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Abstract

The fate of herpesvirus genomes following entry into different cell types is thought to
regulate the outcome of infection. For the Herpes simplex virus 1 (HSV-1), latent
infection of neurons is characterized by association with repressive heterochromatin
marked with Polycomb silencing-associated lysine 27 methylation on histone H3
(H3K27me). However, whether H3K27 methylation plays a role in repressing lytic gene
expression in non-neuronal cells is unclear. To address this gap in knowledge, and with
consideration that the fate of the viral genome and outcome of HSV-1 infection could be
heterogeneous, we developed an assay to quantify the abundance of histone
modifications within single viral genome foci of infected fibroblasts. Using this approach,
combined with bulk epigenetic techniques, we were unable to detect any role for
H3K27me3 during HSV-1 lytic infection of fibroblasts. In contrast, we could detect the
lesser studied H3K27me2 on a subpopulation of viral genomes, which was consistent
with a role for H3K27 demethylases in promoting lytic gene expression. This was
consistent with a role for H3K27 demethylases in promoting lytic gene expression. In
addition, viral genomes co-localized with the H3K27me2 reader protein PHF20L1, and
this association was enhanced by inhibition of the H3K27 demethylases UTX and
JMJD3. Notably, targeting of H3K27me2 to viral genomes was enhanced following
infection with a transcriptionally defective virus in the absence of Promyelocytic
leukemia nuclear bodies. Collectively, these studies implicate a role for H3K27me2 in
fibroblast-associated HSV genome silencing in a manner dependent on genome sub-

nuclear localization and transcriptional activity.
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Importance

Investigating the potential mechanisms of gene silencing for DNA viruses in
different cell types is important to understand the differential outcomes of infection,
particularly for viruses like herpesviruses that can undergo distinct types of infection in
different cell types. In addition, investigating chromatin association with viral genomes
informs on the mechanisms of epigenetic regulation of DNA processes. However, there
is growing appreciation for heterogeneity in the outcome of infection at the single cell,
and even single viral genome, level. Here we describe a novel assay for quantifying
viral genome foci with chromatin proteins and show that a portion of genomes are
targeted for silencing by H3K27me2 and associate with the reader protein PHF20L1.
This study raises important questions regarding the mechanism of H3K27me2-specific
targeting to viral genomes, the contribution of epigenetic heterogeneity to herpesvirus

infection, and the role of PHF20L1 in regulating the outcome of DNA virus infection.
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Introduction

The genomes of DNA viruses, especially those that replicate in the nucleus, have
an intimate association with host chromatin. Herpesviruses are double-stranded DNA
viruses that can undergo both lytic/productive replication and establish long-term latent
infections. There is growing evidence that the regulation of herpesvirus latent versus
Iytic infection results from the deposition of cell type-specific types of chromatin, as
active euchromatin is enriched during productive de novo infection and reactivation,
whereas repressive heterochromatin is enriched on viral genome during latent infection
(1-14). However, the mechanisms that regulate the deposition of heterochromatin, and
functional outcomes in different cell types for many of the herpesviruses, remain

unknown.

Polycomb-mediated silencing is a type of facultative heterochromatin,
characterized in large part by the enrichment of lysine 27 tri-methylation on histone H3
(H3K27me3) and is associated with multiple latent herpesviruses (1, 2, 5, 9, 10, 12, 13,
15-20). Facultative heterochromatin is more readily converted to transcriptionally active
euchromatin than the more stable constitutive heterochromatin (21). Polycomb silencing
is primarily established on the host genome during pluripotency and remodeled during
cell specification. Hence, most data on Polycomb silencing comes from studies
investigating gene silencing in stem cells and during the early stages of development
(19, 22). Many herpesviruses infect differentiated host cells and Polycomb silencing of
latent herpesvirus genomes is believed to promote and/or maintain repression of the

viral lytic phase genes during latent infection (19). The mechanisms of Polycomb
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87 silencing may differ between pluripotent and terminally differentiated cells. Therefore,
88 investigating the de novo deposition of chromatin onto incoming herpesvirus genomes

89 has the potential to inform on the mechanisms of heterochromatin formation in different

90 cell types.
91
92 Herpes simplex virus type | (HSV-1) is the prototype alphaherpesvirus, and

93 infection of neurons can result in a life-long latent infection in which lytic genes are
94  repressed. In contrast, infection of epithelial cells or fibroblasts results in productive
95 (lytic) replication. The molecular mechanisms that regulate entry into lytic replication or
96 silent latent infection are important to understand because HSV-1 (and the related HSV-
97  2) latent infection causes significant morbidity and mortality. Periodically, the virus
98 reactivates from latent infection to result in infectious virus production, which can lead to
99 lesions at the body surface, keratitis and encephalitis. In addition to these outcomes,
100 HSV-1 infection has been linked to the progression of late-onset neurodegenerative
101 disease (23-27).
102
103 When HSV-1 genomes initially enter the nucleus, they are devoid of chromatin.
104 There is evidence for rapid association of histones with incoming genomes mediated by
105 histone chaperone proteins (28—32). During a latent infection of neurons, HSV-1 lytic
106 genes are associated with cellular histones carrying H3K27me3 as well as di- and tri-
107  methylation of lysine 9 on histone H3 (H3K9me2/me3) (12, 15, 19, 33-35). One model
108 for heterochromatin association with the HSV-1 genome involves immediate recognition

109 of incoming viral DNA by the host cell, resulting in heterochromatin-mediated silencing,
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110  which the virus must overcome for lytic replication (6, 36—40). In contrast, the virus is
111 thought to be unable to overcome gene silencing in neurons, and latency is established
112  (6). However, for Polycomb silencing, evidence supporting the initial deposition of

113 H3K27me3 during lytic infection is limited. Previously, ubiquitously transcribed

114  tetratricopeptide repeat, X chromosome (UTX) protein was shown to contribute to HSV-
115 1 gene expression in U20S cells (41). UTX (also known as Lysine-specific

116 Demethylase 6A; KDM6A) is one of two H3K27-specific demethylases, the second

117  being Jumonji domain-containing protein-3 (JMJD3 or KDM6B). A further study

118 described transient formation of H3K9me3 and H3K27me3 on a lytic promoter

119 immediately upon infection, followed by distinct waves of removal (36). However, the
120 absolute levels of H3K27me3 enrichment observed in this study were orders of

121  magnitude lower than the enrichment on host chromatin. In addition, fully determining
122  presence of histone modifications can be problematic due to potential background

123 enrichment in these assays, and interpretation is further complicated by appreciated
124  issues with histone PTM antibody specificity (42). Another confounding factor is

125 potential heterogeneity in the outcome of HSV infection, even in mitotic fibroblast cell
126 lines (43-48). These studies suggest that sub-populations of viral genomes may

127  associate with certain types of heterochromatin, which would be difficult to detect in bulk
128 assays like chromatin immunoprecipitation (ChlP). Assays that can measure the

129 enrichment for certain types of chromatin at the single genome level would therefore be
130 beneficial to take into account this potential heteroeneity.

131
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132 Previous studies have identified the presence of the constitutive heterochromatin
133 marks H3K9me2/me3 on the viral genome during lytic infection and defined their role in
134 gene silencing (36, 38, 49, 50). Notably, H3K9me2/me3-marked histones associate with
135 the histone chaperone protein DAXX prior to loading onto chromatin, facilitating rapid
136  association of repressive PTMs with viral DNA (51). DAXX also associates with

137  Promyelocytic leukemia (PML) nuclear bodies (NBs) (also known as ND10), and

138 previous literature supports a model in which PML-NBs are involved in constitutive

139 heterochromatin formation (32, 52-57). Upon infection of non-neuronal cells, HSV-1
140 genomes rapidly associate with PML-NBs and there is evidence for silencing through
141 H3K9me2/me3 at these bodies (32, 48). Consistent with this observation, PML-NBs
142  repress HSV-1 lytic replication, and the viral protein ICPO degrades PML to overcome
143  this repression (58—64). However, histones pre-modified with methylated lysine H3K27
144  have not been previously detected (65). Given the association of viral genomes with
145 PML-NBs and Daxx, and how loss of PML shifts the balance of methylation from H3K9
146  to H3K27 (54), it is not clear whether incoming lytic genomes could be targeted for

147  Polycomb silencing simultaneously with H3K9 methylation. Notably, we recently

148 reported that primary neurons are devoid of PML-NBs (66), and hence if these bodies
149 do protect against Polycomb silencing, viral genomes would still be targeted for

150 H3K27me3 deposition following neuronal infection. However, the presence of PML-NBs
151 in non-neuronal cells could shift the balance of heterochromatin away from Polycomb
152  silencing and towards initial H3K9me2/3 deposition.

