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ABSTRACT 25 

DNA viruses at once elicit and commandeer host pathways, including DNA repair pathways for 26 

virus replication. Despite encoding its own DNA polymerase and processivity factor, human 27 

cytomegalovirus (HCMV) recruits the cellular processivity factor, proliferating cell nuclear 28 

antigen (PCNA) and specialized host DNA polymerases involved in translesion synthesis (TLS) 29 

to replication compartments (RCs) where viral DNA (vDNA) is synthesized. While the 30 

recruitment of TLS polymerases is important for viral genome stability, the role of PCNA is 31 

poorly understood. PCNA function in DNA repair is regulated by monoubiquitination (mUb) or 32 

SUMOylation of PCNA at lysine 164 (K164). We find that mUb-PCNA increases over the course 33 

of infection, and modification of K164 is required for PCNA-mediated restriction of virus 34 

replication. mUb-PCNA plays important known roles in recruiting TLS polymerases to DNA, 35 

which we have shown are important for viral genome integrity and diversity, represented by 36 

novel junctions and single nucleotide variants (SNVs), respectively. We find that PCNA drives 37 

SNVs on vDNA similar to Y-family TLS polymerases, but that this did not require modification at 38 

K164. Unlike TLS polymerases, PCNA was dispensable for preventing large scale 39 

rearrangements on vDNA. These striking results suggest separable PCNA-dependent and -40 

independent functions of TLS polymerases on vDNA. By extension, these results imply roles for 41 

TLS polymerase beyond their canonical function in TLS in host biology. These findings highlight 42 

PCNA as a complex restriction factor for HCMV infection, likely with multiple distinct roles, and 43 

provides new insights into the PCNA-mediated regulation of DNA synthesis and repair in viral 44 

infection. 45 

 46 
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IMPORTANCE 48 

Genome synthesis is a critical step of virus life cycles and a major target of antiviral drugs. 49 

Human cytomegalovirus, like other herpesviruses, encodes machinery sufficient for viral DNA 50 

synthesis and relies on host factors for efficient replication. We have shown that host DNA repair 51 

factors play important roles in HCMV replication, but our understanding of this is incomplete. 52 

Building on previous findings that specialized host DNA polymerases contribute to HCMV 53 

genome integrity and diversity, we sought to determine the importance of PCNA, the central 54 

polymerase regulator. PCNA associates with nascent viral DNA and restricts HCMV replication. 55 

While PCNA is dispensable for genome integrity, it contributes to genome diversity. Our findings 56 

suggest that host polymerases function on viral genomes by separable PCNA-dependent and -57 

independent mechanisms. Through revealing complex roles for PCNA in HCMV replication, this 58 

study expands the repertoire of host DNA synthesis and repair proteins hijacked by this 59 

ubiquitous herpesvirus.  60 

 61 
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INTRODUCTION 63 

 Human cytomegalovirus (HCMV) is a ubiquitous herpesvirus that has co-evolved with 64 

humans and persists in a majority of the world’s population through establishment of latent 65 

infection. Latency is defined as a quiescent infection where viral genomes are maintained in the 66 

absence of viral genome synthesis and viral progeny production (1). For HCMV, progenitor cells 67 

of the myeloid lineage and monocytes have been described as a major reservoir for latency (2, 68 

3). While most seropositive individuals experience asymptomatic infection, HCMV reactivation 69 

from latency poses serious disease and mortality risk for immunocompromised individuals 70 

including solid organ and stem cell transplant recipients. Infection during pregnancy and viral 71 

transmission to the fetus occurs in 1 in 200 births in the United States. Of these newborns with 72 

congenital infection, 20% will develop permanent disabilities, making HCMV the leading cause 73 

of infectious disease-related birth defects in the United States (4, 5). There are no clinical 74 

strategies to target or control latent HCMV infection due to limited knowledge of how the virus 75 

toggles between latent and replicative states. Complex interplay between viral determinants and 76 

host biology is central to regulation of viral gene expression, genome amplification, and decision 77 

to establish latency or replicate (6). Consequently, investigating these virus-host interactions at 78 

a molecular level is important to building a mechanistic understanding of latency and 79 

reactivation. 80 

 While HCMV encodes several proteins sufficient for viral DNA (vDNA) synthesis, it also 81 

relies on its host for specific factors that may fine-tune or modulate specific aspects of 82 

synthesis. HCMV infection drastically alters cell cycle progression (7) and induces E2F1 83 

transcription factor activity, which regulates many host DNA synthesis and repair genes (8). 84 

Virus replication also activates DNA damage response signaling through major kinases, ataxia-85 

telangiectasia mutated (ATM) and ataxia-telangiectasia Rad3-related (ATR) (9). Many of the 86 

downstream repair proteins are re-localized to nuclear viral replication compartments (RCs), 87 

sites of vDNA synthesis, but their specific contributions to the viral replication cycle are poorly 88 
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understood (8-11). In previous studies, we found that HCMV recruits specialized host DNA 89 

polymerases involved in translesion synthesis (TLS) pathways to modulate virus replication 90 

despite encoding its own DNA polymerase, UL54. TLS is a DNA damage bypass pathway in 91 

which specialized polymerases are recruited to replication forks or sites of damage in order to 92 

synthesize through lesions and prevent replication fork stalling or collapse (12). TLS 93 

polymerases lack proofreading activity and have a warped active site compared to replicative 94 

DNA polymerases, which allows for synthesis across DNA lesions albeit with lower fidelity (13). 95 

Therefore, TLS is a double-edged sword in which bulky nucleotide lesions may be bypassed 96 

during replication in a process that comes at the cost of potentially introducing small point 97 

mutations into newly synthesized DNA. We specifically found that the Y-family polymerases eta 98 

(h), kappa (k), and iota (i) restrict vDNA synthesis and viral replication, while the B-family 99 

polymerase zeta (z) and its putative scaffold, Y family polymerase Rev1, are required for 100 

efficient vDNA synthesis and virus replication. Despite these polymerases having opposite 101 

effects on viral replication, all are required for viral genome integrity whereby the depletion of 102 

either group of polymerases results in a significant increase in aberrant recombination and novel 103 

DNA junctions, primarily inversions, across the viral genome (14). 104 

Proliferating cell nuclear antigen (PCNA) is an essential sliding clamp that acts as a 105 

processivity factor, maintaining polymerase association with DNA and promoting processivity of 106 

