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Abstract: HCMV genes UL135 and UL138 play opposing roles regulating latency and 32 

reactivation in CD34+ human progenitor cells (HPCs). Using the THP-1 cell line model for 33 

latency and reactivation, we designed an RNA sequencing study to compare the transcriptional 34 

profile of HCMV infection in the presence and absence of these genes. The loss of UL138 results 35 

in elevated levels of viral gene expression and increased differentiation of cell populations that 36 

support HCMV gene expression and genome synthesis. The loss of UL135 results in diminished 37 

viral gene expression during an initial burst that occurs as latency is established and no 38 

expression of eleven viral genes from the ULb’ region even following stimulation for 39 

differentiation and reactivation. Transcriptional network analysis revealed host transcription 40 

factors with potential to regulate the ULb’ genes in coordination with pUL135. These results 41 

reveal roles for UL135 and UL138 in regulation of viral gene expression and potentially 42 

hematopoietic differentiation. 43 

 44 

Introduction  45 

Human cytomegalovirus (HCMV) establishes a lifelong persistent infection that is 46 

marked by periods of latency and reactivation. Viral gene expression is limited during latency, 47 

allowing the virus to escape immune clearance and persist in the host (1). In the healthy host, 48 

reactivation occurs sporadically and involves production and shedding of progeny virus with 49 

little to no pathogenesis. In contrast, HCMV infection or reactivation in the 50 

immunocompromised or immune naive individual can lead to severe morbidity and mortality (2).  51 

The HCMV genome remains incompletely annotated. With its ~236 kilobase pair double-52 

stranded DNA genome, HCMV is the largest of all viruses known to infect humans and has been 53 

shown to encode over 170 viral proteins (1). The introduction of HCMV gene arrays and next-54 
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generation sequencing technologies such as RNA-Seq has revolutionized our ability to study 55 

HCMV gene expression at a genome-wide level during both lytic (3-7) and latent infections (8-56 

14). A 2011 transcriptome (4) and a 2012 ribosomal profiling study (15) revealed the enormous 57 

and complex coding capacity of HCMV with an estimated potential for 751 open reading frames 58 

(ORFs) in total. Many of these ORFs were reported to contain splice junctions or alternative 59 

transcript start sites that add further complexity to the viral gene expression program (4, 15).  60 

For example, alternative splicing that gives rise to distinct gene products or isoforms of a 61 

single gene has been characterized in a small number of HCMV genes, mostly from the 62 

immediate early gene regions (4, 16, 17).  Additional complexity arises through usage of 63 

alternative initiation or termination signals to produce multiple peptides from a single 64 

transcriptional unit (17). These transcripts can be polycistronic, encoding multiple genes from a 65 

single transcript, or monocistronic, encoding multiple isoforms of a single gene (17). In the case 66 

of UL4 (17-19), UL44 (17, 20), and UL122-UL123 (21), multiple transcripts are made that 67 

encode identical gene product(s) but have distinct 5’ untranslated regions. This mechanism 68 

allows for the regulation of gene expression by alternative promoters under different contexts of 69 

infection. UL4, UL44 and UL122-UL123 are each subjected to a degree of temporal control, as 70 

different combinations of the promoters are active during immediate early, early, and late phases 71 

of lytic infection (18-21). More recently, we showed that alternative promoters in intron A of the 72 

UL122-UL123 locus are active in hematopoietic cells during latency, whereas activity of the 73 

canonical major immediate early promoter (MIEP) remains low (22, 23). The alternative 74 

promoters control the accumulation of the critical MIE transactivators during reactivation from 75 

latency in our THP-1 and CD34+ HPC models (22, 23); however this appears to be dependent on 76 

cell type and reactivation stimulus (24, 25). These findings suggest that the virus has evolved a 77 
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sophisticated strategy for initiating the replicative cycle in response to different cellular stimuli 78 

or contexts. 79 

The ULb’ region of the HCMV genome is another hotspot for complex regulation of gene 80 

expression. ULb’ contains four polycistronic loci that each produce sets of 3’ co-terminal 81 

transcripts encoding multiple combinations of viral genes during different temporal phases of 82 

infection (17). The UL133-UL138 locus that modulates latency and reactivation is among these 83 

and has a high degree of complexity in expression of its gene products. Transcripts expressed 84 

with early kinetics encode some combination of all four gene products, pUL133, pUL135, 85 

pUL136, and pUL138 (26). During the late phase of infection, transcripts encoding only two of 86 

these proteins, pUL136 and pUL138, are produced and pUL136 accumulates to maximal levels 87 

only following commitment to vDNA synthesis (26). This level of temporal control hints at a 88 

complex and highly responsive regulation of these genes to meticulously govern the switch 89 

between latent and replicative infection in response to cellular cues.  90 

We have previously reported that the HCMV genes UL135 and UL138 are expressed 91 

with early kinetics and their gene products play opposing roles in regulating latency and 92 

reactivation in primary CD34+ human progenitor cells (HPCs) (27-30). An HCMV recombinant 93 

virus that fails to express UL135 is defective for reactivation from latency and replication in 94 

CD34+ HPCs, whereas a recombinant that fails to express UL138 is defective for establishment 95 

of latency and actively replicates in CD34+ HPCs in the absence of a stimulus for reactivation. 96 

Here, we used these recombinant viruses to conduct a large-scale RNA sequencing (RNA-Seq) 97 

study to better define the roles of UL135 and UL138 in infection of hematopoietic cells.  98 

For these studies, we used the monocyte-like THP-1 cell line to model a latent infection. 99 

THP-1 cells have been an important tool for exploring the regulation of viral gene expression 100 
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and genome silencing in HCMV latency (22, 23, 31-39) because they allow for synchronous 101 

expression, silencing, and re-expression of viral genes given that they lack the heterogeneity of 102 

primary cell models, which has been a major issue in defining the patterns of gene expression 103 

associated with latency. In comparing the distinct transcriptional profiles associated with the 104 

expression of UL135 and UL138 in infection, we aim to further define the roles of UL135 and 105 

UL138 in viral infection in hematopoietic cells and define key viral and host factors that 106 

coordinate the switch between latent and replicative states.  107 

This transcriptome defines key aspects of viral gene expression during HCMV infection 108 

in THP-1 cells. A burst of viral gene expression is observed following infection and is silenced 109 

within days for the establishment of the latent-like infection. However, in cells infected with a 110 

UL135-mutant virus, the initial burst of gene expression does not occur. Re-expression of viral 111 

genes is uniformly induced by TPA; however, the UL135-mutant virus fails to express a block of 112 

eleven ULb’ genes in THP-1 cells, although they are readily detected during UL135-mutant virus 113 

infection of replication-permissive fibroblasts. Transcriptional network analysis revealed host 114 

transcription factors that are modulated by pUL135 and predicted to regulate the eleven ULb’ 115 

genes driven by pUL135. These transcription factors may drive reactivation from latency and, 116 

therefore, represent promising cellular targets for controlling viral reactivation in a clinical 117 

setting. In the case of the UL138-mutant virus infection, gene expression is overall increased 118 

relative to the wild-type virus, although the pattern of gene expression is similar. Importantly, 119 

UL138-mutant virus infection resulted in increased spontaneous differentiation of THP-1 cells 120 

into an adherent cell that expressed higher levels of viral transcripts compared to cells that 121 

remained in suspension. These results define roles for UL135 and UL138 in the regulation of 122 

viral gene expression and possibly hematopoietic differentiation.  123 
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This work furthers our understanding of the roles UL138 and UL135 play in regulating 124 

HCMV infection and replication in hematopoietic cells. In addition, we have used this data set to 125 

identify host factors potentially underlying the changes in viral gene expression for future work. 126 

This transcriptome will be an important resource going forward for guiding exploration of the 127 

latent versus replicative HCMV transcriptional programs and the underlying virus/host 128 

interactions that modulate the complex viral persistence strategy. 129 

 130 

Results 131 

Analysis of the UL135- and UL138-dependent control of the HCMV transcriptome. 132 

We previously engineered recombinant viruses containing 5’ stop codon substitutions in the 133 

UL135 (ΔUL135STOP) and UL138 (∆UL138STOP) genes in the HCMV TB40/E strain to disrupt 134 

synthesis of their corresponding proteins (29). ∆UL135STOP fails to reactivate from latency, as it 135 

produces lower levels of productive virus from latently infected CD34+ HPCs following a 136 

reactivation stimulus in comparison to WT infection (Figure 1A). In contrast, the ΔUL138STOP 137 

recombinant fails to establish latency and produces greater levels of viral progeny when compared 138 

to WT infection both prior to and following reactivation stimulus. We have further shown that 139 

UL135 and UL138 have an antagonistic relationship and that UL138 expression restricts HCMV 140 

reactivation in the absence of UL135 (29), which is due at least in part to the opposing regulation 141 

of EGFR turnover and signaling (30). The global changes in patterns of viral gene expression 142 

associated with these phenotypes are unknown. Therefore, we analyzed the HCMV transcriptome 143 

over a time course in THP-1 cells infected with wildtype (WT), ΔUL135STOP or ∆UL138STOP 144 

compared to mock-infected cells. Cells infected in their undifferentiated state were cultured for 5 145 

days to establish a latent infection. On day 5, infected cell cultures were divided; half were treated 146 
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with the vehicle DMSO (undifferentiated) and half were treated with phorbol ester TPA 147 

(differentiated) to promote monocyte-to-macrophage differentiation and trigger re-expression of 148 

viral genes. Total RNA was sequenced at key time points for four biological replicates.  149 

The resulting data were first reduced to two dimensions by Principal Component Analysis 150 

(PCA) (Figure 1B) to identify which factors produce the greatest variance across the data set. 151 

When both cellular and viral genes are included in the analysis (Figure 1B, PCA-All Genes), 60% 152 

of total variance is due to differentiation status of the cells. The undifferentiated samples largely 153 

cluster together, with a small outlier effect for WT-infected and ΔUL138STOP-infected at 1 day post 154 

infection (dpi). Among the differentiated samples, most of the separation along the y-axis, 155 

representing 6% of total variance, is attributed to time point (5.5, 6, or 8 dpi), reflective of changes 156 

in gene expression that occur as the cells further differentiate. Differences are also seen between 157 

mock-infected cells and those infected with any of the three viruses. It is unsurprising that the 158 

greatest source of variance in the complete transcriptome is differentiation status, given the 159 

outsized contribution of cellular genes compared to viral genes (particularly in latency-associated 160 

cells where viral gene expression is restricted) and the number of cellular gene expression changes 161 

that occur during monocyte-to-macrophage differentiation.  162 

To better understand variance driven by the viral transcriptome, we assembled a second 163 

PCA of viral genes alone (Figure 1B, PCA – Viral Genes). Again, the greatest variance (PC1, 164 

88%) is associated with differentiation state. This effect is more pronounced in the ΔUL135STOP-165 

infected samples, whereas the WT-infected and ΔUL138STOP-infected samples have more overlap 166 

between the differentiated samples at all time points and the undifferentiated samples at 1 and 3 167 

dpi as latency is being established. The ΔUL135STOP-infected samples cluster separately from the 168 