153
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154 The previously observed kinetics of H3K27me3 formation (approximately 36

155 hours), at least in pluripotent cells, also do not support a role for this modification in

156 restricting lytic HSV-1 infection (67, 68). However, it cannot be ruled out that there are
157  different kinetics for de novo H3K27me3 formation on incoming viral genomes in more
158 differentiated cell types. Importantly, the deposition of H3K27me2 is much more rapid
159 (69). H3K27me2 is also associated with gene silencing, and a recent study identified
160 PHF20L1 as a repressive reader protein of this PTM (70). H3K27me2 is the most

161 abundant H3K27 methylation state in embryonic stem cells (69) and yet the H3K27me2
162 association with herpesvirus genomes, and any contribution to gene silencing, have not
163 previously been reported.

164

165 Here, we set out to define the contribution of Polycomb silencing of HSV-1

166 genomes to lytic gene repression in non-neuronal cells. Using a combination of

167 epigenetic, imaging and gene expression-based approaches, we determined that HSV-
168 1 infection in primary human foreskin fibroblasts (HFFs) does not result in Polycomb-
169 mediated H3K27me3 deposition or its subsequent removal. Importantly, we developed
170 anovel assay quantifying co-localization between viral genome foci and histone PTMs
171 in the nucleus, therefore accounting for heterogeneity between different genome

172  epigenetic structures. Combining this analysis with the inhibition of demethylases UTX
173 and JMJD3, we found that a sub-population of genomes was associated with

174 H3K27me2 and PHF20L1. Further, association with H3K27me2 increased on genomes
175 of virus lacking the transactivating function of VP16 in the absence of PML-NBs,

176  suggesting that association with PML-NBs limits H3K27me2 deposition on


https://doi.org/10.1101/2023.12.03.569766
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.03.569766; this version posted December 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

177 transcriptionally inactive genomes and instead promotes more constitutive
178 heterochromatin formation.

179


https://doi.org/10.1101/2023.12.03.569766
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.03.569766; this version posted December 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

180 Results

181

182 H3K27me3 does not associate with the HSV-1 genome following infection of

183 human fibroblasts.

184

185 To determine the potential contribution of H3K27 methylation mediated by

186 Polycomb repressive complexes during HSV-1 lytic replication in non-neuronal cells, we
187 set out to investigate the deposition of H3K27me3 on the viral genome following

188 infection of human fibroblasts. In a previous study, data from ChlIP followed by qPCR
189 suggested a low level of H3K27me3 was present at 1-2 hours post-infection (hpi) and
190 was later reduced, co-incident with reduced total histone association and following ICPO
191 expression (36). However, without comparing H3K27me3 on the viral genome to

192 regions of host chromatin that are enriched for this PTM, it cannot be concluded

193 whether this modification is enriched on the viral genome. In addition, since this study
194  was published, data have emerged that many antibodies against H3K27 methylation
195 show non-specific binding to other histone PTMs (42), and it is therefore possible that
196 antibody cross-reactivity with other PTMs complicated interpretation of these data.

197

198 To resolve these issues, we infected HFFs with HSV-1 strain 17 Syn+ at an MOI
199 of 3 plaque forming units (PFU) per cell and carried out CUT&RUN 2 and 4 hpi; time
200 points chosen based on published observations that both H3K27me3 and total histone
201 levels peak at these times and are removed by 4 hpi (31, 36). The H3K27me3 antibody

202  used was chosen for its high target specificity, as determined by histone peptide array
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203 analysis (42) (Figure S1A). To quantify enrichment at specific promoter sequences, we
204  analyzed the enrichment compared to the non-specific IgG control aligning to the KOS
205 reference strain (71). CUT&RUN data for both 2 and 4 hpi show very little enrichment
206 for H3K27me3 on viral lytic promoters, shown as the geometric means of 2 replicates
207  (linear enrichment over IgG) scaled to the host positive control (Mytl) promoter in

208 Figure 1. All IE and early gene promoters are shown, with a selection of late genes. In
209 the presence of IMID3 and UTX inhibition (GSK-J4), the host genome showed higher
210 enrichment for H3K27me3 at 4 hpi the Mytl promoter, in addition to an increase

211 compared to the 2h time-point, which is consistent with previous reports (72). GSK-J4
212  activity was validated for uninfected HFF chromatin by western blot (Figure S2A),

213 indicating that the lack of H3K27me3 accumulation on viral promoters is not due to a
214  lack of inhibitor activity. In stark contrast to the host promoters, no viral lytic promoters
215 showed notable enrichment for H3K27me3. Therefore, in bulk cultures, we were unable
216 to detect positive enrichment for H3K27me3 on the regions of the viral genome

217  examined.

218

219 Analysis of individual HSV-1 genome foci for co-localization with H3K27me3

220 using NucSpotA

221 Although the CUT&RUN data suggest there was very little H3K27me3 enriched
222  on the lytic HSV-1 genome following infection of fibroblasts, we could not rule out the
223  possibility that a subpopulation of viral genomes associates with H3K7me3 upon

224 fibroblast infection, which may not be detected by these bulk population-level methods.

225 Therefore, we developed an assay that would permit the quantification of histone
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226  modifications associated with HSV-1 DNA at an individual genome, or genome spot,
227 resolution. Importantly, other studies have observed heterogeneity in the ability of cells
228  to support lytic replication (43, 48). Therefore, it was possible that there is heterogeneity
229 in heterochromatin association with viral genomes following infection of fibroblasts.

230

231 We prepared viral stocks that contained EdC-labelled genomes as previously
232 described (59). HFFs were infected with EdC-labelled HSV-1 (HSVFY®), and Click

233 chemistry-based fluorescent staining (to visualize viral DNA) was carried out alongside
234 immunostaining with the chosen histone antibody (60). To accurately quantify the

235 enrichment of each histone PTM with the viral genome in an unbiased and high-

236  throughput manner, we developed a custom program (NucSpotA) that measures the
237 intensity of signal at a viral genome compared to the intensity of positive signal

238 throughout the nucleus (Figure 2). We first validated NucSpotA by quantifying the co-
239 localization with proteins that have been found enriched at sites of viral genomes; RNA
240 polymerase Il (Figure 3A, top) and total histone H3 (Figure 3A, middle). H3 is known to
241  be rapidly deposited on the lytic HSV-1 genome (6, 30, 73—75), while RNA polymerase
242 1l is essential for viral lytic gene expression (76) and has been shown previously to co-
243  localize with viral genomes (77). A higher intensity ratio represents a higher enrichment
244  of a protein at viral genomes.

245

246 We then used NucSpotA to quantify the enrichment of individual viral genome
247  foci with H3K27me3 (Figure 3A, bottom). We observed a reduced association of viral

248 genomes with H3K27me3 compared to total H3 at 1 hour post-infection (hpi), which was
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249  statistically significant (Figure 3B). In contrast, RNA polymerase Il intensity ratios were
250 even higher than for H3, resulting in the strongest co-localization with viral genomes at
251 each time post-infection. Therefore, H3 and RNA polymerase strongly co-localized with
252  viral DNA as expected, but H3K27me3 appears not to co-localize with lytic genomes
253 based on the results of the overall NucSpotA analysis.

254

255 The above data indicate that, overall, viral genomes show reduced association
256  with the H3K27me3 compared to host chromatin, and reduced levels also compared to
257 total H3. However, this bulk NucSpotA analysis still did not take into account the

258 possibility of a minority population of genomes that associate with H3K27me3.

259 Therefore, we set a cutoff (intensity ratio 1.5) above which genomes look visually co-
260 localized with H3K27me3 when assessed qualitatively. The percentages of genomes
261 above this cutoff (labeled as a dotted line on Figures 3B-D and 3F) serve as an indicator
262  of whether a subpopulation of genomes co-localizes with H3K27me3. Notably, this

263 method can be used to assess the heterogeneous association of viral genomes with
264  any nuclear protein of interest. Using this method, we observed that 11%, 9.8%, and
265 4.3% of viral genome foci had enrichment values for H3K27me3 above this threshold at
266 1-, 2- and 4 hpi, respectively (Figure 3B). As a positive control for H3K27me3 co-

267 localization, we also performed Click chemistry and immunostaining for latent genomes
268 in mouse superior cervical ganglia (SCG) neurons (Figures 3E, 3F). In latently infected
269 neurons, we observed enrichment of H3K27me3 on approximately 31% of latent HSV-1
270 genomes based on a NucSpotA intensity ratio above 1.5. This is consistent with

271  previous observations that H3K27me3 is both enriched on the latent HSV genomes and
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272 its removal is important in reactivation (12, 15, 34, 35, 78-81). These data also highlight
273  the potential heterogeneity in the epigenetic nature of latent HSV genomes, which may
274  relate to different levels of expression of the latency-associated transcript between

275 individual neurons or differences in sub-nuclear genome localization (82, 83).