DNA synthesis (15). Normally, PCNA interacts with B-family DNA polymerases delta (d) and 107 

epsilon (e) through a PCNA interacting protein (PIP) motif (15). At sites of damage, PCNA is 108 

monoubiquitinated (mUb-PCNA) at lysine reside 164 (K164) by the E3 ubiquitin ligase, RAD18, 109 

to promote its association with TLS polymerases and subsequent damage bypass (16). TLS 110 

polymerase have less well-defined function in other DNA repair pathways that occur 111 

independently of PCNA (17-20). HCMV also encodes a viral DNA polymerase processivity 112 

factor, UL44, which is essential for virus replication (21). Like PCNA, pUL44 is a processivity 113 
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factor that interacts with pUL54 to maintain polymerase-DNA interactions. Comparing the two, 114 

both PCNA and pUL44 are sliding clamps that associate with DNA, but they share no sequence 115 

similarity (22). Additionally, PCNA is a homotrimer that undergoes extensive post-translational 116 

modifications to regulate interacting partners (23). By contrast, pUL44 is a homodimer with few 117 

characterized post-translational modifications and viral interacting partners (24-26). Despite 118 

these differences, pUL44 and pUL54 are thought to function similarly to PCNA and replicative 119 

cellular B-family polymerases as a clamp-polymerase complex to facilitate vDNA synthesis (21, 120 

27). We sought to better understand the role of PCNA in HCMV replication. 121 

We previously observed that HCMV infection in fibroblasts induces monoubiquitination of 122 

PCNA and, in line with observations from others, re-localization of PCNA to viral RCs (14, 28-123 

30). This observation was consistent with the roles we found for TLS polymerases in regulating 124 

HCMV genome integrity and replication. However, the significance of PCNA to HCMV genome 125 

synthesis, integrity, and replication remains to be defined. Here, we found that PCNA restricted 126 

viral replication in the TB40/E strain in a manner that was dependent on PCNA and its 127 

modification at the K164 residue. Homing in on this monoubiquitination, we found that 128 

accumulation of mUb-PCNA depended on viral DNA synthesis. Further, PCNA and mUb-PCNA 129 

localized to distinct subdomains in RCs relative to replication forks and viral proteins important 130 

for vDNA synthesis. However, unlike the TLS polymerases that mUb-PCNA would presumably 131 

recruit, PCNA and mUb-PCNA were not required for protecting the vDNA from large 132 

rearrangements. Instead, we found that PCNA contributed to genome diversity through 133 

generating SNVs on viral DNA, similar to Y-family TLS polymerases. These results suggest that, 134 

while the SNVs generated on viral DNA by TLS polymerases are PCNA-dependent, TLS 135 

polymerase-moderated genome stability occurs independently of PCNA. Altogether this work 136 

uncovers specific contributions of PCNA to HCMV infection and highlights the complexity of this 137 

virus-host interaction. 138 

 139 
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RESULTS 140 

mUb-PCNA increases with viral DNA synthesis 141 

 Given the role of TLS polymerases to HCMV infection and their dependence on mUb-142 

PCNA in host cells, we sought to build on our findings by further characterizing mUb-PCNA in 143 

the context of HCMV infection. To better define the relationships between PCNA, mUb-PCNA, 144 

and vDNA synthesis, we inhibited viral DNA synthesis with phosphonoacetic acid (PAA) and 145 

analyzed the accumulation of PCNA and mUb-PCNA. PAA is a small molecule that binds the 146 

viral polymerase, pUL54, and blocks the pyrophosphate binding site, ultimately inhibiting 147 

polymerase activity (31, 32). Cells were treated with PAA at the onset of infection (TB40/E-WT 148 

or mock). In mock-infected cells mUb-PCNA decreased as cells grew to confluence, and PAA 149 

treatment had no effect on this over the 96 hours post infection (hpi) time course (Fig. 1A, 150 

quantified in 1B). HCMV-infected cells accumulated mUb-PCNA as infection progressed, 151 

consistent with previous findings (14), while levels did not change in PAA-treated cells (Fig 1A, 152 

quantified in 1C). Further, unlike mock-infected cells, HCMV infection maintained mUb-PCNA 153 

despite increasing cell confluence. These data suggest that HCMV vDNA synthesis drives 154 

accumulation of mUb-PCNA. 155 

 156 

PCNA restricts HCMV TB40/E replication 157 

 Given that mUb-PCNA is associated with viral DNA synthesis, we hypothesized that 158 

PCNA is functionally important for viral replication. We stably disrupted PCNA expression via 159 

shRNA depletion under growth arrest conditions in order to avoid replication stress and cell 160 

death due to depletion of this essential host factor. Compared to cells expressing shRNA 161 

against firefly Luciferase (Luc, non-targeting control), we achieved ~70% knockdown of PCNA 162 

protein over multiple independent experiments (Fig. 2A). Compared to the Luc control, depletion 163 

of PCNA resulted in a ~2 log increase in virus yield, suggesting that PCNA restricts HCMV 164 

replication (Fig. 2B). Consistent with this, we also measured viral genome copy number at 15 165 
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days post infection and observed an increase with depletion of PCNA (Fig. 2C). Cells depleted 166 

of PCNA infected at a multiplicity of infection (MOI) of 1 and collected over a 96-hour time 167 

course exhibited a 4-fold increase in viral titers (Fig. 2D), but no significant increase in viral 168 

genomes (Fig. 2E). Therefore, PCNA restricts HCMV replication and genome synthesis, and the 169 

PCNA-mediated restriction of viral genome synthesis and progeny production was less apparent 170 

at higher MOIs of infection but not fully overcome. 171 

To understand how PCNA affects viral gene expression, we further analyzed the impact 172 

of PCNA on viral gene expression (Fig. 2F). Comparing between Luc and PCNA knockdown, we 173 

observed no differences in immediate early proteins (IE1/2) or a representative early protein, 174 

pUL44. Protein levels of IE1/2 and pUL44 from three independent experiments are quantified in 175 

Figures 2G and 2H, respectively. Therefore, PCNA does not impact viral gene expression early 176 

during infection. However, the late protein, pp150 was increased at 72 hours post infection (hpi), 177 

although increases in another late protein, pp28, did not reach statistical significance relative to 178 

the Luc control (Fig. 2I-J). Taken together, these data suggest that the restriction imposed by 179 

PCNA on vDNA synthesis is reflected in reduced viral gene expression late in infection. 180 

 Our observation that PCNA restricts HCMV replication is surprising considering that 181 

PCNA is re-localized to HCMV RCs and supports viral DNA synthesis for other herpesviruses 182 

(33-35). Specifically, PCNA is required for replication of the alpha-herpesvirus, herpes simplex 183 

virus 1 (HSV-1) (35, 36), a finding that we recapitulate when we infect PCNA-depleted cells with 184 

HSV-1 (Fig. 2K). Further, PCNA depletion has been shown to decrease genome synthesis in the 185 

lab adapted AD169 strain of HCMV (30), which we also observe when measuring virus yield 186 