WT-infected and ΔUL138STOP-infected samples along the y-axis, which accounts for 2% of total 169 
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variance across the data set. These results suggest that there are important differences in the viral 170 

gene expression program of the ΔUL135STOP recombinant virus when compared to the WT parental 171 

virus or the ΔUL138STOP recombinant.  172 

We next plotted the viral read counts for each experimental condition over the time 173 

course of infection to discern differences in viral gene expression patterns (Figure 1C). Each 174 

series of plotted points connected by a line represents a single viral gene. Values were 175 

normalized to average read count for the same gene across the data set and log-transformed so 176 

that each increment of 1 on the y-axis represents a two-fold change in viral gene expression. As 177 

expected, read counts for viral genes in the mock-infected samples are low/undetected across the 178 

data set. Read counts in the WT-infected samples reveal an initial burst of viral gene expression 179 

at 1 dpi that decreases as latency is established (undifferentiated) and the re-initiation of viral 180 

gene expression following TPA treatment (differentiated). Viral gene expression follows a 181 

similar pattern in the ΔUL138STOP-infected samples; however, ΔUL138STOP read counts are 182 

higher than WT read counts at each time point. We were surprised that the increase in viral gene 183 

expression for ΔUL138STOP was not greater, as our work in primary CD34+ HPCs demonstrated a 184 

clear increase in virus replication and a defect in establishing latency. This phenotype is further 185 

explored in a later section.  186 

The most striking differences in viral gene expression are seen in the ΔUL135STOP-187 

infected samples. Viral gene expression is lower from 1 to 5 dpi when latency is being 188 

established. Following a reactivation stimulus, viral gene expression increases similar to WT and 189 

ΔUL138STOP infection, with the exception of a small group of viral genes that remain silenced. 190 

Because the ΔUL135STOP recombinant has been characterized as deficient for reactivation from 191 

latency in CD34+ HPCs, we postulated that this select group of viral genes might play an integral 192 
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role in driving viral reactivation from latency. Intriguingly, these results suggest that the failure 193 

of ∆UL135STOP to reactivate may not be due to a global failure to re-express viral genes, and 194 

instead hinges on the timely expression of a few key viral genes. These data further indicate a 195 

potential function for the initial burst of viral gene expression in the establishment of a latent 196 

infection that can later be reactivated. 197 

 198 

Viral genes cluster into distinct patterns of regulation during latency and reactivation. 199 

 To analyze the expression kinetics of individual viral genes, we performed k-means 200 

clustering of viral reads detected across the data set (Figure 2A). Data were scaled to ensure that 201 

genes cluster together not solely because they are expressed at similar levels on average, but 202 

rather because they share similar expression dynamics, providing hints at co-regulation by 203 

common factors. Following the WT infection, viral genes are expressed at days 1 and 3 during 204 

the establishment of latency, then read counts decrease in subsequent undifferentiated samples 205 

and remain low following DMSO control treatment. In the differentiated samples, viral genes are 206 

re-expressed following TPA treatment, which triggers monocyte-to-macrophage differentiation. 207 

The genes in clusters 1 and 3 follow the expression pattern conventionally associated with 208 

latency and reactivation, where gene expression is comparatively low in the undifferentiated 209 

samples once latency is established and then increases following the reactivation stimulus. Genes 210 

that belong in cluster 2 are expressed at lower levels in the WT infection when compared to 211 

either of the recombinant viruses during both the maintenance of latency and following 212 

reactivation stimulus. Finally, the cluster 4 genes are dependent on UL135 for their expression at 213 

any time point after infection, and particularly following TPA treatment.  214 
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To better appreciate cluster-specific differences in viral gene expression among the 215 

different viruses, read counts were averaged for each cluster of genes over the time course and 216 

plotted by individual infection group (Figure 2B). WT infection is characterized by a global 217 

initial burst of gene expression across all clusters at 1 dpi, which is silenced beginning after 3 218 

dpi, and re-expressed following treatment with TPA. With respect to ΔUL138STOP, viral gene 219 

expression is increased relative to WT-infection, particularly at 1 and 3 dpi in all clusters. In 220 

addition, ∆UL135STOP fails to express viral genes in all clusters at 1 and 3 dpi and also during the 221 

re-expression of cluster 4 genes following TPA treatment. Additionally, these plots clearly 222 

illustrate that cluster 2 gene expression following TPA is uniformly upregulated in both 223 

ΔUL135STOP and ∆UL138STOP infection relative to WT infection.   224 

The gene expression dynamics defined by the transcriptome were confirmed by RT-225 

qPCR of WT-infected THP-1 cells for a subset of viral genes. Viral transcripts were quantified at 226 

1 and 7 dpi in each cluster, representing multiple kinetic classes (Figure S1). The expression of 227 

UL123 and UL86 (cluster 1), UL17 (cluster 2), US27 (cluster 3), and UL135 and UL138 (cluster 228 

4) is consistent with the normalized expression shown in the clustering analysis (Figure 2). 229 

 230 

The ΔUL138STOP loss of latency phenotype is pronounced in a subset of HCMV-infected 231 

hematopoietic cells.  232 

 We were struck by the similarity between the WT and ΔUL138STOP viral transcriptomes, 233 

given the replicative phenotype in CD34+ HPCs where the ΔUL138STOP recombinant produces 234 

similar numbers of infectious progeny both prior to and following reactivation stimulus, 235 

demonstrative of a loss of latency (27, 29, 30, 40). To further explore this, we analyzed 236 

ΔUL138STOP infection in vivo using humanized mice (Figure 3A). NOD-scid IL2Rγc
null (huNSG) 237 
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mice were sub-lethally irradiated and engrafted with human CD34+ HPCs prior to intraperitoneal 238 

injection of fibroblasts infected with UL138myc (parental virus expressing a myc-tagged variant 239 

of pUL138) or ∆UL138STOP. Stem cell mobilization and virus reactivation and dissemination was 240 

stimulated at 4 weeks in 5 of 10 mice using granulocyte colony stimulating factor (G-CSF). After 241 

7 days, viral genomes were detected by qPCR in liver and spleen tissues. Untreated mice 242 

infected with UL138myc had low levels of HCMV genome detected in the spleen and liver, 243 

consistent with a latent infection, and viral genomes were increased in both tissues following G-244 

CSF treatment, consistent with increased mobilization and reactivation from latency. In contrast, 245 

mice infected with the ΔUL138STOP recombinant had similarly high HCMV genome copies in the 246 

liver and spleen both prior to and following G-CSF mobilization, consistent with the loss of 247 

latency phenotype seen in primary CD34+ HPC latency assays.  248 

This result is inconsistent with the relatively similar patterns of viral gene expression 249 

detected between WT and ΔUL138STOP infections in THP-1 cells (Figures 1-2). However, 250 

through the course of these studies, we observed a reproducible increase in the number of 251 

ΔUL138STOP-infected THP-1 cells that would spontaneously adhere to the cell culture dishes 252 

when compared to WT-infected THP-1s. The adherent fraction of ΔUL138STOP-infected THP-1 253 

cells were not included in our original sequencing experiment, which was derived only from 254 

cells in suspension from each of the 216 samples. Because myeloid differentiation is linked with 255 

HCMV reactivation, we hypothesized that an increase in spontaneous differentiation in the 256 

absence of pUL138 results in increased viral gene expression, contributing to the loss of latency 257 

phenotype seen in the ΔUL138STOP infection.  258 

To test this hypothesis, we analyzed viral transcripts in THP-1 cells infected with WT or 259 

ΔUL138STOP and cultured for 7 days. Total RNA was collected from suspension cells at 1 dpi 260 
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during the establishment of latency. At 7 dpi, RNA was collected separately from suspension 261 

cells or adherent cells from the same dish. RT-qPCR was used to quantify viral transcripts from 262 

four genes representing 3 kinetic classes of expression (Figure 3B). Both the WT and 263 

ΔUL138STOP infections have comparable levels of viral RNA detected at 1 dpi. By Day 7, 264 

expression of viral genes was silenced in the suspension fraction of cells infected with either WT 265 

or ΔUL138STOP viruses. However, viral transcripts generally trend slightly higher in the 266 

ΔUL138STOP infection, consistent with the number of viral reads detected in the sequencing data 267 

(Figures 1 and 2). In each of the three replicates, WT infection resulted in too few adherent cells 268 

in the absence of reactivation stimulus for the quantification of viral transcripts from these 269 

samples. Strikingly, in the ΔUL138STOP infection, viral transcripts are increased 100 to 300-fold 270 

in spontaneously adherent cells relative to cells remaining in suspension and collected at the 271 

same time point. These findings indicate that the fraction of ΔUL138STOP-infected THP-1 cells 272 

that spontaneously adhere to the dish represent a distinct population that is permissive for viral 273 

gene expression in the absence of a reactivation stimulus.  274 

 We next explored this phenotype in primary CD34+ HPCs. GFP expressed from the SV40 275 

early promoter in our recombinant viruses was used to detect and purify infected cells. When 276 

sorting CD34+/GFP+ cells, we observe a high GFP+ shift in a proportion of ΔUL138STOP-infected 277 

cells at 24 hours post infection (hpi) that is diminished in WT-infected cells (Figure 3C). We 278 

hypothesized that the GFPHIGH population might represent an early readout for cells with higher 279 

levels of viral gene expression in the absence of pUL138. We collected GFPLOW (middle gate) 280 

and GFPHIGH (right gate) populations separately from infected CD34+ cells at 24 hpi, then 281 

cultured each population over stromal support as previously described (41) for 10 days to allow 282 

the establishment of latency. Viral genome copy number was determined by qPCR and 283 
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normalized to a cellular control gene at 10 dpi (Figure 3D). When comparing the two GFPLOW 284 

populations, genome copy number was approximately three-fold higher in the ΔUL138STOP-285 

infected vs WT-infected cells. These data are consistent with an overall increase in viral 286 

replication in the absence of UL138 during latency that is also reflected in the RNA-Seq data 287 

(Figures 1 and 2) and in the suspension fraction of THP-1 cells (Figure 3B). In the populations 288 

that were GFPHIGH at 1 dpi, the number of viral genomes is almost 24 times higher in the 289 

ΔUL138STOP infection compared to WT. This is consistent with an increase in viral transcripts in 290 

adherent THP-1 cells infected with ΔUL138STOP (Figure 3B). Insufficient quantities of RNA 291 

were collected from the CD34+ HPCs to analyze viral transcripts in these cells.  292 

