

2012; Shilatifard et al., 1996).

Multiple factors impact HSV latency and reactivation including the status of the chromatin 

structure of the latent viral genome (Bloom et al., 2010; Knipe and Cliffe, 2008; Lieberman, 
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2016), neuronal antiviral responses (Enquist and Leib, 2016; Maroui et al., 2016; Rosato and 

Leib, 2015), and microRNAs that suppress lytic gene expression (Flores et al., 2013; Pan et 

al., 2014). Once considered to be a suppressed static state, the concept of HSV latency has 

evolved to a more dynamic model (Bloom, 2016) to account for HSV-specific immune 

surveillance in latently infected ganglia (St Leger and Hendricks, 2011), viral subclinical 

shedding (Wald and Corey, 2007), and the detection of lytic gene expression in individual 

latent neurons (Russell and Tscharke, 2016). More recently, a study described a neuronal 

stress pathway that promotes histone H3S10 phosphorylation at repressed viral lytic genes to 

stimulate expression in a transient/reversible manner (Cliffe et al., 2015).

The regulation of HSV IE genes by the SEC-P-TEFb complex could provide an opportune 

manner for HSV to respond rapidly to neuronal stress signals and promote expression of a 

poised population of viral genomes. This model would suggest that coordinated initiation-

elongation control by HCF-1 associated complexes may drive productive viral reactivation.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information concerning these resources and reagents should be directed to the lead 

author Thomas M. Kristie (tkristie@niaid.nih.gov). Reagents produced by the Kristie 

Laboratory are the property of the National Institutes of Health, US Health and Human 

Services and requests may require NIH Material Transfer Agreements.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines, Tissue Culture, and Viruses

MRC5, HFF, HEK293 and Vero cells were grown in high glucose Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 2 mM L-Glutamine, 100 U/ml Penicillin, 100 

ug/ml Streptomycin, non-essential amino acids (cDMEM) and 10% fetal bovine serum 

(FBS). HSV-1(F) or CMV(RC256) high titer stocks were produced using seed stocks.

Mice

Female 6–8 week old BALB/cAnNTac mice were purchased from Taconic Biosciences. 

Groups of 5 were housed in micro-isolator cages for one week prior to infection with 

HSV-1(F). All animal care and handling was done in accordance with the National Institutes 

of Health Animal Care and Use Guidelines and as approved by the NIAID Animal Care and 

Use Committee.

METHOD DETAILS

Infections of Cultured Cells

Infections were done by incubating cells with HSV-1(F) or CMV(RC256) at the indicated 

Multiplicity Of Infection (MOI) in cDMEM medium containing 1% fetal bovine serum 

(FBS) for 1 hour at 37 °C / 5% CO2 with continuous rocking. After virus incubation, the 

inoculum was removed and fresh cDMEM medium containing 8% FBS was added for 2–5 

hrs at 37°C /5% CO2.
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Immunoaffinity Purification of HCF-1 Protein Complexes

HCF-1 and control IgG immunoaffinity precipitates were isolated from uninfected and 2 h 

HSV-1(F)-5 MOI infected MRC5 cells. Cells were harvested and resuspended in buffer A 

[10 mM Hepes pH 7.9, 10 mM KCl, 0.2% Triton X-100, 1.5 mM MgCl2, 0.34 M sucrose, 

10% Glycerol, cOmplete protease inhibitor cocktail (Roche) and phosphatase inhibitors (1 

mM NaF, 10 mM β-glycerol phosphate and 0.1 mM sodium orthovanadate)] for 10 m at 

4°C. Nuclear pellets were collected by centrifugation and incubated in lysis buffer B (50 

mM Tris-HCl pH 7.5, 120 mM NaCl, 0.2% NP-40 1.5 mM MgCl2, 10% Glycerol, cOmplete 

protease inhibitors and phosphatase inhibitors) supplemented with 100 U/ml Benzonase 

(Millipore) for 10 m at 20°C and 20 m at 4°C. The supernatant was diluted with buffer B, 

precleared with Dynabeads Protein G (ThermoFisher Scientific) for 1 h at 4°C, and 

incubated with magnetic beads pre-conjugated with anti-HCF-1 Ab2124/Ab2130 antibodies 

or control normal rabbit IgG for 1 h at 4°C. The resulting immunoisolates were washed 4 

times with buffer B and once with buffer B containing 250 mM NaCl. Proteins were eluted 

in 0.5 N NH4OH containing 0.5 mM EDTA.