(Fig. 2L). These results suggest that the restriction imposed by PCNA on HCMV replication is 187 

due to genes or attributes specific to low-passage strains of HCMV. 188 

 189 

K164 modification on PCNA mediates restriction of HCMV TB40/E replication 190 

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

The copyright holder for this preprintthis version posted January 6, 2025. ; https://doi.org/10.1101/2025.01.06.631530doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.06.631530
http://creativecommons.org/licenses/by-nc-nd/4.0/


 To build upon our finding that PCNA restricts HCMV TB40/E replication, we sought to 191 

determine the significance of mUb-PCNA during infection. In response to DNA damage, PCNA 192 

is monoubiquitinated on lysine 164 (K164) by the E3 ubiquitin ligase, RAD18, facilitating 193 

interactions with TLS polymerases (37, 38). PCNA is also modified on K164 by 194 

polyubiquitination to activate an alternate, error-free DNA lesion bypass through a post-195 

replicative, template-switching mechanism (37, 39, 40). Further, K164 may also be modified by 196 

small ubiquitin-like modification (SUMOylation) to antagonize homologous recombination DNA 197 

repair (41, 42). In order to investigate the significance of post-translational modifications on the 198 

K164 residue, we generated two shRNA-resistant PCNA constructs through wobble codon 199 

mutagenesis: wild-type PCNA and a mutant in which K164 is mutated to arginine (K164R), 200 

preventing both ubiquitination and SUMOylation on this residue. 201 

 To determine how K164 modification on PCNA impacts HCMV replication, we generated 202 

lentivirus particles to deliver these constructs alongside shRNA in an attempt to rescue 203 

phenotypes associated with PCNA depletion. While overexpression of wild-type PCNA resulted 204 

in monoubiquitination of PCNA, expression of the K164 variant of PCNA resulted in minimal 205 

detection of mUb-PCNA as expected (Fig. 3A). Cells expressing these constructs were infected 206 

at an MOI of 1 and collected at 96 hpi. For controls, we also compared cells expressing shRNA 207 

against Luc or PCNA with no rescue (Empty).  208 

 As expected, PCNA knockdown with empty rescue recapitulated a ~five-fold increase in 209 

virus yield over Luc control conditions. In comparison, PCNA knockdown with wild-type PCNA 210 

expression yielded no significant change in virus replication compared to Luc, demonstrating a 211 

partial phenotypic rescue (Fig. 3B). PCNA-K164R rescue resulted in replication at levels similar 212 

to PCNA depletion alone, suggesting that PCNA-mediated restriction of HCMV replication 213 

depends on modification of K164. Despite the effect on virus replication, PCNA K164R did not 214 

impact viral genome copy number (Fig. 3C), similar to our results with PCNA knockdown at this 215 

MOI (Fig. 2E). Therefore, PCNA restricts HCMV replication in a manner dependent on 216 
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modification at the K164 residue, although we cannot differentiate the importance of 217 

ubiquitination or SUMOylation of this residue.  218 

 219 

mUb-PCNA localizes to distinct replication compartment subdomains  220 

 PCNA localizes to viral replication compartments (14, 28-30), suggesting a role for 221 

PCNA in vDNA synthesis. However, the virus encodes its own functional homologue of PCNA, 222 

pUL44, that is important for processivity of the viral DNA polymerase, pUL54 (21, 43, 44). To 223 

better understand the interplay between pUL44 and either PCNA or mUb-PCNA, we analyzed 224 

their localization in viral RCs and colocalization to replication forks.  Active sites of vDNA 225 

synthesis labeled with EdU have been localized to the periphery of RCs with pUL44 in HCMV 226 

infection (45), suggesting that viral DNA synthesis occurs at the periphery. However, others 227 

have observed active DNA synthesis throughout HCMV and HSV-1 RCs using either 5-ethynyl-228 

2’-deoxyuridine (EdU) or 5-ethynyl-2’-deoxycytidine (EdC) nucleotide analogs (36, 46, 47). We 229 

used this technique to analyze the association of PCNA and mUb-PCNA with sites of active 230 

synthesis of vDNA relative to pUL44 or the HCMV single-stranded DNA binding protein, pUL57, 231 

which also localizes to RCs (48). To ensure labeling only of viral RCs, fibroblasts were growth 232 

arrested prior to infection and maintained in serum-free conditions. At 48 hpi, we pulsed cells 233 

with EdU for 10 min and localized PCNA, mUb-PCNA, pUL44, and pUL57 by indirect 234 

immunofluorescence to assess their association with EdU-labeled replication forks.  235 

EdU labeling was specifically incorporated throughout the RCs of infected cells (Fig. 4). 236 

PCNA exhibited stronger colocalization with EdU than either pUL44 (Fig. 4A) or pUL57 (Fig. 237 

4B). However, mUb-PCNA was more distantly associated with EdU than pUL44 (Fig. 4C) or 238 

pUL57 (Fig. 4D), suggesting a possible role post-synthesis. Because we did not observe EdU 239 

incorporation at the periphery of RCs as previously reported by Strang et al. (45), we analyzed 240 

EdU labeling in cells infected with the AD169 laboratory-adapted strain in case virus strain 241 

accounted for these differences. EdU was incorporated throughout the RCs similarly to TB40/E 242 
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infection (Fig. S1). The differences between the observations reported here and those by Strang 243 

et al. may be due to cell type or MOI differences. However, incorporation of EdU throughout 244 

RCs has been reported by others in HCMV and HSV-1 infection (36, 46, 47).  245 

 246 

 247 

PCNA contributes to HCMV genome diversity but not integrity 248 

Our findings thus far point to a role for PCNA in regulating HCMV genome synthesis and 249 

replication. As an essential factor for eukaryotic DNA replication and repair, we wondered the 250 

extent to which PCNA influences viral genome integrity. In previous studies, we found that TLS 251 

polymerases are required for HCMV genome integrity (14). While TLS polymerases can function 252 

in DNA repair independently of PCNA (17, 19, 20), PCNA and its mUb is critical to recruit TLS 253 

polymerases to lesions for canonical translesion synthesis (15, 23). Building on findings 254 

presented here, we sought to determine if depletion of PCNA alone was sufficient to 255 

compromise viral genome integrity in HCMV TB40/E infection and if genome integrity depended 256 

on modification at K164R. To assess this, we sequenced genomic DNA extracted from HCMV-257 

infected fibroblasts expressing shRNAs against Luciferase or PCNA with expression of an 258 

empty vector or PCNA K164R as described (Fig. 3A) and quantitated novel DNA junctions 259 