276 Importantly, these data support our use of intensity ratios to quantify co-localization
277  between HSV-1 genomes and H3K27me3.

278

279 It was not clear from this analysis whether positively co-localizing genomes

280 represent a true association, or if they are more co-localized than we would expect by
281 chance (random placement of a genome in the nucleus). We thus performed an

282  additional analysis, using each image to generate its control by rotating the viral

283 genome channel 90 degrees relative to nuclear and histone stain channels (Figure 2B).
284  This allows paired analysis between an original genome’s intensity ratio and that for its
285 random placement within the same nucleus (84). Original image H3 co-localization was
286  significantly greater than that for its random control image at each time point (Figure
287  3C), as is the co-localization of latent genomes with H3K27me3. However, co-

288 localization with H3K27me3 in fibroblasts was similar to or below that expected by

289 chance at all three time points post-infection (Figure 3D). In conclusion, assessing the
290 co-localization of lytic viral genomes with histone modifications suggests that lytic

291 genomes do not stably co-localize with H3K27me3, in contrast to co-localization with
292  total histone H3.

293
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294  Inhibition of H3K27me3 deposition or removal does not alter its co-localization
295 with HSV-1 genomes in fibroblasts.

296 Although the rotation analysis suggested that a similar proportion of viral

297 genomes could co-localize with H3K27me3 as those observed to co-localize by chance,
298 it was still possible that a minority population is targeted for H3K27me3. Therefore, to
299 thoroughly investigate whether this reflected deposition onto the viral genome, we pre-
300 treated cells with UNC1999 (85), an inhibitor of the H3K27 methyltransferases EZH1
301 and EZH2 in the PRC2 complex, and quantified co-localization of viral genomes in the
302 absence of H3K27 methyltransferase activity. Western blots of the total levels of

303 H3K27me3 in fibroblasts demonstrated that 1.8 uM had the capability of reducing levels
304 over time (Figures S2B). Therefore, we pre-treated cells with 1.8 uM UNC1999

305 followed by infection with HSV-1, maintaining drug treatment during and after infection.
306 At 2 hpi, the co-localization of H3K27me3 at viral genomes was not significantly lower
307 than for vehicle control (DMSO)-treated cells at the population level. The proportion of
308 genomes above the intensity ratio threshold of 1.5 also did not decrease with PRC2
309 inhibition (Figure 4A). Therefore, we conclude that the small proportion of viral genomes
310 with a threshold above 1.5 (5%) was not a result of active deposition of H3K27me3.

311

312 A final possibility was that H3K27me3 could be rapidly deposited and removed
313 from viral genomes. Therefore, we added GSK-J4, an inhibitor of the H3K27me3

314 demethylases JIMJD3 and UTX (86). Cells were again pre-treated with GSK-J4 (10

315 uM), and the inhibitor was included during the infection. Inhibitor activity at this

316 concentration was confirmed by assessing H3K27me3 retention on cellular chromatin
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317 by western blot (Figure S2A). At 4 hpi, we did not observe an increase in the proportion
318 of viral genomes co-localizing with H3K27me3 in the presence of the inhibitor (Figure
319 4B), suggesting the mark was not added and then rapidly removed by the activity of
320 these histone demethylases. Taken together, these data suggest that H3K27me3 is not
321 deposited on lytic genomes in HFFs during the early stages of Iytic infection of

322  fibroblasts.

323

324 H3K27 demethylase inhibition restricts lytic gene expression.

325 To determine whether the presence of methylated H3K27 can impact HSV gene
326 expression in fibroblasts, we carried out gene expression analysis on cells infected in
327 the presence of UNC1999. HFFs were again pre-treated with UNC1999, and then

328 infected with HSV-1, with the inhibitor treatment maintained throughout infection. We
329 then performed RT-qPCR to quantify lytic gene expression. We expected PRC2

330 inhibition with UNC1999 to enhance lytic gene expression if H3K27me3 were deposited
331 on the viral genome. However, we did not observe any change in the expression of the
332 IE mRNA ICP27 and early mRNA ICP8 transcripts with UNC1999 treatment (Figures
333 5A, 5B). A previous study found that long-term treatment with a high dose of UNC1999
334  can result in the expression of anti-viral genes including IL6, IFNA2 and IFNA1, and
335 inhibition of viral gene expression (87). However, in our experiments using a lower dose
336 of UNC1999 (3 uM) and a shorter time frame of treatment, we did not observe changes
337 in IL6 expression (Figure S2C), indicating the UNC1999 was not inducing an antiviral
338 response in our cells that would otherwise impact the interpretation of these gene

339 expression experiments. Therefore, these results indicate that the deposition of H3K27
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340 methylation does not impact HSV-1 gene expression and support our conclusion that
341 H3K27me3 is not being deposited on the HSV-1 genome during lytic infection.

342

343 We also carried out the converse experiment and examined whether inhibition of
344  the removal of H3K27 methylation impacted HSV-1 gene expression in fibroblasts using
345 GSK-J4 (10 uM). Unexpectedly, we observed a repressive effect with GSK-J4

346 treatment. Although data up to this point suggest that H3K27me3 is not forming on the
347 lytic genome, preventing H3K27 demethylation led to repression of all the immediate-
348 early (IE), early and late transcripts checked at 2 hpi (approximately 3-5, 50-80 and 80-
349 fold respectively; Figure 5C). By 5 hpi, some effect was still seen for early genes (2-3.5-
350 fold), and leaky late gene VP16 (5.4-fold), although this was less than that observed at
351 2 hpi, indicating the repression may be overcome later in infection (Figure 5D).

352  Therefore, inhibition of IMJD3 and UTX activity limits, but does not fully prevent, HSV-1
353 lytic gene expression. This was surprising given our observation that inhibition of the
354 H3K27 demethylases did not impact levels of H3K27me3 association. However, it was
355 possible that inhibition of removal of other forms of H3K27 methylation would impact
356 HSV-1 lytic gene expression.

357

358 A subpopulation of genomes co-localize with H3K27me2 when H3K?27

359 demethylation is inhibited.

360 Given that the PRC2 and JMJD3/UTX complexes are responsible for methylation
361 dynamics between all three methylation states of H3K27, we considered that another

362 methylation state could be present and repressive to the lytic genome. We focused on
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363 H3K27me2, as this modification is also repressive to transcriptional activity (69, 70).
364 Additionally, we considered that previous studies investigating the mechanisms of de
365 novo Polycomb silencing in murine embryonic stem cells (NESCs) have shown full tri-
366 methylation of H3K27 to take approximately 36 hours, a time frame inconsistent with the
367 rapid events unfolding during early HSV-1 infection (67, 88, 89). However, the same
368 studies demonstrate that H3K27me2 forms more rapidly. H3K27me2 is relatively

369 understudied but is also associated with gene silencing. It protects against the

370 deposition of H3K27 acetylation (an activating modification), and the H3K27me2 reader
371 protein PHF20L1 has been shown to restrict transcription (69, 90). Notably, H3K27me2
372 is also one of the most abundant histone PTMs on the host genome and is more

373  prevalent than H3K27me3 (69).

374

375 We therefore performed CUT&RUN and co-localization experiments, this time
376 investigating the H3K27me2 modification. We found it difficult to source an H3K27me2
377 antibody with appropriate binding specificity and performed multiple experiments with
378 one antibody (Diagenode C15410193) that turned out to have high binding affinity to
379 unmodified histone H3 (Figure S1D). Histone peptide binding array analysis was

380 conducted for four additional antibodies marketed to recognize H3K27me2, but none
381 were selective for this mark (Figure S1B-E). A comparison of co-localization and

382 CUT&RUN viral genome coverage using Diagenode C15410193 is shown in Figures
383 S3A-B. We note although we cannot fully rule out that the CUT&RUN signal is from

384 H3K27me2, the broad distribution across the genome pointed to non-specific binding. In

385 addition, the co-localization of H3K27me2 with the viral genome using Diagenode
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386 C15410193 is higher than other H3K27me2 antibodies that were included in this study;
387 therefore, we did not continue experiments using Diagenode C15410193. The

388 explanation for the enhanced binding of this antibody to viral genomes is unclear but
389 may result from non-specific binding to unmodified histones. We include the data here
390 as an example of the need to accurately validate the binding specificities of histone
391 antibodies.