Preparation of Mass Spectrometry Samples

HCF-1 and control IgG immunoisolates were prepared for in-gel digestion as described in 

(Joshi et al., 2013) with slight modifications. Samples were resuspended in LDS sample 

buffer (0.25mM Tris pH 8.5, 2% lithium dodecyl sulfate, 10% glycerol, 0.5mM 

ethylenediaminetetraacetic acid, and 50mM dithiothreitol), alkylated in 1M iodoacetamide, 

and separated by SDS-PAGE for 3 cm. Gel lanes with partially resolved protein samples 

were excised and sliced into 1mm strips and divided into a total of 6 fractions per lane. 

Proteins were digested with 20 µl of trypsin solution (12.5 ng/µl MS-grade trypsin 

(Promega) in 50 mM ammonium bicarbonate in water) per fraction for 16 h at 37°C, 

quenched in 0.5% formic acid, and extracted for 4 h at room temperature. A second 

extraction was performed in 50% acetonitrile/0.5% formic acid for 2 h. Extracted peptides 

were concentrated to remove acetonitrile, diluted in 0.5% trifluoracetic acid, and bound to 

StageTips containing Empore C18 discs (3M Analytical Biotechnologies) (Rappsilber et al., 

2007). Bound peptides were washed with 0.5% trifluoracetic acid and eluted from the C18 

discs with 80% acetonitrile/0.5% formic acid in water. Peptides were concentrated to remove 

the acetonitrile and resuspended in 1% formic acid in water for MS analysis.

Mass Spectrometry Analysis of HCF-1 Immunoisolates

Desalted peptides were analyzed by nanoliquid chromatography tandem MS (nLC-MS) 

using a Dionex Ultimate 3000 nRSLC coupled to an LTQ-Orbitrap XL mass spectrometer 

(ThermoFisher). Peptides were separated in a 90 m reverse-phase gradient. The mass 

spectrometer was operated in data-dependent acquisition with dynamic exclusion enabled 

(repeat count = 1; exclusion duration = 45 s). Full scan range set to 350–1700 m/z with a 

60000 resolution at m/z = 400 in the Orbitrap. CID fragmentation was performed on the top 

10 most intense precursor ions with minimum signals 1E3 in the dual pressure ion trap. The 

isolation windows were set to 2.0 Th, normalized collision energy of 30, and activation time 

of 10 ms. Target values for the Orbitrap full-scan MS and Ion trap MS2 were 1E6 and 5E3, 

respectively.
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Protein Identification

Acquired MS data (RAW files) were searched by SEQUEST (v1.2) in Proteome Discoverer 

(v1.3, ThermoFisher) with settings allowing up to two missed cleavages, a precursor mass 

tolerance of 10 ppm, and a fragment mass tolerance of 0.5 Da as described in (Diner et al., 

2015). The search was set for dynamic modifications oxidation (M) and phosphorylation 

(STY), and static modification of carbamidomethylation (C). The database used to perform 

the search was obtained from Uniprot and contained protein sequences for human, 

herpesvirus, and common contaminants. The resulting MSF files were then processed using 

Scaffold (v4.2.1, Proteome Software Inc.) for statistical assessment of peptide/protein 

identification. The six gel samples per fraction were combined for analysis using the 

MuDPIT technology in Scaffold. Additional variable modifications were set as part of the 

X!Tandem algorithm in Scaffold for deamidation (N,Q) and acetylation (n-term). The final 

list of proteins and spectral counts associated with each protein was obtained at a protein 

false discovery rate (FDR) of 2%, peptide FDR of 1%, and minimum of 3 peptides 

sequenced per protein.

SAINT Analysis for Interaction Specificity and Interaction Network Analysis

Interaction specificity was assessed using the SAINTexpress algorithm (Teo et al., 2014) 

available through the CRAPome server (Mellacheruvu et al., 2013). Protein spectral counts 

were extracted from Scaffold and formatted in matrix format to be used as input by the 

SAINT algorithm. For the analysis, control immunoaffinity purifications performed with 

IgG were used as SAINT controls for non-specific interactions. SAINT probability scores 

were reported as an average of all replicates. Preys with a SAINT score >0.9 were 

considered putative specific protein interactions. The functional interaction network was 

generated using data of Table S1 using the ReactomeFIViz plugin under Cytoscape (v3.4.0) 

(Shannon et al., 2003).