(inversions, duplications, and deletions) and single nucleotide variations (SNVs; point mutations, 260 

small deletions, and insertions) arising in synthesized viral genomes compared to the parental 261 

virus stock used for infection. Strikingly, we found that neither depletion of PCNA nor rescue 262 

with the K164R mutant significantly impacted large genomic rearrangements compared to the 263 

Luc control (Fig. 5A, quantified in 5B). This was a surprising result given the role for PCNA in 264 

recruiting TLS polymerases. By contrast, depletion of TLS polymerases, increased inversions, 265 

duplication and deletions across the viral genome (14), However, similar to depletion of TLS 266 

polymerases (14), depletion of PCNA resulted in fewer SNVs on the viral genome, but SNVs are 267 

generated independently of modification at K164R (Fig. 5C). Taken together, these results 268 
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suggest that PCNA is dispensable in the maintenance of HCMV genome integrity but could 269 

drive genome diversity. 270 

 271 

 272 

DISCUSSION 273 

As intracellular parasites, all viruses rely on host cell factors for efficient replication. Even 274 

complex DNA viruses, like herpesviruses, hijack their host’s machinery despite encoding similar 275 

factors of their own. Our current knowledge of the involvement of host factors in the HCMV 276 

replicative program, especially at the step of vDNA synthesis, is incomplete. Building on our 277 

previous findings that TLS polymerases are recruited to viral RCs and modulate HCMV 278 

replication and genome integrity (14), we set out to define roles of the host DNA processivity 279 

factor and polymerase binding partner, PCNA, in HCMV replication. While PCNA is best known 280 

for its role in increasing polymerase processivity, it also plays important role in DNA repair (15). 281 

Post-translational modifications, such as ubiquitination or SUMOylation, direct its engagement 282 

with repair processes. We show that HCMV infection induces monoubiquitination of PCNA, a 283 

modification important for recruiting TLS polymerases. PCNA activity on vDNA restricts vDNA 284 

synthesis and HCMV replication and post-translational modifications (i.e., monoubiquitination or 285 

SUMOylation) at the K164 residue are important for this restriction (Fig. 3B). Despite having a 286 

role in viral DNA synthesis, PCNA depletion did not affect viral genome integrity (Fig. 5 A and B), 287 

as depletion of TLS polymerases does (14). However, PCNA was required for generating SNVs 288 

on viral DNA, similar to Y-family TLS polymerases, h, k, and i (Fig. 5C), suggesting that TLS 289 

polymerases function on the viral genome by both PCNA-dependent and -independent 290 

mechanisms. Additionally, unmodified PCNA and mUb-PCNA were differentially associated with 291 

sites of active vDNA synthesis (Fig. 4), further emphasizing the multifaceted role of PCNA in 292 

regulating HCMV replication. This work highlights PCNA as a restriction factor to HCMV 293 

replication with complex roles that remain to be defined.  294 
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With no enzymatic activity, PCNA undergoes multiple post-translational modifications to 295 

direct chromatin binding and association with interacting partners. Of these modifications, 296 

monoubiquitination by the E3 ubiquitin ligase, RAD18, is important for the recruitment of 297 

specialized polymerases to bypass obstructive DNA lesions on cellular DNA (16, 38). Our 298 

observation that induction of mUb-PCNA is associated with vDNA synthesis (Fig. 1) suggests 299 

this is a virus-driven phenomenon. However, the induction of mUb-PCNA may also be a host 300 

response to virus infection. For example, increased virus replication is associated with 301 

increased oxidative stress (49, 50), and mUb-PCNA induction has been associated with 302 

oxidative stress (51, 52). Additionally, induction of mUb-PCNA and its localization to viral RCs 303 

could be a response to replication stress that arises due to vDNA synthesis in the nucleus. In 304 

this scenario, the association of PCNA with viral genomes might interfere with vDNA synthesis 305 

machinery (i.e., pUL54 and pUL44) and ultimately cause a restriction to vDNA synthesis. To 306 

further understand the nature and significance of PCNA-K164, future studies should examine 307 

the host and or viral proteins that interact with PCNA and regulate post-translational 308 

modifications to direct PCNA function during infection.  309 

We report that PCNA restricts HCMV-TB40/E replication based on observations that 310 

shRNA knockdown of PCNA resulted in increased virus yield (Fig. 2). This was a surprising 311 

finding considering that HCMV induces PCNA expression (53, 54) and PCNA localizes to RCs 312 

(28, 55) with newly synthesized viral DNA (Fig. 5). Further, PCNA facilitates the replication of 313 

other herpesviruses, HSV-1 (35) and EBV (56). For HSV-1, PCNA plays a key role by recruiting 314 

viral and cellular factors to sites that facilitate viral genome synthesis (36). Various distinctions 315 

between HSV-1 and HCMV, including genome size and differences in the viral processivity 316 

factors and kinetics of replication, may underlie how these viruses differentially utilize PCNA. 317 

Further, our findings with the low-passage TB40/E strain stand in contrast to previous findings 318 

showing that PCNA knockdown decreased HCMV viral genome production in studies using the 319 

AD169 strain (30). While we observe that PCNA restricts viral genome synthesis in low MOI 320 
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infections of TB40/E (Fig. 2C), it is possible that strain differences account for the discrepancy in 321 

results. In our study, PCNA knockdown in AD169 infection did not produce a significant change 322 

is virus replication (Fig. 2L). AD169 notably lacks 15 kb of viral DNA including many genes 323 

important for modulating viral replication for establishment of latency (57). Thus, it is 324 

conceivable that some of these genes modulate PCNA in a way that restricts virus replication. 325 

For example, pUL145 has been reported to degrade helicase-like transcription factor (HLTF) 326 

(58), a multi-functional protein that contains a RING domain which interacts with RAD18 to 327 

promote polyubiquitination on PCNA-K164 (40, 59). The strain-dependent differences and the 328 

mechanisms by which PCNA restricts HCMV infection remain to be defined.  329 

Multiple studies have demonstrated that regulation of PCNA and its post-translational 330 

modifications are important for other herpesvirus infections. During infection by the gamma-331 

herpesvirus, Epstein Barr virus (EBV), PCNA is deubiquitinated by the viral enzyme, BPLF1 332 