Taken together, these results suggest that a distinct subpopulation of infected 293 

hematopoietic cells is present in the absence of pUL138, and that this subpopulation supports 294 

viral replication in the absence of reactivation stimuli, such as TPA or cytokine stimulation. It is 295 

possible virus replication occurs in only a fraction of ΔUL138STOP-infected cells and it is this 296 

subset that accounts for the loss of latency phenotype in primary CD34+ HPCs and in huNSG 297 

mice. The exclusion of the adherent fraction of THP-1 cells in our RNA-Seq analysis likely 298 

accounts for the similar viral read counts when comparing ΔUL138STOP infection to WT 299 

infection. Further work is needed to define this subpopulation of cells and to explore a potential 300 

role for pUL138 in delaying or blocking myeloid differentiation to support the establishment and 301 

maintenance of latent infection.  302 

 303 

An initial burst of viral gene expression occurs in infected cells prior to silencing and is 304 

driven by the UL135 protein. 305 
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 Most of the variance in viral gene expression across the RNA-Seq data set is observed 306 

during infection with ΔUL135STOP (Figure 1B), which does not reactivate from latency to 307 

produce viral progeny in CD34+ HPCs. This variance is most strikingly demonstrated by two 308 

aberrant patterns of viral gene expression when pUL135 is absent. The first critical difference is 309 

that the total number of viral reads is much lower during the establishment of latency (days 1 and 310 

3) following infection with ΔUL135STOP when compared to WT or ∆UL138STOP in all clusters 311 

(Figure 2). The second is that viral genes belonging to cluster 4 are not efficiently expressed in 312 

the absence of pUL135 even following TPA treatment. 313 

 We hypothesized that the early detection of viral reads following infection represents an 314 

initial burst of viral gene expression that might be important for the establishment of a 315 

reactivation-competent infection. To begin to address this question, we first asked if the viral 316 

reads detected during the first 24 hours following infection were the result of de novo viral gene 317 

expression. THP-1 cells were pre-treated with Actinomycin D for 30 minutes to block 318 

transcription, then infected with WT or ΔUL135STOP. Total RNA was collected over the initial 24 319 

hours of infection to assess steady-state RNA levels of viral genes from each kinetic class 320 

(Figure 4A). In infected cells pre-treated with DMSO (vehicle control), each of the 321 

representative viral transcripts increased over the first 24 hours following WT infection, whereas 322 

lower levels of viral transcripts were detected in ΔUL135STOP-infected cells (Figure 4A), 323 

consistent with the expression pattern observed in the RNA-Seq experiment (Figures 1 and 2). 324 

When either WT-infected or ΔUL135STOP-infected cells were pre-treated with Actinomycin D, 325 

levels of viral transcripts were diminished, comparable to the levels observed in the 326 

ΔUL135STOP/DMSO treatment group (Figure 4A). Taken together, these data suggest that our 327 
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detection of viral reads during the establishment of latency represents de novo viral gene 328 

expression and that UL135 drives this initial burst of viral gene expression.  329 

 We previously reported that EGFR signaling promotes viral latency (30, 42, 43). 330 

Inhibition of EGFR or its downstream signaling pathways (PI3K/AKT or MEK/ERK) stimulates 331 

viral replication and rescues the reactivation defect in ΔUL135STOP infection (30, 43). Further, a 332 

reduction in EGFR signaling due to UL135-mediated turnover of EGFR increases viral gene 333 

expression and reactivation from latency (30). UL135 targets EGFR for rapid turnover through 334 

its interaction with cellular factors Abelson interactor 1 (Abi-1) and Cbl-interacting 85-kDa 335 

protein (CIN85) (44). We hypothesized that UL135 might drive the initial burst of viral gene 336 

expression by attenuating EGFR signaling during the early hours of infection. To test this 337 

hypothesis, we infected THP-1 cells with WT, ΔUL135STOP, or a recombinant virus where the 338 

motifs required for interaction with Abi-1 and CIN85 are disrupted, ΔSH3cl/CIN85 HCMV. We 339 

collected total RNA and used RT-qPCR to compare viral transcripts from each kinetic class at 24 340 

hpi when the initial burst of viral gene expression is first observed (Figure 4B). As expected, 341 

viral transcripts were lower in the ΔUL135STOP infection when compared to WT infection. 342 

Transcripts detected in ΔSH3cl/CIN85 infection were comparable to the levels observed in 343 

ΔUL135STOP infection. These results suggest that pUL135 interaction with Abi-1 and CIN85 is 344 

required for the initial burst of viral gene expression, indicating a potential role for attenuation of 345 

EGFR signaling. Ongoing studies are aimed at examining the specific mechanisms driving the 346 

initial burst of viral gene expression and whether it is required for HCMV reactivation from 347 

latency. 348 

 349 
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Motif analysis reveals candidate transcription factors for controlling expression of ULb’ 350 

genes. 351 

 The strikingly low read counts observed for cluster 4 viral genes in ΔUL135STOP infection 352 

(Figure 2) is perhaps one of the most surprising results from our analysis. The eleven genes in 353 

cluster 4 reside in the ULb’ region of the HCMV genome. ULb’ is present in clinical isolates and 354 

low-passage strains of HCMV but is consistently lost in laboratory-adapted strains following 355 

successive passaging through replication permissive cell lines. The ULb’ gene region spans 356 

UL133 through UL150 and encodes proteins with roles in immune evasion, viral dissemination 357 

in the host, and/or modulating latency and reactivation. Notably, this ~15 kb of the genome 358 

includes the UL133-UL138 locus encoding UL135 and UL138. Because expression of a block of 359 

ULb’ genes is diminished in the absence of pUL135, our data suggested that UL135 functions as 360 

a master regulator of this locus, controlling expression levels of at least eleven viral genes.  361 

 To confirm the results of our transcriptome analysis, we performed RT-qPCR to quantify 362 

expression levels of two representative ULb’ genes during WT, ΔUL135STOP, and ΔUL138STOP 363 

infection of THP-1 cells (Figure S2A). In the WT and ΔUL138STOP infections, both UL135 and 364 

UL138 transcripts were expressed at early time points, then decreased during the latency period. 365 

The transcripts were induced again following TPA treatment. As expected, expression of the 366 

viral genes is increased in the ΔUL138STOP infection relative to the WT infection. Consistent 367 

with the transcriptome data (Figure 2), UL135 and UL138 transcripts are expressed at very low 368 

levels across the time course in ΔUL135STOP infection (Figure S2A).  369 

To ensure that the ∆UL135STOP virus was competent to express these ULb’ genes, we 370 

analyzed their expression following infection in MRC-5 fibroblasts, a model for productive virus 371 

replication. In contrast to THP-1 cells, both UL135 and UL138 transcripts are expressed to near 372 
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wildtype levels in ΔUL135STOP infection of fibroblasts (Figure S3B). Taken together, these data 373 

suggest that the differences in transcription in the absence of UL135 are due to a cell type-374 

specific role in viral gene transcription rather than a loss of the ULb’ gene locus in these 375 

experiments.  376 

 The functions thus far defined for pUL135 are achieved via modulation of cellular 377 

signaling pathways (30, 44, 45). We therefore hypothesized that UL135 regulates transcription of 378 

the ULb’ locus via an indirect mechanism such as the regulation of cellular transcription factors. 379 

Accordingly, we used a bioinformatics approach to identify cellular transcription factors that are 380 

predicted to regulate gene expression in the ULb’ locus and whose expression is altered 381 

depending on the presence of pUL135. We used the simple enrichment analysis (SEA) algorithm 382 

to identify transcription factor binding sites that are enriched in each of our four viral gene 383 

expression clusters. In cluster 4 (ULb’ genes dependent on pUL135 for their expression), our 384 

analysis uncovered significant enrichment of binding sites for twenty-five cellular transcription 385 

factors (Supplementary Data Set 1). We then used differential expression analysis to identify 386 

which of these transcription factors are regulated at the transcript level in response to pUL135 387 

(Supplementary Data Set 2) by comparing infections with pUL135 present (WT and ΔUL138STOP 388 

averaged) or absent (ΔUL135STOP). These analyses resulted in the identification of nine 389 

transcription factors that are predicted to regulate cluster 4 viral genes and are differentially 390 

expressed when pUL135 is absent in infection (Figure 5A).  391 

 We next used our RNAseq data to plot the log fold change in expression of each 392 

candidate transcription factor when pUL135 is present (Figure 5B). The bars represent the log2 393 

fold change in expression of each transcription factor in UL135-expressing infection relative to 394 

ΔUL135STOP infection (Figure 5B). Data are shown for Days 1, 3 and 5 post infection as latency 395 
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is established, and for Days 5.5, 6, and 8 following reactivation stimulus (Figure 5B). Of the nine 396 

transcription factors identified by our motif analysis, three are induced by UL135 following TPA 397 

treatment: Pleomorphic adenoma gene one (PLAG1), Peroxisome proliferator-activated receptor 398 

gamma (PPARγ), and Zinc finger protein twenty-three (ZNF23). Future work will examine the 399 

potential contribution of each of these transcription factors in driving re-expression of the ULb’ 400 

viral genes in concert with pUL135 and whether re-expression of these genes is key for 401 

reactivation from latency.  402 

 403 

Discussion  404 

The development of next generation sequencing techniques has provided a valuable framework 405 

for understanding challenging and complex transcriptomes during viral infection. RNA-Seq 406 

technology allows for comprehensive analysis of both host and pathogen gene expression across 407 

the course of infection. Here, we have harnessed this technology to assemble a complete 408 

representation of viral gene expression in the THP-1 model of HCMV latency and reactivation. 409 

By comparing viral gene expression among the wildtype virus and two recombinant viruses 410 

missing either the gene required to establish latency (UL138), or the gene required for 411 

reactivation from latency (UL135), our data reveal novel intricacies of the viral gene expression 412 

program controlling the switch between latent and replicative infection.  413 

 This study has revealed clear transcriptional switches associated with the establishment, 414 

maintenance, and exit from latency. Infection of THP-1 cells results in an initial burst of viral 415 

gene expression that is broad and is uncoupled from the orderly progression of viral gene 416 

expression (immediate early, early, late phases) seen during productive infection. A similar 417 

phenomenon has been described for Herpes simplex virus 1 (HSV-1) during the earliest stages of 418 
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reactivation from latency (46-48). Broad and disordered HSV-1 gene expression occurs during 419 

the “animation” phase and is proposed to give rise to the viral transactivator VP16 so that 420 

replication can proceed in a coordinated kinetic cascade during the “synthesis” phase. In our data 421 

set, most viral genes are silenced to very low levels of expression following the initial burst, 422 

representative of the establishment and maintenance of latency. Following a TPA reactivation 423 

stimulus, viral genes are re-expressed to increased levels relative to those immediately following 424 

infection.  425 

CD34+ primary HPCs, the gold standard for HCMV latency, are a heterogeneous 426 

population containing cells at various stages of differentiation and lineage commitment, which 427 

complicates transcriptome studies. Although the CD34+ HPC model likely reflects the true 428 

nature of a more dynamic persistence in vivo, we are limited not only by availability, but also by 429 

the ability to achieve a coordinated entry into and synchronous and robust exit from latency. 430 