Co-immunoprecipitation Assays

For co-immunoprecipitation assays, nuclear extracts from mock-infected or 2 h HSV-1 

infected (5 MOI) HEK293 cells were generated using the protocol above and incubated with 

polyclonal antibodies against HCF-1 or control normal rabbit IgG pre-bound to 

Dynabeads™ Protein G (ThermoFisher Scientific) for 2 h at 4°C with constant rotation. The 

resulting complex was washed and eluted with non-reducing LDS sample buffer 

supplemented with DTT, boiled and loaded on 4–15% Criterion™ TGX™ polyacrylamide 

gels (Bio-Rad). After SDS/PAGE, Western blotting was performed using the indicated 

antibodies and resolved extracts and immunoprecipitates were developed using 

WesternBright™ Quantum Western blotting detection Kit (advansta) and quantitated using a 

Syngene G:BOX Chemi XT4 and GeneTools image analysis software (Syngene).

Inhibitor Treatments

Uninfected or HSV-1 infected MRC5 or HFF cells were treated with the indicated 

concentrations of Vehicle, ACV, JQ1+, IBET-762, HMBA, inactive analog JQ1−, 

flavopiridol, or iCDK9 at 1 h post virus absorption. Cells were treated with dBET1 for 2 h 

prior to infection.
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siRNA Depletions

MRC5 cells were transfected with 20–30 mM non-targeting or specific siRNAs using 

TransIT-X2 (Mirus) or HiPerFect (Qiagen) reagents. RNA and protein were harvested at 48 

h post transfection. siRNAs are listed in Table S2.

RNA Isolation and RT-qPCR Quantitation

For quantification of RNA derived from tissue culture cells, cDNA was synthesized from 

800 ng of total RNA (ISOLATE II RNA Mini Kit (Bioline)) using a Maxima first-strand 

cDNA synthesis kit (Thermo Scientific). For isolation of individual small (<200nt) and large 

RNA (>200nt) fractions, HFF cells were lysed in TriPure Isolation reagent (Roche) and 

phase separated with the addition of chloroform. After centrifugation, the aqueous layer 

containing the total RNA fraction was recovered and ethanol was added to a final 

concentration of 35%. The total RNA fraction was loaded onto RNA isolation columns 

(Isolate II RNA Mini Kit, Bioline) and centrifuged. The bound fraction representing the 

large RNA fraction was isolated as per the manufacturer’s protocol. The unbound flow-

through (small RNA fraction) was retained and the ethanol concentration was adjusted to 

70% followed by loading to a second RNA isolation column. Large mRNAs were reverse 

transcribed using a Maxima first-strand cDNA synthesis kit (Thermo Scientific). Small-RNA 

fractions (<200 nucleotide) were reverse transcribed using the Quanta qScript microRNA 

cDNA Synthesis Kit (Quanta Biosciences). RT-qPCR of cDNAs from small RNAs used a 

universal reverse primer together with a forward primer corresponding to the 5’ end of the 

specific nascent RNA. Primers for known small RNAs (miR16 and SNORD44) were used as 

controls. Amplified cDNA was assessed by RT-qPCR in triplicate using the StepOnePlus™ 

Real-Time PCR system (ThermoFisher) and FastStart Universal SYBR Green mix (Roche). 

Viral mRNA levels were normalized between samples based on the levels of cellular 

GAPDH mRNA. Primer sequences are in Table S2.

Chromatin Immunoprecipitations

MRC5 cells were mock-infected or infected with HSV-1(F) at 5 MOI for 2 h in the presence 

Vehicle or JQ1+ (1 um). Post infection, cells were washed with cold PBS, fixed in 1% 

formaldehyde for 10 m at 4°C, and quenched with 125 mM glycine for 5 m at 20°C. Cells 

were resuspended in 10 ml low-salt buffer (50 mM Hepes-NaOH pH 7.5, 150 mM NaCl, 1 

mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, cOmplete protease inhibitors 

and phosphatase inhibitors) and incubated for 10 m at 4°C. The isolated nuclei were washed 

and the chromatin was fragmented in sonication buffer (1% SDS, 10 mM EDTA, 50 mM 

Tris-HCl pH 8.1, cOmplete protease inhibitors and phosphatase inhibitors) to a range of 

200–800 bp using a Bioruptor UCD-200 sonicator (Diagonode). Chromatin was diluted with 

ChIP dilution buffer (2 mM EDTA, 5 mM Tris-HCl pH 8.0, 1% NP-40, 150 mM NaCl, 

cOmplete protease inhibitors and phosphatase inhibitors), precleared with Dynabeads 

Protein G for 1 h at 4 °C, and incubated with 3 g of the indicated antibody for 12 h at 4 °C. 