(60). Similarly, PCNA ubiquitination is induced during productive HSV-1 infection and 333 

antagonized by the viral deubiquitinating enzyme (DUB), UL36USP (61). Both of these studies 334 

showed that deubiquitination of PCNA was important for downregulating polh recruitment to 335 

sites of DNA damage outside the context of infection, but the role of PCNA ubiquitination during 336 

viral infection remains to be determined. Notably, Whitehurst et al. show that a PIP domain is 337 

conserved among herpesvirus-encoded DUBs, suggesting that these viral enzymes could 338 

regulate PCNA. HCMV pUL48 has DUB activity (62); however, a role for pUL48 or host DUBs in 339 

deubiquitinating PCNA during infection has yet to be defined. It is possible that herpesvirus 340 

infections commonly induce mUb-PCNA but its significance to infection varies among different 341 

viruses.  342 

PCNA monoubiquitination at K164 is thought to primarily coordinate the DNA damage 343 

bypass pathway, TLS. We previously found that TLS polymerases are involved in HCMV 344 

infection, whereby Y-family insertion polymerases h, k, and i restricted replication, and Rev1 and 345 
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z were required for efficient virus replication (14). Like the insertion TLS polymerases, PCNA 346 

restricts HCMV replication, suggesting they could work together through canonical TLS to 347 

achieve this effect. Further, similar to previous findings with depletion of TLS polymerases h, k, 348 

and i (14), SNVs on vDNA were decreased with depletion of PCNA (Fig. 5C). These 349 

observations suggest that PCNA-regulated TLS occurs on the HCMV genome to drive SNVs, 350 

consistent with the error-prone nucleotide insertion function of these polymerases (17). 351 

Surprisingly, however, PCNA knockdown and rescue with the K164R mutant did not impact SNV 352 

counts, suggesting that, while PCNA is important for generation of SNVs, it occurs 353 

independently of the mUb-PCNA thought to recruit TLS polymerases to DNA. 354 

In contrast to SNVs, PCNA depletion did not increase novel junctions on the genome, 355 

indicating no requirement for HCMV genome integrity (Fig. 5A-B), while depletion of TLS 356 

polymerases results in increased junctions, primarily inversions (14). Further, rescue of PCNA 357 

knockdown with the K164R mutant failed to restore the PCNA-mediated restriction to viral 358 

replication (suggesting a requirement for modification at K164, Fig. 3), but had no effect on 359 

genome integrity (suggesting the modification on K164 is dispensable for maintaining integrity, 360 

Fig. 5). These data suggest that TLS polymerase regulation of HCMV genome integrity occurs 361 

independently of PCNA and its monoubiquitination. The fact that depletion of TLS polymerases 362 

increased genomic rearrangements, introducing novel junctions on vDNA primarily through 363 

sequence inversions, suggests that TLS polymerases are engaging in homology-directed repair, 364 

and this occurs independently of PCNA. The function of TLS polymerases in homology-directed 365 

recombination are poorly defined (17) and HCMV offers a new tool for defining these roles.  For 366 

example, polh and polk have been implicated in DNA repair at common fragile sites or difficult-367 

to-replicate regions through a mUb-PCNA-independent mechanism (17, 18). polh can also 368 

function in homology-directed repair pathways, such as break induced replication (BIR), without 369 

the involvement of PCNA (19, 20). Intriguingly, the PCNA-independent functions of TLS 370 
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polymerases are associated with recombination, suggesting that HCMV commandeers Y-family 371 

polymerases, but not PCNA, for recombination-dependent repair. This is an intriguing avenue 372 

for future studies. However, one possible limitation of these interpretations as they apply to the 373 

study is that because we only deplete PCNA levels by 70%, it is possible that the remaining 374 

protein is sufficient to permit repair in the presence of TLS polymerases. However, given the 375 

phenotypes resulting from the depletion of PCNA on vDNA synthesis, late gene expression, 376 

replication and the generation of SNVs, we think this is unlikely.  377 

Further, it remains a possibility that in the absence of PCNA, TLS polymerases are 378 

recruited by pUL44 or an alternative factor, such as Rev1 (63-65). This would suggest that 379 

PCNA and pUL44 compete for interacting partners and provide a possible explanation as to why 380 

PCNA restricts HCMV replication. However, our localization studies (Fig. 4), show poor co-381 

localization of PCNA and pUL44 at EdU-labeled replication forks, and PCNA is more closely 382 

associated with replication forks than either pUL44 or pUL57. Future studies will address the 383 

roles of other factors, such as viral pUL44 or host Rev1, in TLS polymerase repair activity during 384 

infection. 385 

mUb-PCNA is less closely associated with EdU-labeled replication forks than pUL44 or 386 

pUL57, suggesting possible post-synthesis roles that are likely not related to TLS (Fig. 4). The 387 

differential subnuclear localization of unmodified and mUb-PCNA implies specific, separable 388 

functions of PCNA. It is possible that mUb-PCNA is induced to prevent K164 modification by 389 

SUMOylation, which suppresses DNA repair by the homologous recombination pathway (41, 390 

42). This would support data in Figure 3 showing that PCNA’s suppressive effect on HCMV 391 

TB40/E replication is mediated by K164 modification. However, further investigation is required 392 

to attribute this to monoubiquitylation, polyubiquitylation, SUMOylation, or a combination of 393 

these modifications. Additionally, ubiquitination of PCNA is linked to its retention on chromatin 394 

and regulation of nucleosome deposition (66), a function required for HSV-1 infection (35). As 395 
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PCNA interacts with a wide array of repair proteins, further investigation is required to define 396 

mUb-PCNA-associated host and/or viral proteins to elucidate this function.  397 

In summary, our findings underscore the intricacy of HCMV interactions with its host, 398 

especially with respect to DNA synthesis and repair. Through studying the role of PCNA in 399 

HCMV infection, we uncovered multiple, distinct functions of PCNA and, by extension, TLS 400 

polymerases on viral genomes that deviate from their canonical function in TLS in host cell 401 

biology (Fig. 6). While TLS polymerases engage in canonical TLS repair of vDNA, which is likely 402 

PCNA-dependent, but mUb-PCNA-independent, they also likely function in a PCNA-403 

independent manner to protect viral DNA from faulty recombination. Additional work is required 404 

to understand specific mechanisms of host machinery-mediated repair of viral genomes by TLS 405 

polymerases and the role of PCNA. HCMV infects a large diversity of cell types and has a large, 406 

complex exogenous genome, which is readily manipulated. Further, the vDNA is synthesized in 407 

the context of cell cycle arrest and inhibition of host DNA synthesis. This allows for the 408 

knockdown of critical host factors important to synthesis or repair that would otherwise result in 409 

stress or cell death, confounding any results for the requirement in host cell or infection biology. 410 