392

393 We analyzed H3K27me2 using a more specific antibody as determined by

394 histone peptide arrays (Figure S1B; Active motif 39245). Figure 6A shows

395 representative images of an infected nucleus at each time point post-infection. Without
396 any inhibitor treatment, the co-localization of viral DNA with H3K27me2 was below that
397 for total H3 (Figure 6B), and similar to or below that expected by chance from rotation
398 control analysis (Figure 6C). Further, PRC2 inhibition with UNC1999 (1.8 uM) did not
399 reduce the co-localization of viral DNA with H3K27me2, indicating that under these
400 conditions we either could not detect active deposition of H3K27me2 onto viral

401 genomes or that it was rapidly removed (Figure 6E). Inhibition of H3K27 demethylation
402  using GSK-J4 (10 uM) did cause a modest but significant increase in the fraction of viral
403 genome foci that co-localize with H3K27me2; up to 15.5% of genomes (Figure 6F).
404  Notably, the percentage increase in genomes co-localizing with H3K27me2 was

405 reproducible between independent biological replicates, including biological repetitions
406 with a separate H3K27me2 antibody (Active motif 61435 Figure S1E, Figure 6G).

407 Therefore, these viral genomes (representative images Figure 6D) may represent a
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408 subpopulation of genomes that experience H3K27me2 deposition followed by removal
409 by JMJD3 and/or UTX.

410

411 CUT&RUN reveals a low association of lytic gene promoters with H3K27me2 that
412 increases with K27 HDM inhibition.

413 To investigate whether we could verify the association of H3K27me2 with the
414  viral genome and any changes with GSK-J4 treatment, we performed CUT&RUN with
415 paired-end sequencing, again using an antibody validated to bind H3K27me2 (CST
416 D18C8 9728, Figure S1C). We were unable to find any previous studies investigating
417 H3K27me2 association with the host genome in fibroblasts. Therefore, we found

418 regions with high and low association in our dataset for comparison with the HSV-1
419 genome. We chose the SERPINAL promoter as a region of high enrichment and the
420 GAPDH promoter as a region depleted for H3K27me2. In comparison to the SERPINA1
421  promoter, we observed modest enrichment on viral promoters at 2 hpi. The enrichment
422  of H3K27me2 was much lower at 4 hpi, likely because of ongoing viral DNA replication
423  at this time-point, active removal of the modification, or of histone H3 itself, which has
424  previously been reported independently of viral DNA replication (31). Notably, we did
425 observe an increase in H3K27me2 levels on the host genome between 2- and 4-hours
426  post-infection. Although a comparatively low level of H3K27me2 was detected on viral
427 genomes at 2 hpi, Figure 7B shows the same enrichment values plotted without scaling
428  to the host positive control. This representation shows an increase in H3K27me2

429  association in the presence of GSK-J4 at 2 hpi, indicating that a subpopulation of viral

430 genomes may retain H3K27me2 in the presence of H3K27 demethylase inhibition.
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431 There appeared to be no correlation with gene class for the IE and early genes,

432  although UL54 (encoding ICP27) had the highest level of enrichment. Overall, the

433  enrichment was higher in promoter regions compared to the gene bodies (Figure 7B).
434  Taken together, these results indicate that H3K27me2 is deposited and removed on at
435 least a subpopulation of viral genomes, and this removal enables more robust viral lytic
436 gene expression at early times during infection.

437

438 Transcriptionally repressed genomes are enriched for H3K27me2 in the absence
439 of PML-NBs.

440 We next explored whether we could enrich for viral genomes with the H3K27me2
441  modification, both to further validate that this modification is indeed targeted to viral
442  genomes in fibroblasts and to determine under what conditions its deposition may

443  occur. The methyltransferase activity of the PRC2 complex is known to be inhibited
444  under conditions of active transcription (91, 92). Viral lytic gene expression is stimulated
445 by the tegument protein, VP16, and the activation domain (AD) of VP16 recruits host
446  proteins that promote transcription and limit total histone association (28). Therefore,
447  taking into account this known function of the VP16AD, we investigated whether

448  mutation of this domain resulted in increased H3K27me2 deposition.

449

450 We prepared EdC-labelled stocks of the previously described VP16AD mutant
451 (RPS5, KOS parent strain) (93). Initial parallel infections with RP5 compared to its

452  rescued virus (RP5R) at an MOI of 3 PFU/cell showed a higher number of RP5

453 genomes reaching the nucleus than for RP5R, despite infection at the same PFU/cell;
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this is likely reflective of a reduced ability of RP5 to plaque on the U20S cells used to
grow and titer the viruses (data not shown). We thus adjusted the MOI of RP5 to
achieve approximately 3 foci per nucleus when visualized with Click chemistry. The
expected reduction in viral gene expression by RP5 compared to RP5R was confirmed
by RT-gPCR from HFFs, although RP5 viral gene expression did still increase between
2 and 5 hpi albeit at a much-reduced level compared to the rescued virus (Figure 8A).
We then analyzed the co-localization of RP5 genomes with H3K27me2 in HFF-
telomerase immortalized cells (HFF-Ts) and observed approximately 24% that showed
positive co-localization with H3K27me2. However, this was not significantly above the

level for random placement determined using the rotated control images (Figure 8C).

However, it has previously been reported in several studies that transcriptionally
inactive HSV genomes associate with repressive PML-NBs in hon-neuronal cells (61,
66, 82). PML-NBs can promote the deposition of H3K9me3 but are less linked to the
deposition of H3K27me2/me3. Therefore, we asked if the presence of PML-NBs was
preventing association with H3K27me2 on these transcriptionally repressed genomes
by promoting the more constitutive H3K9me3 association. We created PML knock-out
HFF-Ts (Figure 8D), the infection of which resulted in a significant increase in
H3K27me2 association with RP5 at 2 hpi over PML-expressing HFF-Ts (wild-type HFF-
Ts). Therefore, these data indicate that H3K27me2 associates with the HSV-1 genome
either as a consequence of transcription repression and/or lack of the VP16AD in the
absence of PML-NBs. Finally, to determine whether PML-NBs increase the association

with constitutive heterochromatin, we also measured H3K9me3 co-localization with RP6
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477 genomes. We found an increase in H3K9me3 association at 2 hpi in the wild-type HFF-
478  Ts (Figure 8E), indicating that PML knock-out cells indeed favor H3K27me2 formation
479  over H3K9me3 formation at transcriptionally inactive viral genomes.

480

481 Association of the H3K27me2 reader protein PHF20L1 with a sub-population of
482 HSV-1 genomes.

483  To explore the repressive functional outcome of H3K27me2 formation on lytic HSV-1
484 genomes, we investigated the co-localization of viral genomes with a reader of this

485 histone PTM. PHD Finger Protein 20-Like Protein 1 (PHF20L1) was reported as an
486 H3K27me2 reader in the context of breast tumor growth, working with PRC2 and

487 nucleosome remodeling and deacetylase (NURD) complexes to facilitate transcriptional
488 repression (70). PHF20L1 co-localization was consistently found in approximately one
489 third of genomes at 4 hpi (34% of genomes), and an increase in co-localized genomes
490 was observed with GSK-J4 treatment. This increase is reflected in a 9% increase in
491 genomes above the co-localization cutoff, as well as a statistically significant difference
492  between the two data sets (Figure 9B). Notably, the 9% increase in genomes co-

493 localizing with PHF20L1 is similar to the 11% increase in co-localization with H3K27me2
494  (Figure 6F-G.) Representative images in the presence and absence of GSK-J4 are
495  shown, including one genome that is co-localized with PHF20L1 (intensity ratio 1.72)
496 and one that is not (intensity ratio 0.69) within the same nucleus (Figure 9A).

497 Because we observed the highest levels of H3K27me2 association with RP5 genomes
498 in PML knock-out cells, we also investigated the association of RP5 genomes with

499 PHF20L1 in these same cells. Co-localization was indeed seen in a large proportion of
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500 RP5 genomes (46%) 4 hpi, as shown with representative images (Figure 9C-D). This
501 further validates the potential for transcriptionally inactive genomes without PML-NBs to
502  Dbe targeted for H3K27me2 and read by PHF20L1.