Immunoprecipitates were washed three times with low salt wash buffer (0.1% SDS, 2 mM 

EDTA, 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100), two times with high salt 

wash buffer (0.1% SDS, 2 mM EDTA, 20 mM Tris-HCl pH 8.0, 500 mM NaCl, 1% Triton 

X-100) and once with Tris-EDTA (TE) buffer (10 mM Tris-HCl pH 8.0, 1.2 mM EDTA). 
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Chromatin was eluted with 100 ul elution buffer (1% SDS, 0.1M NaHCO3) for 30 min at 

65 °C, and crosslinking was reversed at 65 °C with NaCl 5M for 12 h. The DNA was 

purified using the ChIP DNA Clean & Concentrator Kit (Zymo Research) and quantitated by 

RT-qPCR using a StepOnePlus Real-Time PCR system (ThermoFisher) and FastStart 

Universal SYBR Green mix (Roche). All reactions were done in triplicates and RT-qPCR 

signals were normalized to input DNA. Primer sequences are in Table S2.

Immunofluorescence Microscopy

MRC5 cells were grown on cover slips to 40% confluency and mock-infected or HSV-1 

infected at MOI 5 for 2 h. After infections, cells were washed with cold PBS, fixed at room 

temperature in 4% paraformaldehyde-PBS for 30 m, and washed several times with cold 

PBS. Cells were permeabilized in 0.1% Triton X-100 and stained with the indicated primary 

and fluorescent secondary antibodies. Cover slips were mounted in Fluoromount-G® 

containing 4’,6-diamidino-2-phenylindole (DAPI) and visualized using a Leica SP5 confocal 

microscope with LAS AF software (Leica Microsystems). Images were assembled from 

sequential Z-sections using Imaris software (version 8.2.0; Bitplane).

Quantitation of Free and 7SK snRNP Bound CDK9

HFF cells were mock-infected or HSV-1 infected for 2 h in the presence of vehicle or BRD4 

inhibitors [JQ1+ (1 uM), IBET-762 (2 uM); HMBA (5 mM)]. Differential extractions of free 

CDK9 and 7SK snRNP bound CDK9 were as described (Biglione et al., 2007). Cells were 

lysed in buffer A containing low salt concentration (Hepes pH 7.9 10 mM, KCl 10 mM, 

MgCl2 10 mM, NP-40 0.5%, DTT 1 mM, EDTA 1 mM, cOmplete® protease inhibitor 

cocktail (Roche) and phosphatase inhibitors) on ice for 10 m. Lysed cells were centrifuged at 

5000 X g for 5 m at 4 °C and the supernatant collected and labeled as 7SK snRNP fraction. 

The remaining pellet was re-suspended and washed two times with buffer A, and extracted 

with a high salt concentration buffer B (Hepes pH 7.9 20 mM, NaCl 450 mM, MgCl2 1.5 

mM, NP-40 0.5%, DTT 1mM, EDTA 0.5 mM, cOmplete ® protease inhibitor cocktail 

(Roche) and phosphatase inhibitors) for 10 m on ice. Extracts were centrifuged at 10000 × g 

for 10 m and the resulting supernatant collected and labeled as free P-TEFb fractions. 

Equivalent amounts of protein from each fraction was loaded on SDS-PAGE gels and 

Western blots were done using the indicated antibodies. Quantification of CDK9 and loading 

controls were done using a Syngene G:BOX Chemi XT4 and GeneTools image analysis 

software (Syngene).

HSV-1 Reactivation in Explanted Trigeminal Ganglia

Balb/c mice were infected with 2×105 pfu HSV-1 (F) via the ocular route. Trigeminal 

ganglia from latently infected mice (45–60 dpi) were bisected and paired halves were 

explanted into cDMEM containing 10% FBS and vehicle or inhibitor for the indicated time. 

Incubated ganglia were homogenized, briefly sonicated in cDMEM containing 1% FBS and 

viral yields were determined by titering on Vero cell monolayers. To determine the number 

of UL29+ cells, ganglia explanted for 48 h were fixed in 4% paraformaldehyde/PBS at 4 °C 

for 8 h and subsequently embedded in paraffin. Sections were rehydrated, treated with citric 

acid for antigen retrieval, and stained for HSV-1 UL29. UL29+ cells were counted in 3 

sections each of 12 ganglia (36 sections). Viral and cellular mRNA levels were determined 
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by RT-qPCR using RNA isolated from 5 ganglia per sample. Ganglia were homogenized in 

TRIzol® Reagent using lysing matrix D on a FastPrep®24 and RNA was isolated using 

ISOLATE II RNA Mini Kit (Bioline). Samples were normalized based on the levels of 

cellular GAPDH mRNA. Primer sequences are in Table S2.