Additionally, the CD34+ HPCs used in our previous transcriptome study produce very low levels 431 

of viral transcripts and the clinical samples used in the same study typically have viral carriage 432 

between 1 in 10,000 to 1 in 25,000 cells (11). Because triggering a synchronous reactivation is 433 

not possible in the CD34+ HPC model, this work was also limited to latency time points only. 434 

We used the THP-1 cell line to compensate for the challenges presented by CD34+ HPCs and 435 

clinical samples such as their heterogeneity and donor variability, exceptionally low level of viral 436 

transcripts, and lack of a good solution for including reactivation time points. In addition to 437 

expanding our series of time points to include a synchronous reactivation from latency, use of the 438 

THP-1 cell line allowed us to perform this study using four biological replicates to optimize 439 

statistical power. However, cell line models are limited in their ability to faithfully recapitulate 440 

every aspect of latency and reactivation. For example, THP-1 cells cannot efficiently synthesize 441 
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HCMV genomes nor replicate productively, even following differentiation with TPA and re-442 

expression of viral genes (22, 31, 34). As such, THP-1 cells are an effective tool for examining 443 

viral gene expression patterns in response to reactivation stimuli but cannot be used to assess a 444 

true reactivation from latency as defined by the production of viral progeny. Despite their 445 

inherent differences, the two models together provide a more complete picture of latency and 446 

reactivation. Indeed, many of the results from our CD34+ HPC model were recapitulated in the 447 

THP-1 model. Both studies are consistent with latency transcriptomes produced by other groups 448 

(12-14) in showing broad viral transcription during latency, but with lower levels of transcripts 449 

than in lytic infection. Additionally, UL5, UL40, UL22A, RL12, RL13, UL4, UL78, UL44, 450 

UL132, US18, and UL148 were among the highest expressed viral genes in both the current 451 

study and in the primary CD34+  HPC study (11). Because these genes are expressed to high 452 

levels during both latency and reactivation, they may not play a role in regulating the transition 453 

between the two infectious states. In addition to defining contextual changes in viral gene 454 

expression patterns, the current study revealed important roles for both pUL138 and pUL135 in 455 

regulating viral gene expression and potentially cellular differentiation to navigate the transition 456 

between latent and replicative states of infection. 457 

UL138  has a well-defined role promoting the establishment and maintenance of latency 458 

in both the CD34+ HPC model (27, 29, 30, 40) and the humanized mouse model (Figure 3A). It 459 

was therefore unexpected that viral gene expression would be silenced in ΔUL138STOP infection 460 

relative to the wildtype infection (Figures 1 and 2). However, further investigation revealed a 461 

distinct population of hematopoietic cells within the infected population that support a more 462 

replicative infection in the absence of UL138 and seem to account for the ΔUL138STOP loss-of-463 

latency phenotype. This manifests in THP-1 cells that adhere to the tissue culture dish and 464 
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express very high levels of viral transcripts in the absence of a reactivation stimulus (Figures 3B 465 

and 3C) which were not captured in the transcriptome. Analogous findings are also seen in 466 

CD34+ HPCs infected with ΔUL138STOP in that a subset of infected cells express inordinately 467 

increased levels of GFP (a proxy for viral gene expression) as early as 24 hpi and have more 468 

viral genomes per cell at 10 dpi relative to WT infection, suggesting a more replicative infection 469 

where latency is not established (Figures 3D and 3E). Because this phenotype appears only in 470 

ΔUL138STOP infection and only in a small subset of infected cells, it appears that both viral 471 

expression of UL138 and some aspect of the cellular environment that varies in both the THP-1 472 

and CD34+ HPC models are important for the establishment of latency.  473 

A recent single cell sequencing study (14) identified intrinsic expression of interferon-474 

stimulated genes (ISGs) as the strongest predictor for a replicative versus non-replicative 475 

infection outcome. This study found that intrinsic ISG expression correlates with the 476 

differentiation state of cells, where monocytes express the highest levels of ISGs, followed by 477 

macrophages, and then fibroblasts with the lowest ISG expression. At the same time, monocytes 478 

are the least permissive for replicative HCMV infection, followed by macrophages, and then 479 

fibroblasts. The authors concluded that high levels of ISGs lead to a non-productive infection 480 

while low levels of ISGs support a productive infection. Importantly, they showed that intrinsic, 481 

but not induced, levels of ISGs were critical for curbing viral gene expression and these levels 482 

were determined by IRF9 and STAT2 (14). It follows that as HCMV pushes differentiation of an 483 

infected cell along the myeloid lineage, it would have lower basal levels of ISG expression and 484 

allow for more viral gene expression. Therefore, an additional mechanism must exist to keep ISG 485 

levels high and viral gene levels low for the establishment and maintenance of latency. We have 486 

shown that UL138 interacts with a UAF1-USP1 complex to sustain STAT1 activation and 487 
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enhance an early ISG response that restricts viral replication (40). Taken together, these studies 488 

suggest that both conditions (high intrinsic levels of ISGs and expression of pUL138 during 489 

infection) must be satisfied for efficient establishment of latency. In this scenario, the non-490 

adherent THP-1 cells and GFPLOW CD34+ cells would intrinsically express high levels of ISGs, 491 

leading to decreased viral gene expression for the establishment of latency. In the WT infection, 492 

UL138 would enhance and sustain an ISG response to facilitate this process, leading to fewer 493 

cells that are productively infected. In contrast, the fraction of THP-1s that adhere spontaneously 494 

and the CD34+ cells with higher levels of GFP following infection with the ΔUL138STOP virus 495 

might endure a “double-hit” of having lower intrinsic levels of ISG expression that cannot be 496 

overcome in the absence of pUL138. These differences cannot be evaluated in our existing 497 

transcriptome data which only includes the UL138STOP-infected suspension fraction of THP-1 498 

cells. Additional work is needed to fill important gaps in our knowledge. It will be critical to 499 

identify the cellular factors that differ in hematopoietic cells that are predisposed to a more 500 

replicative infection versus those that support a latent infection, the specific mechanisms that 501 

drive those differences, as well as the potential role of pUL138 in stalling myeloid differentiation 502 

of infected cells to promote a latent infection. 503 

The current study also expanded our understanding of UL135 as a driver of replicative 504 

HCMV infection. Our results demonstrate that pUL135 i) drives an initial burst of broad viral gene 505 

expression in the early hours of infection and ii) functions as a master regulator of viral gene 506 

expression from the ULb’ gene region encoding the UL133-UL138 proteins that function to 507 

modulate latent versus replicative infection in hematopoietic cells. These findings suggest two 508 

temporally (and perhaps mechanistically) distinct strategies for driving broad viral gene expression 509 

prior to the establishment of latency versus re-expression of select viral genes following a 510 
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reactivation stimulus. We have shown that the initial burst of viral gene expression requires the 511 

interaction between UL135 and Abi-1 and CIN85, which we have shown directs EGFR for 512 

turnover in infection, as either infection with recombinant viruses lacking UL135 or expressing a 513 

variant of UL135 where motifs required for interaction with Abi-1 and CIN85 have been disrupted 514 

results in a diminished initial burst. It is possible that alterations in EGFR signaling over the early 515 

course of infection change the balance of transcription factors that would drive viral gene 516 

expression during the initial burst. For example, previous work in our lab has identified EGR1 as 517 

a transcription factor that is up-regulated via EGFR signaling, then binds the HCMV genome to 518 

drive expression of the latency determinant UL138 to promote silencing during latency (43). 519 

Future work will identify transcription factors that are responsive to EGFR signaling and assess 520 

their potential to drive broad viral gene expression during the initial burst. Importantly, the initial 521 

burst is absent only during infections where UL135, which is required for reactivation from 522 

latency, is not expressed (Figures 1 and 2) or is prevented from turning over EGFR from the cell 523 

surface (Figure 4B). These data suggest an important link between the initial burst of viral gene 524 

expression, EGFR signaling, and subsequent viral reactivation from latency. Given the ability of 525 

early events during alphaherpesvirus infection to affect the re-expression of viral genes during 526 

reactivation (49), we hypothesized that the initial burst of viral gene expression is required to 527 

optimize infection conditions to support a successful reactivation from latency. Future work will 528 

test whether the initial burst is important for a robust reactivation from latency and focus on 529 

identifying the cellular conditions required to support viral reactivation. 530 

In contrast to the broad pattern of viral gene expression contributing to the initial burst, 531 

the role of pUL135 in the re-expression of viral genes following a reactivation stimulus is more 532 

focused. The pUL135-dependent response is limited to eleven viral genes from the ULb’ 533 
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genomic region, and all other viral genes are re-expressed in the absence of pUL135. Although 534 

high expression levels of the pUL135-independent genes could be the result of an overwhelming 535 

response to TPA treatment, it is nonetheless clear that the ULb’ genes are regulated differently 536 

than the more TPA-responsive genes and that pUL135 is required for their expression. The 537 

UL133-UL138 latency locus encodes at least four proteins that modulate viral replication to 538 

promote latency or reactivation, and these are among the eleven genes that are dependent on 539 

pUL135 for their re-expression following reactivation stimulus. The discovery of pUL135 as a 540 

driver of gene expression from the UL133-UL138 locus is consistent with our previous work 541 

showing that the 33 kDa isoform of pUL136 is important for driving reactivation from latency 542 

(50, 51) and that stabilization of this isoform overcomes the requirement for pUL135 in 543 

promoting viral replication in hematopoietic cells (52).  544 

Simple enrichment analysis and differential expression analysis identified transcription 545 

factors that were differentially expressed at the RNA level depending on presence of pUL135 546 

and that also have an enrichment of predicted DNA binding sites in the ULb’ genomic region. 547 

Two of these, PLAG1 and PPARγ, are associated with growth factor signaling pathways and 548 

could link the initial burst of viral gene expression with re-expression of crucial ULb’ genes 549 

through a similar, although more targeted, mechanism for pUL135 regulation of viral gene 550 

expression. The PLAG1 transcription factor targets numerous genes encoding growth factors and 551 

growth factor receptors (53) which could alter these cell signaling pathways to support full re-552 

expression of HCMV genes. Additionally, chemical inhibition of EGFR signaling results in 553 

induction and nuclear accumulation of PPARγ (54, 55) which could then drive transcription of 554 

ULb’ genes in addition to its cellular targets. Future work will determine the contribution of each 555 

candidate transcription factor in driving gene expression of the eleven cluster 4 genes and then 556 
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dissect the molecular mechanisms involved including expression kinetics, localization, and 557 

activation of the transcription factors.  558 

The polycistronic UL133-UL138 locus encodes determinants of HCMV latency and 559 

reactivation (26). The relative accumulation of pUL135 and pUL138 in infected hematopoietic 560 

cells is likely critical in dictating the outcome of infection as replicative or relatively silenced. 561 

Here, we have revealed roles for UL138 and UL135 in the regulation of HCMV gene expression 562 

and potentially hematopoietic cell differentiation to navigate the switch between latent and 563 

replicative infection. Unraveling the mechanistic basis for these functions and identifying crucial 564 

cellular interactors will deepen our understanding of the molecular events regulating HCMV 565 

latency and reactivation and provide potential therapeutic targets for controlling HCMV 566 

infection. 567 

 568 

Materials & Methods: 569 

Data Availability: The data set that supports this study has been deposited into the Gene 570 