503

504

505

506

507
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Discussion

The process of lytic infection with HSV-1 is often described as a battle between
the host cell and the infecting virus, with the host cell trying to silence gene expression
by depositing repressive heterochromatin on the viral genome and the virus overcoming
this silencing for gene expression to occur. However, for the Polycomb-associated
modification, H3K27me3, there was little experimental evidence to support this model.
Hence, using multiple techniques, we set out to determine whether any H3K27me3
could be detectibly deposited on the incoming genome by the host, which the virus
removes for lytic replication to take place. This was important to understand, first, to
determine how the host cell attempts to silence incoming foreign HSV-1 DNA, and
second, because this modification is ultimately enriched on the HSV-1 genome during a
latent infection of neurons (12, 15, 19, 20, 34, 35). Although we were unable to detect
H3K27me3 enrichment on lytic genomes, are data suggest that a subpopulation of
genomes are targeted for silencing by H3K27me2. This is intriguing because less is
known about H3K27me2 versus the more commonly studied H3K27me3. The recent
identification of a protein that specifically reads H3K27me2, PHF20L1, has illuminated a
direct role for this modification in the recruitment of transcriptional repressors (70). In
line with a role for H3K27me2 in lytic gene repression, we could also detect co-
localization of viral genomes with PHF20L1 during lytic infection. Therefore, the
deposition of H3K27me2 appears to play a more prominent role than H3K27me3 in

repressing HSV-1 gene expression during lytic replication.
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530 There are some caveats to our study. One being that we used small molecule
531 inhibitors to this histone methyltransferases and histone demethylases and have not
532 carried out knock-out or knock-down experiments. However, in attempting to do these
533 experiments, we found that knockdown of the histone demethylases resulted in

534 enhanced lytic gene expression, which is consistent with previous studies showing that
535 athat lack of these enzymes results in a reduction in anti-viral gene expression (86).
536 Therefore, long-term loss of these enzymes in fibroblasts likely results in more indirect
537 impacts on gene expression, making this approach a challenge. A further caveat is that
538 antibody binding to histone PTMs can be influenced by neighboring PTMs. For

539 example, binding to H3K27me2/me3 can be occluded by phosphorylation of H3S28. In
540 preliminary studies using an H3K27me3/pS28 antibody, we were unable to detect co-
541 localization with the viral genome. However, there are currently no antibodies that

542  recognize the dual H3K27me2/pS28 modification state and therefore we cannot rule out
543 the possibility that a subpopulation has these combined modifications.

544

545 Determining the presence or absence of a particular protein or histone PTM on
546 viral genomes can be a challenge. Here, we decided to characterize the

547 H3K27me2/me3 distribution across the early lytic HSV-1 genome by CUT&RUN using
548 histone antibodies analyzed for their binding specificity (94). Using human genome loci
549 to validate each antibody’s DNA yield, we observed a relatively low level of

550 H3K27me2/me3 across the viral genome. However, because of the known

551 heterogeneity in the fate of HSV genomes following infection of fibroblasts (43, 44, 46,

552  95-98), we developed a novel method for quantification of individual HSV genome foci


https://doi.org/10.1101/2023.12.03.569766
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.03.569766; this version posted December 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

553  with nuclear proteins. This is particularly important since comparison to host regions
554  following CUT&RUN may obscure the enrichment at sub-populations of HSV genomes.
555  NucSpotA analysis accounts for variability amongst a set of images by thresholding the
556 green signal above a chosen percentage of its maximum intensity. We visually

557 determined an intensity ratio above which co-localization is occurring but found that it is
558 important not to rely on the number’s magnitude alone. Appropriate controls, such as a
559  known positive control for co-localization or random placement in the nucleus through
560 channel rotation, helped inform our interpretation of the data. Additionally, statistical
561 analysis of the dataset applies to the whole population of genomes, but the shape of the
562 violin plot (data point density) can be indicative of a sub-population of genomes

563 emerging. This assay was particularly informative in combination with other variables,
564  such as inhibition of H3K27 methylation dynamics and the use of PML knockout cells. In
565 the future, we expect NucSpotA to be a useful tool for the field to analyze viral genome
566 co-localization with nuclear proteins where heterogeneity in the fate of viral genomes
567  can occur.

568

569 Our data suggests that H3K27me2 is deposited and removed from a

570 subpopulation of lytic genomes. The combined data using H3K27 demethylase

571 inhibitors and analyzing H3K27me2 genome co-localization and viral mMRNA levels

572  supports a model by which H3K27me2 is repressive to lytic gene expression from a
573  subset of viral genomes and is removed to permit more robust expression. The full

574  spectrum of factors that regulate the deposition of H3K27me2 onto a subset of

575 genomes is not clear. Our data point to differences in the subnuclear positioning of viral
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576 genomes and potentially viral transcriptional activity. Additional factors, which need not
577  be mutually exclusive include the cell state, stage in mitosis, diversity in viral genome
578 sequence, amount of infecting virus and responses from neighboring abortively or fully
579 infected cells, which have all been linked to heterogenous outcomes of HSV infection
580 (43, 44, 46, 95-98).

581

582 The H3K27me2 modification is understudied compared to H3K27me3 despite it
583 being a predominant modification on the host genome and also being implicated in the
584  repression of gene expression (19). There are several important implications of this

585 observation. The first would be the mechanisms of targeting of H3K27me?2 to the viral
586 genome and investigating whether this is consistent between neurons and non-neuronal
587 cells. The PRC2 complex can be targeted and activated to methylate H3K27 via

588 different mechanisms (19). One model for H3K27me2/me3 involves general targeting to
589 chromatin, potentially via RNA or binding to unmethylated CpG motifs, and inhibition by
590 single-stranded RNA and activating histone PTMs (99-101). Our data showing

591 increased deposition onto the VP16 mutant virus potentially supports these

592 mechanisms, however, we cannot rule out other direct roles of VP16 in inhibiting PRC2
593 recruitment or inhibition. PRC2 can also be recruited following ubiquitination of lysine
594 119 on histone H2A (H2AK119ub) by PRC1 (102, 103). However, this pathway has only
595 been described in pluripotent cells and the protein that links H2AK119ub to PRC2

596 recruitment may not even be present in more differentiated cells (104). Further, it is

597 unknown whether the HSV-1 genome is enriched in H2AK119ub in non-neuronal cells.
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598 However, as part of ongoing studies in our lab, we have found enrichment of

599 H2AK119ub on latent viral genomes (Dochnal et al, unpublished).

600

601 Previous studies have found that PML-NBs can promote H3K9me3, but not

602 H3K27me3 (32). Therefore, our data showing that PML-NBs may also limit H3K27me2
603 is consistent with this model. Notably, we previously found that primary neurons are
604 devoid of PML-NBs but can form with type | interferon treatment (66). In addition,

605 targeting of viral genomes to PML-NBs only occurred with type | interferon exposure.
606 Therefore, by combining data from our previous study with our new data in fibroblasts,
607 we can start to assemble a model by which the heterogeneity in the epigenetic structure
608 of the latent genome arises. For those genomes that enter neurons exposed to type |
609 interferon, and likely exposure specifically on the soma (64, 66, 105, 106), would result
610 in association with PML-NBs and H3K9me3 enrichment. For genomes that were not
611 targeted to PML-NB, they would be more likely to become enriched for H3K27me2/me3.
612 However, this model is based on extrapolating our findings here to neurons and

613 therefore requires additional testing using relevant neuronal model systems.

614

615 Our findings that H3K27me2 can be deposited on incoming HSV-1 genomes but
616 not H3K27me3 are consistent with our understanding of de novo H3K27me3 dynamics;
617 reintroducing PRC2 activity leads to nucleation of H3K27me3 sites after 12 hours, and
618 propagation across a region at 36 hours (67, 88, 89). However, these previous

619 observations were made in undifferentiated, mouse embryonic cells, and we therefore

620 had to consider that H3K27 methylation dynamics could be faster in the context of
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621 infecting a differentiated cell type. The factors that regulate the progression from

622 H3K27me2 to H3K27me3 are not known. In the context of HSV latency establishment,
623  this will be important to understand. A previous study showed that H3K27me3 did not
624 form on latent genomes until 10-14 days post-infection of mice (12). Whether

625 H3K27me2 forms prior to this and plays a role in lytic-gene repression during entry into
626 latency is unknown.

627

628 Given the identified role for PHF20L1 as a repressive H3K27me2 reader, its co-
629 localization with HSV-1 genomes strengthens the evidence for a mechanism by which
630 H3K27me2 represses lytic genes soon after infection of a fibroblast. Hou et al. propose
631 a model whereby PRC2 and NuRD complexes are recruited by PHF20L1 binding to
632 H3K27me2, resulting in transcriptional repression in the context of breast tumorigenesis
633 (70). This model may link H3K27me2 on lytic HSV genomes with the transcriptional
634 repression we observed with H3K27 demethylase inhibition. Interestingly, proteomic
635 studies have shown NuURD complex components associated with both input and

636 replicating HSV-1 genomes (77, 107). This axis would represent a previously

637 undescribed defense mechanism against foreign DNA, and a corresponding pro-viral
638 role for H3K27 demethylation during lytic infection. It also remains to be determined
639 whether PHF20L1 plays a role during the establishment of latency in a neuron, where it
640 could be an important component of the factors regulating cell type-specific

641 transcriptional outcomes of HSV-1 infection.