HSV-1 reactivation in vivo

Latently infected mice were injected intraperitoneal with Vehicle, JQ1+, or JQ1− (50 mg/Kg 

in 2-hydroxypropyl-β-cyclodextrin/PBS) every 12 or 24 h. RNAs were isolated from 

trigeminal ganglia and analyzed by RT-qPCR. Viral DNA levels were determined by RT-

qPCR of genomic DNA from eyes. Samples were normalized based upon the levels of the 

GAPDH gene. Primer sequences are in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as means +/− s.e.m. Statistical parameters are reported in the text, 

figures, and figure legends. Analyses used Mann-Whitney for single comparisons of control 

vs. treated samples and Wilcoxon matched-pairs signed rank tests for comparisons of paired 

ganglia samples. n represents the number of independent samples. For ganglia explants, n 

represents the number of ganglia per group. For in vivo experiments, n represents the 

number of animals per group. Where indicated, asterisks denote statistical significance as 

follows: *p < 0.05 and **p < 0.01. Statistical analyses were done using GraphPad Prism 7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The coactivator HCF-1 is critical for HSV Immediate Early (IE) gene 

transcription

• HCF-1 is associated with a network of both initiation and elongation 

complexes

• The SEC containing AFF4-P-TEFb drives HSV IE transcriptional elongation

• BET inhibitors increase available P-TEFb and induce HSV reactivation from 

latency
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Figure 1. Transcription related protein complexes associated with HCF-1
(A) Subunits of complexes identified in MS analyses of HCF-1 immunoisolates from Mock 

infected and HSV-1 infected (2 hpi) are indicated with black dots. Targets and functions 

relative to transcription initiation and elongation are depicted. SET complex, KMT2A, 

KMT2C, KMT2E (histone H3K4 methyltransferases); DSIF and NELF (RNAPII pausing 

factors); SEC, P-TEFb (phosphorylates RNAPII CTD, DSIF, and NELF), SETD2 (histone 

H3K36 methyltransferase); FACT (histone chaperone/remodeling complex); TSS 

(transcription start site). (B) Functional interaction network of HCF-1-associated complexes 

involved in transcription initiation and elongation. The nodes represent baits identified 
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during HCF-1 immunoaffinity purification and the edges indicate interactions from the 

Reactome database. See also Table S1.
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Figure 2. Coimmunoprecipitation confirmations of HCF-1 MS partner identifications
(A) HCF-1 and control IgG precipitates from uninfected and HSV infected HEK293 cells 

were probed for protein partners identified by MS. (B) Schematic of RNAPII preinitiation 

complex, initiating RNAPII, and elongating RNAPII. CTD S5 phosphorylation by TFIIH 

promotes promoter clearance and transcription initiation while S2 phosphorylation by CDK9 

promotes elongation. (C) HCF-1 and control IgG immunoprecipitates from Mock infected 

and HSV infected HEK293 cells were probed for forms of RNAPII.
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Figure 3. AFF4 localizes to early HSV transcriptional foci and is required for efficient IE 
expression
(A) MRC5 cells were mock infected or infected with HSV-1 for 2 h. Cells were co-stained 

with antibodies to the SEC scaffold component AFF4 and the HSV-1 lytic activator ICP4. 

(B–C) MRC5 cells were transfected with siControl or siRNAs to AFF4 or BRD4. Cells were 

infected with HSV-1 for 2 h and mRNA levels of the siRNA target (AFF4, BRD4), control 

cellular gene (GAPDH), and viral IE genes (ICP4, ICP27, ICP22) were determined. Data are 

levels in siAFF4 or siBRD4 cells relative to control siRNA cells. (Means +/− s.e.m., n > = 

6). (D) JQ1+, IBET-762, and HMBA bind to the bromodomains of BRD4 and inhibit its 

binding to chromatin. These compounds also induce release of 7SK snRNP sequestered P-

TEFb. (E–F) MRC5 cells treated with JQ1+ 1 uM, IBET-762 1 uM, or HMBA 5 mM and 

infected with HSV-1 for 2 h. The mRNA levels of control cellular gene GAPDH and viral IE 

genes (ICP4, ICP27, ICP22) are relative to those in vehicle treated cells. (Means +/− s.e.m., 

n > = 6). (G–H) mRNA levels of HSV IE genes and controls (GAPDH, HPRT) in cells 

treated with the indicated concentrations of CDK9 inhibitors. (Means +/− s.e.m., n = 3). (I–