Expression Omnibus (GEO) database under the following accession code GSE266854. 571 

 572 

THP-1 monocyte model for latency and reactivation. THP-1 cells were purchased from 573 

ATCC (Manassas, VA) and cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 574 

(Cytiva Hyclone, Marlborough, MA) supplemented with 10% fetal bovine serum (FBS) (Gibco 575 

Thermo Fisher, Waltham, MA), 2 mM L-alanyl-glutamine (Corning, Corning, NY), 0.05 mM β-576 

mercaptoethanol (Sigma-Aldrich, St. Louis, MO), and 100U/mL penicillin - 100 µg/mL 577 

streptomycin (Gibco Thermo Fisher). THP-1 cells were infected as monocytic suspension cells at 578 

a density of 5 x 105 cells per mL in RPMI cell culture media. Stocks of TB40/E HCMV 579 
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expressing green fluorescent protein (GFP) were titrated using THP-1 cells so that infections 580 

were carried out to result in 40-60% GFP-positive cells at 24 hours post infection. A multiplicity 581 

of infection (MOI) of 2 plaque forming units per cell, as determined by TCID50 in MRC-5 582 

fibroblasts, was used as a starting titration. Infected cell suspension was mixed by periodic 583 

rocking in untreated six well plates designed for suspension cells (Sarstedt, Nümbrecht, 584 

Germany), then a spinoculation was performed by centrifugation at 450 x g for 20 minutes. Cells 585 

were cultured for 5 days post infection (dpi) and concentration was maintained between 4 x 105 586 

and 8 x 105 cells/mL by adding cell culture media. On day 5, cells from each experimental group 587 

were pooled and pelleted at 120 x g for 7 minutes, then resuspended at 5 x 105 cells/mL. Cells 588 

were treated with 100 nM 12-O-Tetradecanoylphorbol-13-acetate (TPA) (LC Laboratories, 589 

Woburn, MA) and plated on tissue culture-treated plates to trigger monocyte-to-macrophage 590 

differentiation and viral reactivation or treated with an equivalent volume of dimethyl sulfoxide 591 

(DMSO) (Sigma-Alrich) solvent control and cultured in untreated six well plates as described 592 

above. Total RNA was collected at the indicated time points during infection, as described below 593 

in Reverse Transcriptase quantitative polymerase chain reaction (RT-qPCR). 594 

 595 

MRC-5 fibroblast model for replicative infection. MRC-5 human embryonic lung fibroblasts 596 

were purchased from ATCC (Manassas, VA) and cultured in Dulbecco’s Modified Eagle 597 

Medium (DMEM) (Gibco Thermo Fisher) supplemented with 10% FBS (Gibco Thermo Fisher), 598 

10 mM HEPES (Corning), 2 mM L-alanyl-glutamine (Corning), 1 mM sodium pyruvate (Gibco 599 

Thermo Fisher), 0.1 mM non-essential amino acids (Gibco Thermo Fisher), and 100 U/mL 600 

penicillin - 100 µg/mL streptomycin (Gibco). MRC-5 cells were infected with TB40/E-5 HCMV 601 

(MOI = 1). At 2 hours post infection (hpi), virus inoculum was removed and replaced with fresh 602 
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DMEM cell culture media. Total RNA was collected at the indicated time points during 603 

infection, as described below in Reverse Transcriptase quantitative polymerase chain reaction 604 

(RT-qPCR). 605 

 606 

Viruses. The TB40/E-5 bacterial artificial chromosome (BAC) was previously engineered to 607 

express green fluorescent protein (GFP) as a soluble marker for infection (28, 56). The 608 

ΔUL135STOP and ΔUL138STOP recombinants were made from the parental wildtype (WT) BAC 609 

as previously described (29). For each of these recombinant viruses, ATG start codons were 610 

mutated to TAG stop codons. The ΔUL135STOP recombinant was mutated at amino acid positions 611 

M1, M21, and M97 to abrogate expression of the pUL135 protein, and therefore cannot 612 

reactivate from latency. The ΔUL138STOP recombinant was mutated at amino acid position M1 613 

and does not express the pUL138 protein, rendering it defective for establishment of latency. The 614 

UL138myc recombinant was made from the parental WT BAC as previously described (57) by 615 

cloning the myc epitope tag in frame onto the C-terminus of UL138. The ΔSH3cl/CIN85 616 

recombinant (44) was previously made by incorporating alanine substitutions of key amino acid 617 

residues that mediate the interaction of pUL135 with proteins containing a Src homology 3 618 

(SH3) domain. These mutations produced a virus where pUL135 is expressed but cannot interact 619 

with Abelson interactor 1 (Abi-1) and Cbl-interacting 85-kDa protein (CIN85) to regulate 620 

epidermal growth factor receptor (EFGR).   621 

 622 

RNA isolation, NGS library preparation, and sequencing. RNA was extracted from THP-1 623 

cells at Days 1, 3, 5, 5.5, 6, and 8 following infection (or mock-infection) for transcriptomic 624 

profiling. RNA was isolated with a Quick-DNA/RNA™ Miniprep kit (Zymo, Irvine, CA) then 625 
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treated with 5U/sample DNAseI (Zymo) and processed with an RNA Clean & Concentrate kit 626 

(Zymo). The next-generation sequencing (NGS) library was constructed by the University of 627 

Arizona Genomics Core (UAGC) facility. RNA integrity was assessed by capillary gel 628 

electrophoresis using a fragment analyzer (Agilent, formerly Advanced Analytical Technologies, 629 

Santa Clara, CA) and measured through RNA Integrity Number (RIN) score (mean score = 9.0). 630 

Presence of residual genomic DNA (gDNA) was also assessed by this method. cDNA libraries 631 

were prepared with an Illumina TruSeq Stranded mRNA kit (Illumina, Inc, SanDiego, CA) and a 632 

KAPA Dual-Indexed Adaper kit (KAPA Biosystems, Wilmington, MA). The NGS library was 633 

quantified with a qPCR-based KAPA Library Quantification kit (Roche, Basel, Switzerland). 634 

Samples were sequenced at the University of California San Francisco (UCSF) Center for 635 

Advanced Technology, using the NovaSeq 6000 platform (Illumina, Inc). Paired-end sequencing 636 

with a 150 bp read length was performed on 216 samples loaded onto an S4 flow cell, with 72 637 

samples per lane. Base calling was performed with the Real Time Analysis (RTA3) software 638 

from Illumina.  639 

 640 

RNA-Seq data preprocessing and analysis. Raw reads quality was assessed using FastQC 0.1 641 

(58) and reads were trimmed using Trimmomatic 0.39 (59). Principal Component Analysis 642 

(PCA) was carried out with the ggplot2 package (60). Reads were aligned to combined 643 

(concatenated) human reference genome GRCh38 (ensemble version 98) and human herpesvirus 644 

5 strain TB40/E clone TB40-BAC4 using STAR aligner (61). Alignment ratio was similar for all 645 

samples and the mean percentage of uniquely mapped read counts was 93.23%. Gene-level 646 

counts were determined using featureCounts function from Rsubread (62). Genes with more than 647 

0.6 CPM (counts per million) in at least two samples were retained for further analysis. Gene-648 
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level count data were normalized using the voom method from limma (63). Normalized 649 

expression data of viral genes was utilized for clustering via k-means approach (k = 4). Visual 650 

assessment of the expression signature of each recombinant virus group was performed via 651 

heatmap with the ComplexHeatmap package from R (64, 65). Viral gene cluster enriched 652 

transcription factor motifs were detected by using the SEA (Simple Enrichment Analysis) method 653 

(66) against the CIS-BP database of transcription factors and their DNA binding motifs from 654 

MEME Suite (67). Differential expression analysis between different groups of recombinant 655 

viruses was carried out through negative binomial modeling of gene expression with the DESeq2 656 

package from R (68).  657 

 658 

Reverse Transcriptase quantitative polymerase chain reaction (RT-qPCR). Total RNA was  659 

extracted using a Quick-DNA/RNA™ Miniprep kit (Zymo), then treated with 5U/sample 660 

DNAseI (Zymo) and processed with an RNA Clean & Concentrate kit (Zymo) according to the 661 

manufacturer’s protocol. cDNA was synthesized using the Transcriptor First Strand cDNA 662 

Synthesis Kit (Roche). Briefly, total RNA (400ng) was combined with 2.5 µM anchored-663 

oligo(dT)18 Primers and denatured at 65°C for 10 minutes. A Reverse Transcriptase (RT) master 664 

mix (1x Transcriptor RT Reaction Buffer, 40 U/µL Protector RNase Inhibitor, 10 mM 665 

Deoxynucleotide Mix, 20 U/µL Transcriptor RT) was added to the template-primer mix. A no 666 

Reverse Transcriptase (RT-) control was made by substituting water for RT in a single reaction. 667 

Samples were incubated in a Mastercycler® X50 (Eppendorf, Hamburg, Germany) for 60 668 

minutes at 50°C, then raised to 85°C for 5 minutes to inactivate the Reverse Transcriptase. Final 669 

reaction products were diluted 1:4 in PCR grade water to reduce salt concentrations, and the 670 

resulting single-stranded cDNA was amplified by quantitative polymerase chain reaction 671 
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(qPCR). The LightCycler® 480 (Roche) was used to amplify cDNAs in a mix of 1x 672 

Lightcycler® 480 SYBR Green I Master Mix (Roche) and 0.2 µM of a series of sequence-673 

specific primer pairs (see Table 1 for detailed target sequences). Relative expression of each 674 

mRNA was calculated using the Pfaffl method, which allows for adjustments based on the 675 

efficiency of individual primer pairs (69) and increases accuracy when comparing relative 676 

expression of multiple genes. Primer efficiencies were calculated using an internal standard 677 

curve of cDNA made from lytically infected fibroblasts collected at multiple time points and 678 

pooled to include viral gene expression from each kinetic class.   679 

 680 

Engraftment and Infection of huNSG mice. All animal studies were carried out in strict 681 

accordance with the recommendations of the American Association for Accreditation of 682 

Laboratory Animal Care (AAALAC). The protocol was approved by the Institutional Animal 683 

Care and Use Committee (protocol 0922) at the Vaccine and Gene Therapy Institute at Oregon 684 

Health and Sciences University (OHSU). NOD-scid IL2Rγc
null mice of both sexes were 685 

maintained in a pathogen-free facility at OHSU. Humanized mice were generated as previously 686 

described (70). At 12-14 weeks post engraftment, the animals were treated with 1 mL of 4% 687 

thioglycolate (Brewer’s medium; BD) via intraperitoneal (IP) injection to recruit 688 

monocytes/macrophages. After 24 hours, mice were inoculated with TB40/E-UL138myc or 689 

TB40E-ΔUL138STOP-infected fibroblasts (approximately 105 PFU per mouse) via intraperitoneal 690 