642
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643
644 Materials and Methods
645

646 Cells, viruses and drugs

647 Primary human foreskin fibroblast (HFF), U20S, and Vero cells were all obtained
648 from American Type Culture Collection. Telomerase immortalized retinol pigmented
649 epithelial cells (RPE-T) have been described previously (59). HFF-Ts were generated
650 by telomerase immortalization by lentiviral transduction of HFFs using pLV-hTERT-

651 IRES-hygro (a gift from Tobias Meyer (Addgene plasmid # 85140 ;

652 http://n2t.net/addgene:85140 ; RRID:Addgene_85140)) (108). HFF, U20S, HFF-T and
653 RPE-T cells were cultured in Dulbecco modified Eagle Medium High Glucose (DMEM,
654 Gibco 11965-092) supplemented with 10% fetal bovine serum (FBS). RPE-Ts were

655 cultured in the presence of 5 pg/ml of Hygromycin. Vero cells were cultured in DMEM
656 supplemented with 10% Fetalplex (GeminiBio 50-753-2987). 293-LTV cells (Cell

657 Biolabs LTV-100) were cultured in DMEM High Glucose with 10% FBS and 1% MEM
658 NEAA (Gibco 11140-050).

659

660 Herpes simplex virus (HSV-1) strain 17Syn+ was grown on Vero cells infected at
661 an MOI of 0.1 PFU/cell, and cultured at 34°C for 2 days or until cytopathic effect was
662 observed. Heparin sodium (BP2425, Fisher Scientific) in phosphate buffered saline

663 (PBS) was added to flasks to a final concentration of 50ug/ml and incubated at 37°C for

664 4-6 hours, before supernatant collection and centrifugation at 4°C 150 RCF for 10

665 minutes. Supernatant was centrifuged at 20,000 RCF for 1 hour at 4°C, and virus pellet
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666 resuspended in 10% glycerol in PBS, then sonicated at amplitude 20% for 20 seconds
667 before aliquoting and storage at -80°C. Stocks of 17Syn+ were titrated on Vero cells.
668 VP16 activation domain mutant (RP5) and rescue (RP5R) HSV-1 stocks were

669 generated by infecting U20S cells at an MOI of 0.05 PFU/cell. RP5R and RP5 were
670 titrated on U20S cells as described previously (75). RP5 was propagated and titrated in
671 the presence of hexamethylene bis-acetamide (HMBA) in PBS (Sigma Aldrich 224235-
672 50G) to a final concentration of 3 mM.

673

674 Inhibitors were resuspended in dimethyl sulfoxide (DMSQO) and vehicle controls

675 performed with inhibitor-equivalent volumes of DMSO. UNC1999 (Cayman Chemical
676 Company 14621) was used at 1.8uM, and GSK-J4 (Sigma Aldrich SML0701) used at
677  10uM unless otherwise indicated.

678

679 PML nanoblade and knock-out cell production

680 Nanoblades were generated as previously described (109) in 293-LTV cells transfected
681 using jetPRIME (Polypus 101000027) with plasmids pCMV-VSV-G (a gift from Bob

682 Weinberg Addgene plasmid # 8454 ; http://n2t.net/addgene:8454 ;

683 RRID:Addgene_8454), BaEVRLess (gifted by Els Verhoeyen; constructed with pCMV-
684 VSV-G)(110), p5349 (pBS-CMV-gagpol, a gift from Patrick Salmon (Addgene plasmid #
685 35614 ; http://n2t.net/addgene:35614 ; RRID:Addgene_35614)), BIC-Gag-Cas9 (a gift
686 from Philippe Mangeot & Théophile Ohlmann & Emiliano Ricci (Addgene plasmid #

687 119942 ; http://n2t.net/addgene:119942 ; RRID:Addgene_119942)(109) and pBLADE

688 PML (target sequence GCG GGT GTG TCT GCA CCT AGG GG) or pBLADE non-
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689 targeted control (target sequence ATC GTT TCC GCT TAA CGG CG) (pBLADE

690 constructs a gift from Chris Boutell, BLADE was a gift from Philippe Mangeot &

691 Théophile Ohlmann & Emiliano Ricci (Addgene plasmid # 134912 ;

692  http://n2t.net/addgene:134912 ; RRID:Addgene _134912) (109). Cas9 production was
693 quantified by serial dilution as described using Cas9 nuclease (New Engliand BioLabs
694 MO0386S). HFF-hTERT cells were transduced with Nanoblades with 8 pg/mL polybrene
695 (Boston BioProducts BM-862M-1) and cultured with 5 ng/ml human fibroblast growth
696 factor (FGF, Gemini Bio-Products 300-113P) throughout clonal selection. Knock-out
697  was verified by immunostaining for PML.

698

699 Production of EdC-labeled virus stocks

700 The EdC-labeling protocol was adapted from previously published procedure (59,
701 60). RPE-Ts were infected with 17Syn+ in 0.2% FBS DMEM at an MOI of 0.001

702  PFUlcell for WT 17Syn+ and RP5R, or 0.5 PFU/cell for RP5 and kept at 33°C. HMBA
703 was included in media at a final concentration of 3mM during EdC-labeling of RP5. EAC
704  (Sigma-Aldrich T511307) pulses diluted in 0.2% FBS DMEM were added at 6-24h, 48h,
705 and 72h post-infection to 1uM final concentrations. At 72 hpi heparin sodium was

706 added, incubated and supernatant was passed through a 0.45 um PES syringe filter
707  and the supernatant virus harvested as above with the inclusion of an additional two
708 wash steps using DMEM containing 0.2% FBS.

709

710 Virus infections.
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711 Cells were plated into 24 well plates 24 h prior to infection. Where specified, cells
712  were pre-treated for 1-2 h prior to infection with inhibitors. Virus was diluted in

713  phosphate-buffered saline (PBS) containing 0.1% glucose and 1% FBS. In all

714  experiments, this represents the 0 h time-point post-infection. After 1 h of adsorption at
715 37°C, cells were washed twice with PBS containing 0.1% glucose and 1% FBS. Cells
716  were overlaid with DMEM containing 1% FBS and incubated at 37°C.

717

718 Primary neuronal cultures

719 Sympathetic neurons from the superior cervical ganglia (SCG) of post-natal day
720 0-2 (P0O-P2) CD1 Mice (Charles River Laboratories) were dissected as previously

721 described (79). Rodent handling and husbandry were carried out under animal protocols
722  approved by the Animal Care and Use Committee of the University of Virginia (UVA).
723  Ganglia were briefly kept in Leibovitz's L-15 media with 2.05 mM L-Glutamine before
724  dissociation in Collagenase Type IV (1 mg/mL) followed by Trypsin (2.5 mg/mL) for 20
725 min each at 37°C. Dissociated ganglia were triturated, and approximately 5,000 neurons
726  per well were plated onto rat tail collagen coated glass coverslips. Sympathetic neurons
727  were maintained in CM1 (Neurobasal Medium supplemented with PRIME-XV 1S21

728 Neuronal Supplement (Irvine Scientific), 50 ng/mL Mouse NGF 2.5S, 2 mM L-

729  Glutamine, and Primocin). Aphidicolin (3.3 mg/mL) was added to the CM1 for the first 5
730 days post-dissection.

731

732  Establishment of latent HSV-1 infection in primary neurons
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733 Neonatal SCGs were infected at postnatal days 6-8 with EdC labelled HSV at an
734  MOI of 7.5 PFU/cell assuming 5,000 cells/well in PBS supplemented with 1% FBS, 4.5
735 g/L glucose and 10 mM Acyclovir (ACV) for 3 hr at 37°C. Post-infection, the inoculum
736  was replaced with CM1 containing 50 mM ACV.

737

738 Click chemistry and immunofluorescence.

739 Cells were plated onto glass coverslips in 24 well plates and infected at the

740 indicated MOlIs. Cells were washed twice with cytoskeletal (CSK) buffer (10 mM

741 HEPES, 100 mM NacCl, 300 mM Sucrose, 3 mM MgClI2, 5 mM EGTA) then

742  simultaneously fixed and permeabilized in 1.8% formaldehyde (methanol-free, Thermo
743  Fisher Scientific 28906) and 0.5% Triton-X100 in CSK for 10 min. Cells were washed
744  three times in PBS and twice in CSK post-fixation. Coverslips were blocked with 3%
745  Bovine Serum Albumin (BSA, Fisher Bioreagents BP1600-100) prior to Click-chemistry
746  followed by immunostaining. EdC-labelled HSV was detected using the Click-iT Plus
747  EdU Alexa Fluor 555 Imaging Kit (Thermo Fisher Scientific C10638) according to the
748  manufacturer’s instructions, using a working stock of picoyl azide-Alexa Fluor 555

749 (PCA-AF 555). For immunostaining, samples were incubated overnight with primary
750 antibodies in 3% BSA and washed in PBS three times. Following primary antibody
751 treatment, coverslips were incubated for one hour in Alexa Fluor conjugated secondary
752  antibodies (Invitrogen A-11008). Nuclei were stained with Hoechst 33258 (Life

753 Technologies H3570). Antibodies and their applications are listed in Table S1.

754

755 Image analysis
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756 Epifluorescence microscopy images were acquired at 60x using an sSCMOS

757 charge-coupled device camera (pco.edge) mounted on a Nikon Eclipse Ti Inverted

758  Epifluorescent microscope using NIS-Elements software (Nikon). Individual nuclei were
759 isolated from this field of view and 3D deconvolved using the Landweber method (10
760 iterations) in NIS- Elements software.