Therefore, HCMV offers an exciting tool to further mechanistically define and separate complex, 411 

intermingled DNA synthesis and repair pathways.  412 

 413 

MATERIALS AND METHODS 414 

Cells and Viruses. Primary human lung MRC-5 fibroblasts (ATCC CCL-171) were maintained 415 

in DMEM containing 10% FBS as previously described. Cells were infected with the low-416 

passage HCMV strain, TB40/E, a gift from Dr. Christian Sinzger, which was engineered to 417 

express green fluorescent protein from the SV40 promoter.  418 

RNAi. Control shRNA targeting Luciferase was purchased from Sigma-Aldrich (#SHC007). The 419 

shRNA targeting PCNA was constructed in the pLKO.1 backbone. In brief, a 21-mer 420 
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oligonucleotide (GAATGAACCAGTTCAACTAAC) was generated for the target gene and then 421 

cloned into pLKO.1 vector via annealing.  422 

Lentivirus and transduction. Lentiviral particles for shRNA delivery were cultured in HEK 293T 423 

cells as previously described. For transduction, MRC-5 fibroblasts were grown to confluence 424 

and growth-arrested by contact inhibition to avoid deleterious effects of PCNA depletion in cells 425 

undergoing division. Cells were transduced with lentivirus shRNA or rescue constructs at an 426 

MOI of 3 in media containing 1 µg/mL polybrene. At two days post transduction, cells were 427 

washed in PBS and then given fresh growth media. At four days post transduction, cells were 428 

infected with HCMV as described. 429 

Plasmids. The genetic sequence for human PCNA was amplified from pME-GFP-PCNA 430 

(Addgene #105977). Primers containing a sense mutation for shRNA target sequence were 431 

used to amplify shRNA-resistant PCNA. Primers containing K164R substitution were used on 432 

this sequence to amplify shRNA-resistant PCNA-K164R. PCNA and PCNA-K164R were then 433 

expressed from a pCIG vector. All plasmid sequences were validated by Sanger sequencing. 434 

EdU pulse labeling. Fibroblasts were seeded onto coverslips in 24-well plates in DMEM 435 

containing 10% FBS. The next day, cells were washed three times in PBS and growth medium 436 

was replaced with serum-free (0% FBS) culture medium. On the following day, cells were 437 

infected with HCMV TB40/E at an MOI of 1. At 48 hours post-infection, half of the media was 438 

replaced with serum-free DMEM containing 20 µM EdU for a final concentration of 10 µM EdU. 439 

Cells were then incubated at 37ºC with 5% CO2. After 10 minutes, the coverslips were washed 440 

in PBS and then incubated in cold cytoskeletal (CSK) extraction buffer for two minutes (67). 441 

Following CSK extraction, cells were fixed with 100% methanol for 10 minutes at -20ºC. After 442 

fixation, cells were washed twice with PBS containing 3% BSA. For detection of EdU, the click 443 

reaction was performed according to manufacturer instructions (Invitrogen #C10340). Indirect 444 

immunofluorescence was subsequently performed as described below. 445 
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Immunofluorescence and super-resolution microscopy. Fibroblasts were seeded onto 12-446 

mm 1.5H high precision coverslips (Marienfeld Superior) in 24-well plates. After EdU pulse 447 

labeling (described above), coverslips were processed for indirect immunofluorescence as 448 

previously described (14). Briefly, proteins of interest were detected using specific primary 449 

antibodies for one hour at room temperature or overnight at 4ºC as described in Table 1. 450 

Coverslips were washed 3 times in PBS + 0.05% Tween20 and then incubated in secondary 451 

antibodies (AlexaFluor 546, AlexaFluor 647, or AlexaFluor 488 goat anti-mouse or goat anti-452 

rabbit [Invitrogen]) for 30 minutes at room temperature. Coverslips were incubated in DAPI for 5 453 

minutes and then washed three times in PBS + 0.05% Tween20. Finally, coverslips were 454 

mounted onto microscope slides (Fisher Scientific) using Prolong Gold Antifade Mounting 455 

Reagent (Invitrogen). Images were obtained using a Zeiss Elyra S.1 super-resolution 456 

microscope using a Zeiss 63x Plan-Apochromat 1.40NA objective with structured illumination 457 

(SR-SIM) processing. Representative single plane images were adjusted for brightness and 458 

contrast using Fiji/ImageJ software. 459 

Colocalization analysis of host and viral proteins to EdU staining in host cell nuclei. 460 

Nikon NIS Elements AR 5.42.03 software with the General Analysis 3 (GA3) module was used 461 

for image processing and analysis. The following image processing tools were used to achieve 462 

accurate segmentation on the EdU, host protein, and viral protein foci channels: Rolling ball 463 

background subtraction (radius = 15px) and Median filter (kernel size = 1px). The Bright Spots 464 

Detection tool (diameter = 2px) was used to threshold the EdU, Host, and Viral Protein foci. For 465 

DAPI, a Gaussian filter (sigma = 8), rolling ball background subtraction (radius = 220px), and 466 

gamma correction (gamma = 0.8) were applied. A Signal Intensity threshold was used to 467 

threshold host nuclei and the resulting nuclei binary objects were then modified using Grow 468 

Regions and Smooth tools to further refine nuclear segmentation. The AND binary operation 469 

was performed between DAPI and corresponding EdU, host protein, and viral protein foci to 470 

restrict analysis to only the foci present inside each cell nucleus. To quantify the frequency of 471 
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colocalization between EdU/Host Foci and EdU/Viral foci, respectively, the AND binary operation 472 

was performed between these two paired groups and the Object Count function was used to 473 

quantify each group. 474 

Immunoblotting. Whole cell lysates were extracted using RIPA lysis buffer (Pierce) and manual 475 

scraping. 50 µg of lysate was loaded onto precast 4-12% bis-tris gels (ExpressPlus™; 476 

GenScript) and then proteins were separated by electrophoresis and transferred onto 0.45 µm 477 

pore size PVDF membranes (Immobilon®-FL; Millipore). Proteins of interest were detected 478 

using primary antibodies described in Table 1 and fluorophore-conjugated secondary antibodies. 479 

Images were obtained using a Li-Cor Odyssey CLx scanner and protein levels were quantitated 480 

using Image Studio Lite software. 481 

Genomic sequencing and computational analysis. Fibroblasts were seeded onto 6-cm 482 

dishes and transduced with lentiviral constructs as described above. Five technical replicates 483 

were seeded for each condition. At four days post transduction, cells were infected with HCMV-484 

TB40/E at an MOI of 1. Virus inoculum was removed at 2 hpi and cells were provided fresh 485 

media. At 96 hpi, when maximal cytopathic effect (CPE) was observed, cells were washed with 486 

PBS and collected in DNA lysis buffer containing 200 µg/mL proteinase K by manual scraping.  487 