(IP) injection. A control group of engrafted mice was mock-infected using uninfected fibroblasts. 691 

The virus was reactivated as previously described (70). Briefly, half of the mice were treated 692 

with G-CSF and AMD-3100 at 4 weeks post infection to induce cellular mobilization and trigger 693 

viral reactivation. Control mice remained untreated. At 1 week post mobilization, mice were 694 
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euthanized, and tissues were collected. Total DNA was extracted and HCMV viral load was 695 

determined by qPCR using 1 µg of total DNA prepared from liver or spleen tissue.  696 

 697 

Cell Sorting for CD34+ HPC Latency Culture. CD34+ human progenitor cells (HPCs) were 698 

obtained from bone marrow harvests; either from de-identified medical waste at Banner - 699 

University Medical Center on the University of Arizona campus or purchased from AllCells 700 

(Alameda, CA). CD34+ HPCs were isolated using a CD34 MicroBead kit according to 701 

manufacturer’s instructions (magnetically activated cell sorting or MACS; Miltenyi Biotec, San 702 

Diego, CA). Pure populations of CD34+ HPCs were infected with TB40/E-WT or TB40/E-703 

ΔUL138STOP HCMV (MOI = 2) expressing GFP as a marker for infection. At 24 hpi, infected 704 

(GFP+) CD34+ cells were isolated by fluorescence activated cell sorting (FACS) and collected as 705 

separate GFPLOW and GFPHIGH populations. CD34+ HPCs were then cultured in Myelocult 706 

H5100 (Stem Cell Technologies, Cambridge, MA) supplemented with hydrocortisone, 100 707 

U/mL penicillin, and 100 µg/mL streptomycin and maintained in long-term co-culture with M2-708 

10B4 and S.l./S.l. murine stromal cell lines (Stem Cell Technologies, Vancouver, Canada) to 709 

establish and maintain viral latency (41). Total DNA was collected at 10 dpi and viral genome 710 

copy number in each subset of latently infected cells was determined by qPCR.  711 

 712 

Quantitative polymerase chain reaction (qPCR) for measuring viral genomes. For the 713 

latently infected CD34+ HPCs, total DNA was isolated using a Quick-DNA/RNA™ Miniprep kit 714 

(Zymo) according to the manufacturer’s protocol. Absolute viral genome copy number was 715 

calculated by quantitative polymerase chain reaction (qPCR) using primers targeted against the 716 

genomic region corresponding to the non-coding HCMV β2.7 RNA. The number of viral 717 
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genomes present in each sample was quantified relative to BAC standard curve. Each sample 718 

was then normalized to the cellular gene Ribonuclease P (RNAseP). For the huNSG mice, total 719 

DNA was isolated from liver and spleen tissue using the DNAzol method (Life Technologies, 720 

Carlsbad, CA) according to the manufacturer’s directions. Primers and a probe recognizing 721 

HCMV UL141 were used to quantify HCMV genomes. Viral genomes in humanized mice were 722 

normalized to 1mg input DNA. Primer sequences are shown in Table 1.  723 

 724 

Inhibitors. Actinomycin D is a general inhibitor of transcription that intercalates into DNA and 725 

blocks RNApol II activity. THP-1 cells were pre-treated with 0.1 µg/mL of Actinomycin D 726 

(Sigma-Aldrich, St, Louis, MO) for 30 minutes, then infected with TB40/E-WT or TB40/E-727 

ΔUL135STOP HCMV (MOI = 2). Total RNA was collected over a time course of 24 hours and 728 

isolated using a Quick-DNA/RNA™ Miniprep kit (Zymo) according to the manufacturer’s 729 

protocol. Viral transcripts from each kinetic class were quantified by RT-qPCR to monitor de 730 

novo viral gene expression during the initial burst. Primer sequences are shown in Table 1. 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 
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Figure Legends: 1020 

Figure 1. Analysis of the UL135- and UL138-dependent control of the HCMV 1021 

transcriptome. A) A depiction of the samples included in this analysis and the phenotype of 1022 

each virus in our CD34+ HPC model. Mock-infected cells were used to establish a baseline for 1023 

regulation of cellular genes. Wildtype (WT) virus establishes latency in CD34+ HPCs and 1024 

reactivates in response to cytokine stimulus. The ΔUL138STOP recombinant is replicative both 1025 

prior to and following reactivation stimulus (loss of latency) and the ΔUL135STOP recombinant 1026 

has low replication both prior to and following reactivation stimulus (failure to reactivate). B) 1027 

Principal Component Analysis (PCA) plots were made using the ggplot2 package (60). Plots 1028 

were made for both cellular and viral genes (left) and for viral genes only (right). Treatment 1029 

groups include mock-infected as well as samples infected with WT, ΔUL135STOP, or 1030 

ΔUL138STOP HCMV. Each treatment group consists of samples collected at 1, 3, and 5 days post 1031 

infection (dpi) and at 5.5, 6, and 8 dpi treated with either DMSO control or TPA to induce 1032 

cellular differentiation and viral reactivation. C) A time course of viral gene expression was 1033 

made for each treatment group. Each set of data points connected by a single line represents one 1034 

HCMV gene. Data were scaled to log2 counts per million (CPM) as a function of gene count. 1035 

 1036 

Figure 2. Viral genes cluster into distinct patterns of regulation during latency and 1037 

reactivation. A) Clustering analysis was performed using the k-means approach and viral gene 1038 

expression was visualized via heatmap with the ComplexHeatmap package from R (64, 65). Data 1039 

were scaled to log2 CPM as a function of gene count. B) Average viral gene expression for each 1040 

treatment group is shown by viral gene cluster.  1041 

 1042 
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Figure 3. The ΔUL138STOP loss of latency phenotype is pronounced in a subset of HCMV-1043 

infected hematopoietic cells. A) Humanized NSG mice (n = 10 per group) were injected with 1044 

fibroblasts infected with UL138myc or ΔUL138STOP HCMV. At 4 weeks post infection, half of 1045 

the mice were treated with G-CSF and AMD-3100 to induce cellular mobilization and trigger 1046 

viral reactivation. Control mice remained untreated. At 1 week following mobilization, mice 1047 

were euthanized, and tissues were collected. Total DNA was extracted and HCMV viral load was 1048 

determined by qPCR using 1 µg of total DNA prepared from liver or spleen tissue. Error bars 1049 

represent standard error of the mean (SEM) between average vDNA copies from four (liver) or 1050 

two (spleen) tissue sections for individual animals. All samples were compared by two-way 1051 

Anova with Tukey’s multiple comparison tests within experimental groups (non-mobilized [-G-1052 

CSF] vs mobilized [+G-CSF] for each virus and between all virus groups for both non-mobilized 1053 

and mobilized conditions). Statistical significance where *, P < 0.05 and ****, P < 0.00005. B) 1054 

THP-1 cells were infected with WT or ΔUL138STOP HCMV (MOI = 2) and cultured in 1055 

suspension cell dishes for establishment of latency. Total RNA was extracted at 1 dpi from 1056 

suspension cells and again at 7 dpi from suspension and adherent cells. cDNA was synthesized 1057 

and viral transcripts were quantified by RT-qPCR. WT-infected cells did not spontaneously 1058 

adhere to tissue culture dishes without reactivation stimulus in sufficient quantities to make 1059 

cDNAs. Error bars represent SEM among three biological replicates analyzed in triplicate. 1060 

Unpaired t tests were performed to compare individual time points for each virus infection by 1061 

transcript. Statistical significance where *, P < 0.05 and ***, P < 0.0005. C) CD34+ HPCs were 1062 

infected with WT or ΔUL138STOP HCMV (MOI = 2) for 24 hours, then CD34/PE+ and GFP+ 1063 

(infected) cells were isolated by fluorescence-activated cell sorting (FACS). WT- and 1064 

ΔUL138STOP-infected populations were divided into GFPLOW versus GFPHIGH experimental 1065 
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groups, using the gating strategy shown. D) Pure populations of WT- or ΔUL138STOP-infected 1066 

CD34+/GFPLOW and CD34+/GFPHIGH cells were cultured over stromal support for establishment 1067 

of latency. At 10 dpi, total DNA was isolated from each experimental group and viral genomes 1068 

were quantified by qPCR. Data are shown as viral genome copy number normalized to the 1069 

cellular gene RNAseP. Three experimental replicates were analyzed in duplicate; error bars 1070 

represent SEM among experimental replicates. 1071 

 1072 

Figure 4. An initial burst of viral gene expression occurs in infected cells prior to silencing 1073 

and is driven by the UL135 protein. THP-1 cells were pre-treated with Actinomycin D or 1074 

DMSO control for 30 minutes, then infected with WT or ΔUL135STOP HCMV (MOI = 2). Total 1075 

RNA was collected over a time course of 24 hours and viral transcripts were quantified by RT-1076 

qPCR. Error bars represent SEM between three biological replicates analyzed in triplicate. All 1077 

samples were compared by two-way Anova with Tukey’s multiple comparison tests across time 1078 

and within experimental groups (DMSO vs Actinomycin D for each virus and WT vs 1079 

ΔUL135STOP for both DMSO and Actinomycin D treatments). Statistical significance where *, P 1080 

< 0.05; ***, P < 0.0005 and ****, P < 0.00005. 1081 

 1082 

Figure 5. Motif analysis reveals candidate transcription factors driving expression of ULb’ 1083 

genes. A) Graphical representation of motif analysis. A simple enrichment analysis (SEA) (66) 1084 

was performed to identify predicted transcription factor binding motifs that are enriched in 1085 

cluster 4 genes compared to the total HCMV genome (Supplementary Data Set 1). These 1086 

transcription factors were then ranked by degree of differential expression at each time point 1087 

dependent on the presence of pUL135 in our RNA-Seq analysis (Supplementary Data Set 2). 1088 
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When compared, these analyses generated a list of nine transcription factors that are regulated by 1089 

pUL135 and are significantly more likely to control gene expression from the cluster 4 genes. B) 1090 

RNA expression profiles of each of the nine candidate transcription factors from the RNA-Seq 1091 

data set are shown. Numerical values are log2 fold change as a function of read count and 1092 

represent the average of four biological replicates sequenced per experimental group. Data are 1093 

normalized to show log2 fold change in expression when pUL135 is present (grey bars; average 1094 

of WT and ΔUL138STOP infection at each time point) over absence of pUL135 (ΔUL135STOP 1095 

infection). Values for ΔUL135STOP infection are set to zero so that an induction or repression of 1096 

transcripts corresponds to a positive or negative number, respectively.  1097 

 1098 

Table 1. Primer sequences used in this study. Sequences are shown for all primers used in this 1099 

study. Primer pairs labeled RNA were used for RT-qPCR to quantify viral transcripts. Primers 1100 

labeled DNA were used for qPCR to quantify viral genome copy numbers.  1101 

 1102 

Supplementary Figure 1. RT-qPCR confirmation of select transcripts in WT infection. 1103 