J) MRC5 cells treated with vehicle, JQ1+, or dBET1 and infected with HSV-1 for 2 h. (I) 
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Western blot of ICP4, BRD4, and control GAPDH protein levels. (J) mRNA levels of viral 

IE and GAPDH are relative to those in vehicle treated cells. (Means +/− s.e.m., n = 3). See 

also Figures S1–S6.
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Figure 4. Depletion of AFF4 or BRD4 differentially impacts elongation of HSV IE gene 
transcription
(A) Schematic of small and large IE mRNAs RT-qPCR primer sets (product center). (B–D) 

The levels of large and small IE RNAs in AFF4 (B) or BRD4 (C) depleted MRC5 cells 

relative to siControl transfected cells. Cells were infected with HSV-1 for 2 h. BTUB, 

cellular control gene. The ratios of large to small RNA levels are shown for AFF4 and BRD4 

depleted cells (D). (E) The levels of ICP4 large and small RNAs are shown in cells treated 

with vehicle, JQ1+, or the CDK9 inhibitor flavopiridol (FV) and infected with HSV-1 for 2 

h. (B–E) Data are means +/− s.e.m., n = 4.
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Figure 5. ChIP assays show pausing and elongation factors at viral IE genes
(A–B) ChIP assays illustrating the occupancy of RNAPII and NELF at viral IE genes (ICP4, 

ICP0) and the cellular MYC gene. Data are means +/− s.e.m., n = 6. (C) HCF-1, RNAPII-

S2P, AFF4, and CDK9 occupancy levels of the ICP4 promoter proximal/TSS region in 

vehicle and JQ1+ treated cells at 2 hpi. (D) Fold occupancy in JQ1+ treated relative to 

vehicle treated cells. Data are means +/− s.e.m., n > = 3.
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Figure 6. BET inhibitors drive viral reactivation in the mouse ganglia explant model system
(A) Viral yields from latently infected trigeminal ganglia explanted in the presence of the 

BRD4-BET inhibitor JQ1+ or control compounds (Vehicle, JQ1−) for 24 or 48 h. Data are 

yields from individual ganglia, n > = 15. (B) Trigeminal ganglia from latently infected mice 

were explanted in the presence of JQ1+ or controls (DMSO, JQ1−) for 48 h. Sections were 

stained for UL29 (HSV lytic ss-DNA binding replication protein, ICP8). (C) The numbers of 

UL29+ cells per ganglia, n = 12. (D–E) Trigeminal ganglia from latently infected mice were 

explanted in the presence of acyclovir (ACV) alone or in combination with JQ1+ or JQ1− 

for 48 h. Ganglia sections were stained for UL29 and the numbers of individual UL29+ cells 

per ganglia were quantitated, n = 12. (F) Trigeminal ganglia from latently infected mice 

were explanted in the presence of Vehicle, JQ1+, or JQ1+ and ACV. Viral (ICP27, gC) 

mRNA levels were determined at 4, 8, and 12 h post explant. (G) Trigeminal ganglia from 

latently infected mice were explanted in the presence of JQ1+ (1 uM), iCDK9 (0.1 uM), or 

JQ1+ and iCDK9. Viral mRNA levels were determined at 12 h post explant. (F–G) Samples 
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were normalized based on the levels of cellular GAPDH mRNA. Data are means +/− s.e.m., 

n = 3 pools of 5 ganglia per group. See also Figure S7.
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Figure 7. BET inhibitors drive HSV-1 viral reactivation from latency in vivo
(A) Latently infected mice were injected twice daily with JQ1+ or control vehicle and 

mRNA levels of viral lytic genes (ICP27, gC) and control GAPDH were determined at 24 

and 48 h post injection. (B) Latently infected mice were injected with JQ1+ or control JQ1− 

and mRNA levels of viral lytic genes (ICP27, gC) are shown at the indicated times post 

injection. (A–B) Data are means +/− s.e.m., n = 3 pools of 5 ganglia per group. (C) Viral 

DNA at 48 h post injection in eyes of latently infected mice injected with vehicle or JQ1+. 

Data are means +/− s.e.m., n = 8. (A–C) Viral mRNA or DNA levels in samples were 

normalized based on the levels of cellular GAPDH mRNA or DNA respectively. *p < 0.05; 

**p < 0.01.
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