761

762 Deconvolved z-stacks processed by NucSpotA, which is part of the Mitogenie
763  suite, using thresholds to isolate positive immunostaining signal (visually determined) as
764  follows: 70.5% (all histone stains) and 65% (PHF20L1) for 17Syn+ infection of HFFs;
765 75% (H3K27me2), 70% (H3K9me3 and PHF20L1) for RP5 infection of HFF-Ts and
766  PML knockout HFF-Ts. Rotation control images were generated from original channel
767 combination images using FIJI, prior to analysis with NucSpotA. The stated co-

768 localization thresholds were blindly calibrated by eye.

769

770  Quantification of viral gene expression

771 Analysis of mMRNA expression by reverse-transcription quantitative PCR (RT-
772 gPCR). To analyze HSV mRNA relative expression, total RNA was extracted using the
773  Zymo Research Quick-RNA MiniPrep Kit (R1055) with an on-column DNAse digestion.
774  Reverse transcription was carried out on equivalent amounts of RNA using Maxima
775 Maxima First Strand cDNA Synthesis Kit (Thermo Scientific K1642), RiboLock RNAse
776  Inhibitor (Thermo Scientific EO0382), Random Hexamer Primer (Thermo Scientific
777 S0142) and ANTP Set (Thermo Scientific R0181), and gPCR was carried out using

778 PowerUp SYBR Green Master Mix (Applied Biosystems A25741). The relative mRNA
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779  copy number was determined using the 24*“* method and viral MRNAs were normalized
780 to that of the human reference gene mRNA transcript from ACTGL1 (actin gamma 1). All
781 samples were run in duplicate on an Applied Biosystems Quantstudio 6 Flex Real-Time
782 PCR System and analysis carried out using QuantStudio Real-Time PCR Software

783 v1.7. Primer sequences: ICP8 as published (78); TK as published (111); others are

784  listed in Table S2.

785

786

787 Western blotting

788 Confluent HFFs cultured in a 6-well plate were treated with indicated

789  concentrations of GSK-J4 or UNC1999 in 10% FBS DMEM for four days, with a media
790 change including fresh inhibitor on day two. Untreated cells were cultured in parallel.
791 Histones were isolated from inhibitor treated or untreated cells using the histone

792  extraction kit (Active Motif, 40028) and western blots performed. Histone extracts were
793 combined with Li-cor 4X Protein Loading Buffer (928-40004) and resolved on Bio-Rad
794  Mini-PROTEAN TGX 4-20% gel (4561094) in Boston BioProducts Tris-Glycine-SDS
795  Running Buffer (BP-150), and transferred onto an Immobilon-FL PVDF membrane
796 (IPFL0O0010) using Boston BioProducts Transfer Buffer (BP-190) made to 20% v/v

797  methanol. Membranes were blocked in Odyssey Blocking Buffer (OBB, 10 mM Tris-HCI
798 pH 7.5, 150 mM NacCl, 2% Fish gelatin, 1% Ovoalbumin) for a minimum of 1 hour at
799 room temperature, washed with TBS-T (Research Products International T60075-

800 4000.0 with 0.1% Tween 20, and incubated with primary antibody (diluted in OBB with

801 0.2% Tween 20) overnight at 4°C. Li-cor secondary antibodies (925-32211, 925-68070)
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were diluted in OBB (with 0.2% Tween 20, 0.02% SDS) and blots imaged on a Li-Cor
Odyssey CLX-1374 . Band intensity quantification was performed using Li-Cor Image

Studio v5.2. Li-Cor Chameleon Duo Pre-Stained Protein Ladder (928-60000) was used.

Histone peptide array

Peptide synthesis and validation, array fabrication and antibody analysis were
performed as described (42, 112-114). Each peptide was spotted in triplicate twice per
array. Triplicate spots were averaged and treated as a single value for subsequent

statistical analysis as described (115).

CUT&RUN

CUT&RUN was carried out using the Epicypher CUTANA Chic/CUT&RUN Kit
and workflow (14-1048). Antibodies used for CUT&RUN are included in Table S1. Dual
indexed DNA libraries were prepared using Epicypher CUTANA CUT&RUN Library
Prep Kit (14-1001). Pair-ended, partial lane sequencing and de-multiplexing was carried
out using NovaSeq (Novogene). Data analysis was performed using command line and
R code, and workflow, adapted from the cited tutorial (116). The Rivanna high-
performance computing environment (UVA Research Computing) was used for

command line data processing.

The HSV-1 Syn17+ genome sequence (NCBI NC_001806.2) was used in
combination with the hg38 human genome assembly (RefSeq GCF_000001405.40) to

make a joint Bowtie2 index genome. Sequence alignment was performed with bowtie2
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825  with the following settings: --end-to-end --very-sensitive --no-mixed --no-discordant --
826 phred33 -l 10 -X 700. Separate alignments were performed to spike-in E. Coli DNA

827 (MG1655, Genbank U00096.3), from which sequencing depth was calculated and reads
828 normalized accordingly before filtering into separate human and viral bedgraph files.
829 Data quality control and visualization were performed using R. Data are available in the
830 SRA database (PRINA1047640).

831

832 Viral gene promoter coordinates previously identified for KOS strain (71) were
833 BLAST sequenced against the 17Syn+ genome, and the equivalent region on the

834 17Syn+ genome used to generate viral promoter coordinates. Bedtools Mapbed was
835 used to calculate the sum of scores at each defined promoter region, using normalized
836 bedgraph files as input (promoter coordinates are listed in Table S3). Where a region
837 lacked coverage, resulting in no score in the bedgraph file, a pseudovalue of 0.005 was
838 used to allow fold enrichment calculation. Viral gene body coordinates were defined
839 from the reference sequence NC_001806.2. Human promoters were located using the

840 Eukaryotic Promoter Database (https://epd.expasy.orq). The ratio between the sums for

841 H3K27me2/3 and IgG was calculated to determine fold enrichment. MACS2 bdgcmp
842 was used to generate linear fold enrichment bedgraph files for visualization, and

843 Integrative Genome Viewer v2.16.1 was used to visualize bedgraph coverage files.
844
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1206 Fiqure 1. CUT&RUN during early infection shows little H3K27me3 enrichment on lytic

1207 HSV-1 chromatin.

1208 HFFs were infected at MOI 3 PFU/cell untreated or treated with 10uM GSK-J4. Cells
1209 were processed for CUT&RUN, and fragments sequenced and aligned to both human
1210 and viral genomes. The sum of coverage at defined promoter regions was used to
1211 calculate fold enrichment of H3K27me3 over IgG. The geometric mean of the fold
1212  enrichment is plotted as a heat map scaled to host gene Mytl (N=2).

1213

1214  Fiqure 2. Image analysis using NucSpotA to quantify co-localization between viral

1215 genomes and an immunostained target.

1216  (A) The workflow used for a batch of images of individual infected nuclei using

1217 NucSpotA. An RGB image is thresholded to define the nucleus (blue channel), then viral
1218 genomes (red channel) and positive immunostain signal (green channel) within the

1219 nucleus. Representative images show a histone immunostain (H3K27me3). Mean

1220 intensity of the immunostain at each viral genome and across the nucleus is measured,
1221  and used to calculate an intensity ratio. (B) Rotation of the red channel relative to blue
1222  and green channels is used to generate pairs of original and rotated images. Rotation
1223  functions as random placement of viral genomes within the nucleus. Image pairs are
1224  processed in parallel.

1225

1226  Fiqure 3. Incoming HSV-1 genomes do not co-localize with H3K27me3 during early lytic

1227 infection.
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1228  HFFs were infected at an MOI of 3 PFU/cell with HSVE, fixed at different times post-
1229 infection and processed for click chemistry and immunostaining against H3K27me3. (A)
1230 Representative images of HFF nuclei 1, 2 and 4 hours post-infection, and zoomed

1231 image of individual viral genomes. NucSpotA intensity ratios are superimposed on each
1232  viral genome’s single channel image, with arrows for reference in the same spot in each
1233 channel. (B) NucSpotA quantification of image sets represented in A. Significance

1234  shown is based on the Kruskal-Wallis test. Each data point represents one viral

1235 genome. (C) Rotation analysis of co-localization with H3 at each time point as outlined
1236  in Figure 2. Paired analysis was performed for each genome (Wilcoxon test). (D)

1237 Rotation analysis for H3K27me3 intensity compared to those expected by chance

1238 (paired Wilcoxon test). Data shown in C and D were generated from the same original
1239 images quantified in B. (E) A representative image showing the nucleus of a latently
1240 infected neuron, within which a viral genome is co-localized with H3K27me3. (F)

1241  Rotation analysis of H3K27me3 co-localization with latent HSV genomes in neurons
1242  (paired Wilcoxon test). Percentages indicate the proportion of genomes with NucSpotA
1243  intensity ratios above the denoted co-localization threshold (dashed line). Adjusted p-
1244  values: **=<0.002, ***=<0.0001. N=>3.