THP-1 cells were infected with WT HCMV (MOI = 2) and cultured in suspension cell dishes. 1104 

Total RNA was collected at 1 dpi during the establishment of latency. At 5 dpi, cell cultures 1105 

were divided and treated with TPA (reactivation) to trigger re-expression of viral genes or 1106 

DMSO (latency) to maintain the latent infection. Total RNA was collected from suspension cells 1107 

(latency) and from adherent cells (reactivation) at 7dpi. RT-qPCR was performed to quantify 1108 

viral transcripts and confirm the patterns of viral gene expression observed in the RNA-Seq 1109 

analysis. Viral transcripts from each gene expression cluster (this study) and three canonical 1110 
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kinetic gene classes (IE, E, L) were selected. Data are expressed as ratio of viral transcripts over 1111 

the cellular transcript H6PD and represent a single biological replicate analyzed in triplicate.  1112 

 1113 

Supplementary Figure 2. Comparison of representative ULb’ transcripts in hematopoietic 1114 

versus replication-permissive cells. A) THP-1 cells were infected with WT, ΔUL138STOP, or 1115 

ΔUL135STOP HCMV (MOI = 2) and cultured in suspension cell dishes to establish latent 1116 

infection. At 5 dpi, cells were treated with TPA to trigger re-expression of viral genes or with 1117 

DMSO to maintain latent infection. Total RNA was isolated at the indicated time points and RT-1118 

qPCR was used to quantitate representative ULb’ transcripts UL135 and UL138. Data are shown 1119 

as the ratio of each viral transcript over cellular H6PD and represent a single biological replicate 1120 

analyzed in triplicate and used to confirm viral gene expression patterns observed in the RNA-1121 

Seq analysis. B) MRC-5 fibroblasts were infected with WT or ΔUL135STOP HCMV (MOI = 1) to 1122 

establish replicative infection. Total RNA was collected at the indicated time points and RT-1123 

qPCR was used to quantify UL135 and UL138 transcripts. Data are expressed as fold change in 1124 

viral transcripts over WT infection at 24 hours post infection (hpi). Error bars represent the SEM 1125 

between three biological replicates analyzed in duplicate. Multiple t-tests (one per time point) 1126 

were performed using the Holm-Sidak correction for multiple comparisons. Statistical 1127 

significance where *, P < 0.05. 1128 

 1129 

Supplementary Data Set 1. Simple Enrichment Analysis. Simple Enrichment Analysis (SEA)  1130 

(66) was performed against the CIS-BP database of transcription factors (67) to identify 1131 

transcription factor binding motifs that are significantly enriched in viral gene expression cluster 1132 

4 when compared to other viral gene expression clusters. The degree of significance for which 1133 
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each transcription factor is enriched in cluster 4 is expressed as a p-value. The percentage of 1134 

cluster 4 HCMV genes associated with each predicted transcription factor binding site is shown 1135 

(% HCMV c4 genes) as well as percent of HCMV genes from clusters 1, 2, and 3 (% HCMV c1, 1136 

2, 3, genes). Enrichment ratio represents the relative enrichment of each transcription factor 1137 

binding site in cluster 4 versus clusters 1, 2, and 3. Figure quality images depicting the motif 1138 

consensus sequences identified in cluster 4 genes were created using the WebLogo web-based 1139 

application (71, 72).  1140 

 1141 

Supplementary Data Set 2. Differential Expression Analysis. Transcription factors 1142 

corresponding to the significantly enriched transcription factor binding sites in cluster 4 were 1143 

ranked by degree of differential expression at each time point dependent on the presence of 1144 

pUL135 in our RNA-Seq analysis. Negative binomial modeling of gene expression with the 1145 

DESeq2 package from R (68) was used to determine differential expression. Log fold change 1146 

(logFC) of gene expression for UL135STOP virus over viruses expressing the UL135 protein (WT 1147 

and UL138STOP averaged) is shown. Statistical significance where *, P < 0.05; **, P < 0.005 and 1148 

***, P < 0.0005. 1149 

 1150 
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RNA Primer Pair Sequences 

HCMV UL17 
 

FWD:  5’-GGC CGT CCT TCT ATT TTG GC-3’ 

REV:  5’-TCT CGG TGA CTA CAG CCT AG-3’ 

HCMV UL44 FWD:  5’-GGC GTG AAA AAC ATG CGT ATC AAC-3’ 

REV:  5’-TAC AAC AGC GTG TCG TGC TCC G-3’ 

HCMV UL86 FWD:  5’-CCC GAG CGT TAC AAT ATT CAC-3’ 

REV:  5’-AAC CCA TTC CAG GCG ATT-3’ 

HCMV UL122 
 

FWD:  5’-CAG AAC TCG GTG ACA TCC T-3’ 

REV:  5’-CCG GTG CTA CTG GAA TCG-3’ 

HCMV UL123 FWD:  5’-TGA CCG AGG ATT GCA ACG A-3’ 

REV:  5’-CCT TGA TTC TAT GCC GCA CC-3’ 

HCMV UL135 FWD:  5’-GCG GTG TAC GTC GCT CTA C-3’ 

REV:  5’-GGA AAC TCG GGT TTA TCT ATC G-3’ 

HCMV UL138 FWD:  5’-TGA GAT CTT GGT CCG TTG G-3’ 

REV:  5’-GTC TGT TAT CCG CGA CGA C-3’ 

HCMV US27 FWD:  5’-TAA CAT TTG CGG CTA CCT G-3’ 

REV:  5’-GCA CCA TAC GGT TGT ACG TG-3’ 

Hexose-6-phosphate dehydrogenase (H6PD) FWD:  5’-GGA CCA TTA CTT AGG CAA GCA-3’  

REV:  5’-CAG GGT CTC TTT CAT GAT GAT CT-3’ 

DNA Primer Pair Sequences 

HCMV lncRNA β2.7kb FWD:  5’-TGT TCT TCT GGT TCA TTT CCT ATG-3’ 

REV:  5’-CGT GTC CGG TCC TGA TTC-3’ 

Ribonuclease P (RNAseP) FWD:  5’-GAC GGA CTG CGC AGG TTA-3’ 

REV:  5’-CCA TGC TGA AGT CCC ATG A-3’ 

HCMV UL141 FWD:  5’-GAT GTG GGC CGA GAA TTA TGA-3’ 

REV:  5’-ATG GGC CAG GAG TGT GTC A-3’ 

HCMV UL141 probe       5’-CGA GGG AGA GCA AGT T-3’ 
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Supplementary Figure 2
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Motif Consensus 

 
Gene 

Symbol 

 
p-value 

% 
HCMV 

c4 
Genes 

% 
HCMV 
c1, 2, 3 
Genes 

 
Enrich 
Ratio 

 

 
 

 
 

CXXC1 

 
 

2.27 e -4 

 
 

58.3 % 

 
 

8.6 % 

 
 

6.73 

 

 
 

 
 

PPARG 

 
 

 3.05 e -4 

 
 

25 % 

 
 

0 % 

 
 

47.08 

 

 
 

 
 

TFAP2A 

 
 

3.05 e -4 

 
 

25 % 

 
 

0 % 

 
 

47.08 

 

 
 

 
 

ZNF23 

 
 

4.40 e -4 

 
 

58.3 % 

 
 

9.2 % 

 
 

6.28 

 

 
 

 
 

ZNF524 

 
 

 7.00 e -4 

 
 

75 % 

 
 

20.4 % 

 
 

3.68 

 

 
 

 
 

PLAG1 

 
 

 8.77 e -4 

 
 

75 % 

 
 

21.1 % 

 
 

3.57 

 

 
 

 
 

TFAP2C 

 
 

 1.17 e -3 

 
 

25 % 

 
 

0.7 % 

 
 

23.54 

 

 
 

 
 

ZNF100 

 
 

 1.37 e -3 

 
 

75 % 

 
 

21.7 % 

 
 

3.46 

 

 
 

 
 

IRF3 

 
 

1.39 e -3 

 
 

50 % 

 
 

7.9 % 

 
 

6.34 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted May 21, 2024. ; https://doi.org/10.1101/2024.05.21.594597doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.21.594597
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
Motif Consensus 

 
Gene 

Symbol 

 
p-value 

% 
Cluster 

4 
Genes 

% 
HCMV 
c1, 2, 3 
Genes 

 
Enrich
Ratio 

 

 
 

 
 

IRF9 
 

 

 
 

1.62 e -3 

 
 

41.7 % 

 
 

5.3 % 

 
 

7.85 

 

 
 

 
 

ZNF662 

 
 

1.96 e -3 

 
 

50 % 

 
 

8.6 % 

 
 

5.88 

 

 
 

 
 

ZSCAN22 

 
 

2.02 e -3 

 
 

33.3 % 

 
 

2.6 % 

 
 

11.77 

 

 
 

 
 

ESR1 

 
 

2.80 e -3 

 
 

25 % 

 
 

1.3 % 

 
 

15.69 

 

 
 

 
 

ZNF429 

 
 

3.45 e -3 

 
 

58.3 % 

 
 

14.5 % 

 
 

4.09 

 

 
 

 
 

EGR1 

 
 

3.71 e -3 

 
 

75 % 

 
 

24.3 % 

 
 

3.10 

 

 
 

 
 

TIGD1 

 
 

4.94 e -3 

 
 

16.7 % 

 
 

0 % 

 
 

35.31 

 

 
 

 
 

TBX19 

 
 

4.94 e -3 

 
 

16.7 % 

 
 

0 % 

 
 

35.31 

 

 
 

 
 

ZNF594 
 

 
 

4.94 e -3 

 
 

16.7 % 

 
 

0 % 

 
 

35.31 
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Motif Consensus 

 
Gene 

Symbol 

 
p-value 

% 
Cluster 

4 
Genes 

% 
HCMV 
c1, 2, 3 
Genes 

 
Enrich
Ratio 

 

 
 

 
 

ZNF684 

 
 

5.36 e -3 

 
 

25 % 

 
 

2 % 

 
 

11.77 

 

 
 

 
 

ZNF584 

 
 

5.36 e -3 

 
 

25 % 

 
 

2 % 

 
 

11.77 

 

 
 

 
 

CDX1 

 
 

5.59 e -3 

 
 

25 % 

 
 

1.3 % 

 
 

15.69 

 

 
 

 
 

EGR4 

 
 

6.31 e -3 

 
 

50 % 

 
 

11.2 % 

 
 

4.58 

 

 
 

 
 

ZNF548 

 
 

8.36 e -3 

 
 

33.3 % 

 
 

3.9 % 

 
 

8.41 

 

 
 

 
 

SOX12 

 
 

8.41 e -3 

 
 

50 % 

 
 

11.2 % 

 
 

4.58 

 

 
 

 
 

EGR2 

 
 

8.99 e -3 

 
 

75 % 

 
 

28.3 % 

 
 

2.67 
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gene symbol ensembl logFC UL135STOP/avg(WT+UL138STOP) AvgExpr t p Value adj p Value B