After a two hour 55ºC incubation for proteinase K digestion, cellular and viral DNA were isolated 488 

using phenol-chloroform extraction. DNA was similarly extracted from the virus stock used for 489 

infection. All purified DNA was submitted to SeqCenter (Pittsburgh, PA). 490 

Each sample (including virus stocks) was sequenced on a NextSeq 2000 Illumina short 491 

read sequencer to yield paired-end short reads. The sequencing reads were aligned to the 492 

human reference genome GRCh38 (68) using Bowtie2 v2.5.1 (69) with the following 493 

parameters: --very-sensitive for sensitive alignment, --seed 1 for seeding alignment. After 494 

alignment, reads aligned to the human genome were filtered out using Samtools v1.17 (70). The 495 

following parameters were used: -f UNMAP,MUNMAP to extract reads that were not aligned to 496 

the human genome, and -bh to output the filtered alignments in BAM format. HCMV junctions 497 
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and SNVs were then detected using a two-pass analysis to ensure comparable sequencing 498 

coverage between the samples. Non-human reads were first aligned to the reference HCMV 499 

genome with breseq v0.38.1 (71) using polymorphism-prediction mode. Using the mean 500 

sequencing coverage of reads aligned to the reference from the first breseq run output, the 501 

sequencing reads from each sample were subsampled with seqtk v1.4q 502 

(https://github.com/lh3/seqtk) using parameter -s 100 and the appropriate respective proportions 503 

to yield the same mean coverage equal to that of the sample with the lowest coverage (shRNA-504 

Luc). The subsampled FASTQ files were then used to detect the junctions and SNVs by running 505 

breseq in the --polymorphism-prediction mode again. Subsequent data analyses were 506 

conducted in R version 4.3.2 (72). The novel junctions and SNVs were obtained by removing 507 

any of those found in the virus stock samples from the total junctions and SNVs detected in 508 

each experimental sample. A Poisson two-sided test was used to compare junction frequency 509 

across experimental conditions, with a junction frequency cutoff of 0.025 employed to refine the 510 

selection of relevant sequences.  Additionally, circle plots were constructed using ‘circlize’ 511 

(version 0.4.16) (73) to visualize the locations and relationships of these sequences, providing a 512 

comprehensive view of their distribution and interaction within the genome. This multifaceted 513 

approach allowed for a nuanced exploration of genomic junctions, highlighting significant 514 

variations and patterns across experimental conditions. 515 

Data availability. Alignments used for Figure 5 are available at the University of Arizona 516 

Research Data Repository (doi: 10.25422/azu.data.27948387). Raw sequence reads have been 517 

deposited in the Sequence Read Archive, https://www.ncbi.nlm.nih.gov/sra (BioProject ID: 518 

SUB14917988). 519 

Table 1. Antibodies used in this study. 520 

Antibody Species Source Concentration 
PCNA Mouse Santa Cruz, sc-56 IB 1:1000 
PCNA Rabbit Cell Signaling Technology 

(CST), #13110 
IF 1:400 

mUb-PCNA Rabbit CST, #13439 IB 1:1000 
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IF 1:100 
a-Tubulin Mouse Sigma-Aldrich, #T9026 IB 1:2000 
IE1/2 Mouse Thomas Shenk, PhD 

(Princeton University) 
IB 1:100 

pUL44 Mouse Virusys, #CA006 IB, IF 1:12,000 
pUL57 Mouse Virusys, #P1209 IF 1:100 
pp150 Mouse William J. Britt, MD (University 

of Alabama at Birmingham) 
IB 1:15 

pp28 Mouse William J. Britt, MD (University 
of Alabama at Birmingham) 

IB 1:15 

Mouse IgG (H+L) 
secondary, DyLight 
680  

Goat Invitrogen, #35519 IB: 1:6000 

Rabbit IgG (H+L) 
secondary, DyLight 
800 

Goat Invitrogen, #SA5-10036 IB: 1:6000 

Mouse IgG (H+L) 
secondary, Alexa 
Fluor 488 

Goat Invitrogen, #A-11029 IF: 1:3000 

Rabbit IgG (H+L) 
secondary, Alexa 
Fluor 546 

Goat Invitrogen, #A-11035 IF 1:3000 

Mouse IgG (H+L) 
secondary, Alexa 
Fluor 647 

Goat Invitrogen, #A-21236 IF: 1:3000 

 521 
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Diseases to FG (AI079059 and AI079059-14S1) and to FG and GB (AI177392 and AI177392-534 

02S1).  535 

  536 

 537 
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 775 

Figure 1. mUb-PCNA increases with viral DNA synthesis. 776 

Fibroblasts were mock-infected or infected (MOI = 1) with TB40/E-WT virus over a 96-hour time 777 

course. Immunoblotting was performed on whole cell lysates collected at the indicated time 778 

points. (A) mUb-PCNA and PCNA were detected using monoclonal antibodies specific to each 779 

and secondary antibodies conjugated to DyLight™ 680 (mouse) or 800 (rabbit). IE1/2 are 780 

immediate early proteins that serve as a marker for progression of virus replication. Tubulin 781 

serves as a loading control. mUb-PCNA levels relative to tubulin were quantified in (B) mock-782 

infected and (C) TB40/E-infected conditions and normalized to the 24 hpi time point.  783 

Statistical analysis was performed by two-way ANOVA with Tukey’s multiple comparisons test. 784 

Asterisks (*P <0.05) represent statistically significant differences determined in three 785 

independent experiments. 786 
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 788 

Figure 2. PCNA restricts HCMV TB40/E replication. 789 

(A-C) Growth-arrested fibroblasts expressing shRNA against PCNA or Luciferase (Luc, non-790 

targeting control) were infected with TB40/E-WT at an MOI of 0.02. (A) Whole cell lysates were 791 

collected at the time of infection (0 hpi) and at 24 hpi and then immunoblotted. To confirm 792 

knockdown, PCNA was detected using a monoclonal antibody. An average knockdown of 70% 793 

was achieved over multiple independent experiments. (B) Virus yield at 15 dpi were determined 794 

by TCID50 and normalized relative to the Luc control. (C) Viral genome copy number at 15 dpi 795 

was determined by qPCR using a TB40/E BAC standard curve and primer set designed for the 796 

region of the viral genome encoding the b2.7 transcript. (D-F) Growth-arrested fibroblasts 797 

expressing shRNA against PCNA or Luc were infected with TB40/E-WT at an MOI of 1. (D) 798 

Virus yield at 96 hpi was determined by TCID50 and normalized relative to the Luc control. (E) 799 

Absolute viral genome copy number was determined by qPCR using a standard curve. (F) 800 