1245

1246  Fiqure 4. Inhibition of H3K27me3 dynamics does not impact H3K27me3 co-localization

1247  with Iytic genomes.

1248  HFFs were infected with HSVEY® following pre-treatment with inhibitor or vehicle control,
1249  maintaining treatment the throughout infection. (A) Colocalization of viral genomes with

1250 H3K27me3 at 2 hpi, treated with vehicle control or UNC1999. (B) Co-localization of viral
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1251 genomes with H3K27me3 by 4 hpi, treated with vehicle control or GSK-J4 (10uM).
1252  Percentages represent genomes with co-localization above the threshold of 1.5.
1253  Kolmogorov-Smirnov tests, N>3.

1254

1255 Fiqure 5. Inhibition of H3K27 demethylase activity restricts lytic gene expression, but

1256 inhibition of H3K27 methylation does not impact lytic gene transcription.

1257 HFFs pre-treated with inhibitor or vehicle control were infected at MOI 3 PFU/cell,

1258 maintaining treatment throughout infection. RNA lysate was harvested, cDNA

1259 synthesized and transcript levels determined by RT-qPCR. Fold expression change is
1260 relative to cellular g-actin transcript levels. (A) Relative levels of IE transcript ICP27, (B)
1261 and E transcript ICP8, in cells treated with vehicle control or UNC1999 (1.8uM). (C)
1262  Transcription of all three lytic gene classes (immediate early (IE), early (E) and late (L),
1263 as indicated) 2 hpi, vehicle control-treated or treated with GSK-J4 (10uM). (D)

1264  Transcription representative viral lytic genes 5 hpi. N N>3; biological repetitions shown.
1265 Mann-Whitney test, adjusted p-values: *=<0.05, ***=<0.0005.

1266

1267 Fiqure 6. A sub-population of viral genomes co-localizes with H3K27me2 when H3K27

1268 demethylation is inhibited.

1269 A) Representative images of HFF nuclei infected with HSVE® at 1, 2 and 4 hpi (Active

1270  Motif 39245 antibody). Intensity ratios are superimposed on each viral genome’s single
1271  channel image. (B) H3K27me2 compared to H3 co-localization with lytic genomes. (C)
1272  Rotation analysis for H3K27me2 images to compare actual co-localization to that

1273  expected by chance 1, 2 and 4 hpi. (D) Representative images of H3K27me2 co-
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localization with viral genomes in cells pre-treated and continuously treated with
demethylase inhibitor GSK-J4 (10uM). (E) H3K27me2 co-localization with lytic genomes
2 hpi with vehicle control or UNC1999 treatment (1.8uM). (F) H3K27me2 co-localization
with lytic genomes 4 hpi with vehicle control or GSK-J4 treatment (10uM). (G) Individual
experimental replicates for GSK-J4 treated and vehicle control cells, including data
included in F and two more data points with a different H3K27me2 antibody (Active

motif 61435).

Figure 7. Bulk-level analysis of viral chromatin by CUT&RUN shows modest H3K27me?2

enrichment at viral promoters, and less across gene bodies, during lytic infection. HFFs

infected at MOI 3 PFU/cell, untreated or treated with 10uM GSK-J4, 2 and 4 hpi. The
sum of coverage at defined promoter regions was used to calculate fold enrichment of
H3K27me2 over IgG. (A) The geometric mean of two replicates’ fold enrichment is
plotted as a heat map scaled to host gene SERPINAL. (B) The geometric mean of two
replicates’ fold enrichment at viral promoters and gene bodies, scaled to viral
enrichment only. CUT&RUN and downstream processing was carried out in parallel for

two independent infections (N=2).

Figure 8 . Transcriptionally repressed viral genome association with H3K27me2 is

favored in the absence of PML expression.

A) HFFs were infected at an MOI of 3 PFU/cell with either VP16 activation domain
mutant RP5, or its rescue RP5R. Relative ICP27 mRNA expression for RP5 infected

cells, in comparison with RP5R-infected cells 2 and 5 hpi (multiple Mann-Whitney tests).
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1297 Data are from 3 independent infections of 2-3 wells in parallel. (B) A representative
1298 image showing EdC-labeled RP5 genomes in an HFF nucleus 2 hpi. (C) H3K27me2 co-
1299 localization with RP5 genomes 2 hpi as determined using image rotation analysis

1300 (paired Wilcoxon test). (D) Confirmation of nanoblade-mediated PML knock-out,

1301 comparing wild-type and knock-out HFF-Ts immunostained for PML. Cells were clonally
1302 selected following nanoblade treatment. Panels in grayscale are zoomed in views of
1303 individual nuclei outlined in the left image. (E) H3K9me3 and H3K27me2 co-localization
1304 with RP5 genomes 2 hpi in the absence of PML, co-localization in PML-expressing cells
1305 compared with PML knock-out cells (Kolmogorov-Smirnov tests). Percentages indicate
1306 the proportion of genomes with NucSpotA intensity ratios above the denoted co-

1307 localization threshold (dashed line) in C and E. Data are from 3+ independent infections.
1308 Active Motif 39245 antibody was used for H3K27me2 immunostaining. Adjusted p-

1309 values: *=<0.05, ***=<0.0005., ****=<0.0001.

1310

1311 Fiqure 9. H3K27me?2 reader PHF20L1 co-localizes with a sub-population of lytic

1312 genomes, including transcriptionally repressed genomes in the absence of PML

1313  expression.

VEY® immunostained for PHF20L1 in

1314  A) Representative images of HFFs infected with HS
1315 both control and GSK-J4 (10uM) treated conditions 4 hpi. Cells were pre-treated for 2
1316 hours before infection at an MOI of 3 PFU/cell, and treatment maintained throughout
1317 infection. (B) Quantification of images represented in A, showing NucSpotA intensity

1318 ratios for PHF20L1 co-localization (Kolmogorov-Smirnov test) in vehicle control or GSK-

1319 J4-treated (10uM) cells. (C) Representative images showing PHF20L1 co-localization
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1320 with transcriptionally inactive RP5 genomes in the absence of PML expression 4 hpi.
1321  PML knock-out HFF-Ts were infected with EdC-labeled RP5 to approximately 3

1322 genomes per nucleus. (D) Quantification of RP5 co-localization with PHF20L1 in PML
1323  knock-out HFF-Ts 4 hpi. Intensity ratios are superimposed on each viral genome’s
1324  single channel image in A and C. Percentages indicate the proportion of genomes with
1325 NucSpotA intensity ratios above the denoted co-localization threshold (dashed line).
1326

1327

1328 Fiqure S1 Histone peptide binding arrays for H3K27me3 and H3K27me?2 antibodies

1329 show variable target specificity and non-specific binding affinities. Scatter plots of two

1330 binding array data sets from the same antibody sample, one dataset on each axis.
1331 Labels are bolded where the target residue is included. Other notable non-specific
1332  binding partners are also labeled.

1333

1334 Fiqure S2 Validation of inhibitor activity and lack of interferon stimulated gene induction.

1335 (A) HFFs were treated with UNC1999 at indicated concentrations for 4 days, with fresh

1336 inhibitor added once on day 2. The cumulative effect of UNC1999 on cellular chromatin
1337 was assessed from histone extracts blotted for H3K27me3. Li-Cor band quantification is
1338 normalized to total H3 bands, relative to untreated cells. (B) Cumulative effects of

1339 treatment with GSK-J4 for four days on cellular chromatin, assessed by blotting histone
1340 extracts for both H3K27me3 and H3K9me3. Li-Cor band quantification in A and B was

1341  normalized to total H3 bands, relative to untreated cells. (C) IL-6 expression measured
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1342 by RT-gPCR of cDNA made from HFFs treated with indicated concentrations of
1343  UNC1999 for 5 hours.
1344

1345 Fiqure S3 The H3K27me2 antibody initially used in our experiments shows evidence of

1346  non-specific binding to the viral genome. (A) Comparison of co-localization with

1347 H3K27me2 immunostained with two different antibodies at 4 hpi (Kolmogorov-Smirnov
1348 test.) Adjusted p-value *=<0.05. (B) 17Syn+ genome coverage from HFFs 1 hpi, from a
1349 single replicate of CUT&RUN with control IgG and H3K27me2 antibodies (Diagenode
1350 C15410046-10).

1351

1352

1353
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