TFAP2C ENSG00000087510 -1.160202415 0.190043 -4.15709 6.13437087 0.0008556 0.963543 **

PPARG ENSG00000132170 0.370753256 5.218841 3.523475 0.000607 0.0062923 -1.20051 *

CXXC1 ENSG00000154832 0.157189768 5.641158 1.239288 0.217696 0.49348942 -6.34767

ZNF524 ENSG00000171443 0.295048003 3.084672 0.908604 0.36541 0.64959332 -6.69994

ZNF100 ENSG00000197020 0.088718788 4.539584 0.52154 0.602968 0.81698032 -6.97596

PLAG1 ENSG00000181690 0.135495698 1.077953 0.49638 0.620549 0.8270811 -6.98876

IRF3 ENSG00000126456 -0.068330399 5.866038 -0.43323 0.665636 0.85339777 -7.01811

ZNF23 ENSG00000167377 -0.065414956 -2.07581 -0.14147 0.887738 0.95776564 -7.10203

TFAP2A ENSG00000137203 -0.023972528 1.000728 -0.12839 0.898057 0.96195426 -7.1038

gene symbol ensembl logFC UL135STOP/avg(WT+UL138STOP) AvgExpr t p Value adj p Value B

TFAP2C ENSG00000087510 -0.798834005 0.190043 -2.86228 0.004977 0.12550995 -2.57596

IRF3 ENSG00000126456 -0.198747266 5.866038 -1.26011 0.210115 0.77750388 -5.69694

PPARG ENSG00000132170 0.093190801 5.218841 0.885644 0.377609 0.88944352 -6.08861

CXXC1 ENSG00000154832 -0.099681904 5.641158 -0.78589 0.433503 0.91307676 -6.17022

TFAP2A ENSG00000137203 0.115498875 1.000728 0.618592 0.537377 0.94725838 -6.28544

ZNF524 ENSG00000171443 -0.197595561 3.084672 -0.6085 0.544026 0.94947014 -6.29152

PLAG1 ENSG00000181690 -0.152047787 1.077953 -0.55702 0.57857 0.95464582 -6.32098

ZNF100 ENSG00000197020 0.081226818 4.539584 0.477498 0.63389 0.96730839 -6.3614

ZNF23 ENSG00000167377 0.216359789 -2.07581 0.467919 0.640705 0.96850953 -6.36585

gene symbol ensembl logFC UL135STOP/avg(WT+UL138STOP) AvgExpr t p Value adj p Value B

CXXC1 ENSG00000154832 -0.225505293 5.641158 -1.77789 0.077996 0.35376617 -4.63076

PPARG ENSG00000132170 0.16329105 5.218841 1.551846 0.123375 0.43551737 -4.98393

PLAG1 ENSG00000181690 0.411142146 1.077953 1.506194 0.134688 0.45417076 -5.04969

TFAP2A ENSG00000137203 -0.247783589 1.000728 -1.32709 0.187041 0.52213634 -5.28939

ZNF524 ENSG00000171443 -0.387980027 3.084672 -1.19479 0.234564 0.57186158 -5.44757

IRF3 ENSG00000126456 -0.148654527 5.866038 -0.94251 0.347857 0.67176677 -5.70418

TFAP2C ENSG00000087510 -0.152089103 0.190043 -0.54495 0.586818 0.82580627 -5.98702

ZNF23 ENSG00000167377 0.229986979 -2.07581 0.49739 0.619839 0.84332314 -6.0108

ZNF100 ENSG00000197020 0.029735345 4.539584 0.174801 0.861535 0.95074931 -6.11493

gene symbol ensembl logFC UL135STOP/avg(WT+UL138STOP) AvgExpr t p Value adj p Value B

PPARG ENSG00000132170 0.182528313 5.218841 1.734669 0.085409 0.60943602 -4.53355

ZNF23 ENSG00000167377 -0.61479136 -2.07581 -1.3296 0.186212 0.76088461 -5.10337

TFAP2C ENSG00000087510 -0.365373922 0.190043 -1.30916 0.193021 0.76862837 -5.12827

CXXC1 ENSG00000154832 -0.157928606 5.641158 -1.24511 0.215555 0.79077285 -5.20389

PLAG1 ENSG00000181690 0.196650438 1.077953 0.720417 0.472692 0.91338257 -5.6831

ZNF100 ENSG00000197020 0.098327204 4.539584 0.578023 0.564349 0.93868392 -5.76948

TFAP2A ENSG00000137203 -0.104598384 1.000728 -0.56021 0.576397 0.94173547 -5.77897

IRF3 ENSG00000126456 -0.041989988 5.866038 -0.26623 0.790528 0.98121094 -5.89272

ZNF524 ENSG00000171443 -0.065643849 3.084672 -0.20215 0.840147 0.98379825 -5.90679

gene symbol ensembl logFC UL135STOP/avg(WT+UL138STOP) AvgExpr t p Value adj p Value B

TFAP2A ENSG00000137203 0.20669957 1.000728 1.107047 0.270524 0.92464593 -5.18008

TFAP2C ENSG00000087510 0.235149384 0.190043 0.842558 0.401179 0.95999793 -5.4112

ZNF524 ENSG00000171443 0.183991866 3.084672 0.566605 0.572058 0.9773683 -5.58622

PPARG ENSG00000132170 0.053351166 5.218841 0.507026 0.613082 0.98007183 -5.61507

ZNF23 ENSG00000167377 -0.183838918 -2.07581 -0.39759 0.691653 0.98577356 -5.65976

PLAG1 ENSG00000181690 0.058973258 1.077953 0.216045 0.829326 0.99296086 -5.71009

ZNF100 ENSG00000197020 -0.035209278 4.539584 -0.20698 0.836382 0.9940531 -5.71182

IRF3 ENSG00000126456 0.028346522 5.866038 0.179724 0.857677 0.9977019 -5.71659

CXXC1 ENSG00000154832 0.005258322 5.641158 0.041457 0.967002 0.99883043 -5.73042

Day 1 undifferentiated

Day 3 undifferentiated

Day 5 undifferentiated

Day 5.5 undifferentiated

Day 6 undifferentiated
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gene symbol ensembl logFC UL135STOP/avg(WT+UL138STOP) AvgExpr t p Value adj p Value B

CXXC1 ENSG00000154832 0.284361045 5.641158 2.190365 0.030463 0.46870048 -3.61542

TFAP2A ENSG00000137203 0.293741114 1.000728 1.537056 0.126955 0.62803435 -4.68428

TFAP2C ENSG00000087510 0.418787284 0.190043 1.466046 0.145294 0.64438295 -4.77901

ZNF23 ENSG00000167377 0.463869989 -2.07581 0.980142 0.32902 0.77719166 -5.31046

ZNF524 ENSG00000171443 0.306699358 3.084672 0.922769 0.358009 0.79291867 -5.35956

IRF3 ENSG00000126456 0.127334203 5.866038 0.78877 0.431827 0.83183543 -5.46288

ZNF100 ENSG00000197020 -0.09500345 4.539584 -0.54564 0.58634 0.89476917 -5.60941

PPARG ENSG00000132170 -0.05424017 5.218841 -0.50362 0.615465 0.90637544 -5.62936

PLAG1 ENSG00000181690 -0.020320356 1.077953 -0.07273 0.942143 0.98848408 -5.74187

gene symbol ensembl logFC UL135STOP/avg(WT+UL138STOP) AvgExpr t p Value adj p Value B

TFAP2C ENSG00000087510 0.464213495 0.190043 1.663311 0.098902 0.71881807 -4.78323

PLAG1 ENSG00000181690 -0.392897379 1.077953 -1.43936 0.152696 0.85336045 -5.10905

TFAP2A ENSG00000137203 -0.09065915 1.000728 -0.48555 0.628183 0.99991207 -5.97955

PPARG ENSG00000132170 0.044178342 5.218841 0.419851 0.675357 0.99991207 -6.00799

IRF3 ENSG00000126456 -0.054938401 5.866038 -0.34832 0.728217 0.99991207 -6.03427

ZNF524 ENSG00000171443 -0.110408863 3.084672 -0.34001 0.734457 0.99991207 -6.03701

ZNF23 ENSG00000167377 -0.139931741 -2.07581 -0.30263 0.762705 0.99991207 -6.04851

CXXC1 ENSG00000154832 0.027335438 5.641158 0.215513 0.829739 0.99991207 -6.07011

ZNF100 ENSG00000197020 -0.018806493 4.539584 -0.11056 0.912157 0.99991207 -6.0865

gene symbol ensembl logFC UL135STOP/avg(WT+UL138STOP) AvgExpr t p Value adj p Value B

PPARG ENSG00000132170 -0.308388064 5.218841 -2.93078 0.00406 0.08845639 -2.20072

TFAP2A ENSG00000137203 0.26509314 1.000728 1.419793 0.158303 0.53608525 -5.24294

TFAP2C ENSG00000087510 0.345174731 0.190043 1.236787 0.21862 0.59882606 -5.47478

ZNF23 ENSG00000167377 -0.555554661 -2.07581 -1.20149 0.231965 0.60874713 -5.51592

PLAG1 ENSG00000181690 -0.295316164 1.077953 -1.08187 0.281514 0.64704137 -5.6467

CXXC1 ENSG00000154832 0.116318301 5.641158 0.917057 0.360982 0.70548616 -5.80486

IRF3 ENSG00000126456 0.143897732 5.866038 0.912349 0.363444 0.70687041 -5.809

ZNF524 ENSG00000171443 0.248932154 3.084672 0.76659 0.444855 0.75501121 -5.92678

ZNF100 ENSG00000197020 0.084999029 4.539584 0.499673 0.618235 0.84770069 -6.08987

gene symbol ensembl logFC UL135STOP/avg(WT+UL138STOP) AvgExpr t p Value adj p Value B

PPARG ENSG00000132170 -0.533937604 5.218841 -5.07431 1.46325835 0.00027186 5.018128 ***

TFAP2A ENSG00000137203 0.374334215 1.000728 2.004869 0.047264 0.3996679 -4.36901

TFAP2C ENSG00000087510 0.458430353 0.190043 1.64259 0.103128 0.56369915 -4.99464

ZNF100 ENSG00000197020 -0.231246487 4.539584 -1.3594 0.176611 0.68461188 -5.40089

PLAG1 ENSG00000181690 -0.369958488 1.077953 -1.35532 0.177902 0.68711741 -5.4062

ZNF23 ENSG00000167377 -0.610993475 -2.07581 -1.32139 0.188926 0.70162407 -5.44978

CXXC1 ENSG00000154832 0.133474273 5.641158 1.052315 0.294804 0.78697692 -5.75724

IRF3 ENSG00000126456 0.114885831 5.866038 0.728406 0.467807 0.85997536 -6.03635

ZNF524 ENSG00000171443 0.200066211 3.084672 0.616106 0.53901 0.88553754 -6.10965

Day 5.5 differentiated

Day 6 differentiated

Day 8 differentiated

Day 8 undifferentiated
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