Whole cell lysates were collected over a 96 hour time course (0 hpi = time of infection) and 801 

immunoblotted. To confirm knockdown, PCNA and mUb-PCNA were detected using monoclonal 802 
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antibodies to each. The following proteins were also detected as markers for the viral gene 803 

expression cascade: IE1/2 (immediate early), pUL44 (early), pp150 and pp28 (late) with 804 

secondary antibodies conjugated to DyLight™ 680 (mouse) or 800 (rabbit). Tubulin serves as a 805 

loading control. (G-J) Quantification of immunoblots in F for (G) IE1/2, (H) pUL44, (I) pp150 and 806 

(J) pp28 with PCNA knockdown normalized to Luc for each time point. (K) Growth-arrested 807 

fibroblasts expressing shRNAs were infected with HSV-1 at an MOI of 0.01 and virus yields 808 

were determined relative to the Luc control at 33 hpi. (L) Growth-arrested fibroblasts expressing 809 

shRNAs were infected with HCMV AD169-GFP (WT) at an MOI of 1, and virus yield was 810 

determined relative to the Luc condition at 96 hpi. For statistical analysis, significance was 811 

determined by two-way ANOVA with Tukey’s multiple comparisons test (B), two-way ANOVA 812 

with Sidak’s multiple comparisons test (G-J) or an unpaired t test (C-E, K-L). Asterisks (*P 813 

<0.05, **P <0.01, ***P <0.001) represent statistically significant differences determined in a 814 

minimum of three independent experiments. 815 
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 817 

 818 

Figure 3. PCNA K164 modification mediates restriction of HCMV replication. 819 

Growth-arrested fibroblasts were transduced with lentiviral particles expressing shRNAs 820 

(targeting PCNA or Luciferase). Simultaneously, cells were transduced to overexpress shRNA-821 

resistant PCNA (wild-type or mutant containing a lysine-to-arginine mutation at amino acid 164 822 

[K164R]) or an empty overexpression vector control. Cells were infected with HCMV at an MOI 823 

of 1 at 48 hours post transduction and collected at 96 hpi. (A) To confirm protein knockdown and 824 

rescue, whole cell lysates were collected at the time of infection (0 hpi) or at 96 hpi. mUb-PCNA, 825 

PCNA, tubulin, and IE1/2 were detected using monoclonal antibodies as shown with secondary 826 

antibodies conjugated to DyLight™ 680 (mouse) or 800 (rabbit). (B) Virus yields were measured 827 

by TCID50 and normalized relative to Luc. (C) Viral genome copy number was determined by 828 

qPCR using a TB40/E BAC standard curve and primer set designed for the region of the viral 829 

genome encoding the b2.7 transcript. Statistical significance was determined by one-way 830 

ANOVA with Tukey’s multiple comparisons test. Asterisks (**P <0.01) represent statistically 831 

significant differences determined in independent experiments. 832 
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 834 

  835 

 836 

 837 

Figure 4. mUb-PCNA localizes to distinct replication compartment subdomains. 838 

Fibroblasts were serum-starved and then infected with TB40/E-WT at an MOI of 1. At 48 hpi, 839 

cells were pulsed with 10 µM EdU for 10 minutes, CSK-extracted, and fixed. All coverslips were 840 

washed and then a click reaction was performed to conjugate EdU and Alexa Fluor 647 (blue) 841 

for detection. Indirect immunofluorescence was then carried out using monoclonal antibodies to 842 

the indicated proteins: (A) PCNA and pUL44, (B) PCNA and pUL57, (C) mUb-PCNA and pUL44, 843 

(D) mUb-PCNA and pUL57 with secondary antibodies conjugated to Alexa Fluor® 546 (green) 844 

or 488 (red). DAPI-stained nuclei (not pictured) were outlined using Fiji/ImageJ software. An 845 
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enlargement of the boxed area is shown below each image. Images were captured using a 846 

Zeiss Elyra S.1 super-resolution microscope. Scale bar, 5 µm. The frequency of colocalization 847 

between host or viral proteins and EdU was quantified using Nikon NIS Elements software (see 848 

Materials and Methods) and is shown to the right of each image with each point representing a 849 

cell. Statistical significance was determined by a paired t test. Asterisks (****P <0.0001) 850 

represent statistically significant differences determined in three independent experiments. 851 

 852 
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 855 

Figure 5. PCNA contributes to HCMV genome diversity but not integrity. 856 

Growth-arrested fibroblasts were transduced with lentiviral particles expressing shRNAs against 857 

PCNA or Luciferase at an MOI of 3. Simultaneously, cells were transduced to overexpress 858 

shRNA-resistant PCNA-K164R or an empty overexpression vector control. Forty-eight hours 859 

later, media was refreshed with puromycin at 2 μg/mL; 24 hours later, cells were infected with 860 

TB40/E-WT at an MOI of 1 and total DNA was isolated at 96 hpi for sequencing. Sequences 861 

from each knockdown condition as well as from the virus stock used for infection were aligned 862 

to the TB40/E-GFP reference genome. (A) Mean novel junction frequency within each condition. 863 

HCMV genomic coordinates are plotted along the circular axis in graphs for each condition and 864 

the UL (orange) and US (green) regions of the genome are marked. The arcs connect novel 865 

junction points detected at the average frequency for the given condition indicated by the color 866 

scale. (B) Quantification of the number of novel junctions (inversions, deletions, duplications) 867 

detected per sample (n = 5) for each condition. (C) Quantification of the number of novel SNVs 868 
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(point mutations, deletions, or insertions) detected per sample (n = 5) for each condition. 869 

Statistical significance was determined by pairwise two-sided exact Poisson tests and adjusted 870 

using Bonferroni correction. Asterisks (*P <0.05) represent statistically significant differences 871 

determined in independent experiments. 872 
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 874 

Figure 6. Model for the varied roles of PCNA and TLS polymerases in HCMV DNA 875 

synthesis and genome integrity. (A) Summary of observed virus infection phenotypes with 876 

host factor knockdown. Table depicts an observed increase (­), decrease (¯), or no change (ø) 877 

for each unique condition relative to control (shRNA-Luc). (B) PCNA and TLS polymerases are 878 

required for viral genome diversity. In a mUb-PCNA-independent manner, PCNA and error-879 

prone Y-family TLS polymerases h, k, and i, engage in TLS repair on vDNA, contributing to 880 

generation of SNVs and genome diversity. (C) PCNA restricts HCMV replication dependent on 881 

its modification at K164. While an exact mechanism remains to be defined, PCNA could 882 

compete with or inhibit functions of the viral processivity factor, pUL44, and DNA polymerase, 883 

pUL54. (D) TLS polymerases have PCNA-independent functions in HCMV genome integrity. Y-884 

family TLS polymerases h, k, and i maintain HCMV genome integrity by preventing inversions 885 

on vDNA, likely through recombination-dependent repair. This repair is independent of PCNA 886 

and possibly involves an alternative factor, such as pUL44 or Rev1. 887 
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