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Abstract

Human cytomegalovirus (HCMV) encodes a viral cyclin-dependent kinase (v-CDK), the UL97 

protein. UL97 phosphorylates Rb, p107 and p130, thereby inactivating all three retinoblastoma 

(Rb) family members. Rb proteins function through regulating the activity of transcription factors 

to which they bind. Therefore, we examined whether the UL97-mediated regulation of the Rb 

tumor suppressors also extended to their binding partners. We observed that UL97 phosphorylates 

LIN52, a component of p107- and p130-assembled transcriptionally repressive DREAM 

complexes that control transcription during the G0/G1 phases, and the Rb-associated E2F3 protein 

that activates transcription through G1 and S phases. Intriguingly, we also identified FoxM1B, a 

transcriptional regulator during the S and G2 phases, as a UL97 substrate. This survey extends the 

influence of UL97 beyond simply the Rb proteins themselves to their binding partners, as well as 

past the G1/S transition into later stages of the cell cycle.
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1. Introduction

Human cytomegalovirus (HCMV) is a member of the beta-herpesvirus family that causes 

disease in neonates and adults with suppressed or impaired immune function (Britt, 2008). 

HCMV infection may also play a role in proliferative diseases such as atherosclerosis 

(Melnick et al., 1995), restenosis (Speir et al., 1994), and cancer, most notably glioblastoma 
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multiforme brain tumors (Dziurzynski et al., 2012; Liu et al., 2017; Mitchell et al., 2015; 

Ranganathan et al., 2012; Soroceanu and Cobbs, 2011). Examining how HCMV modulates 

cellular proliferation will increase our understanding of the cell cycle pathways that control 

oncogenesis, and may lead to novel insights into potential roles for HCMV in human 

malignancies.

Progression through each phase of the cell cycle, and the transition from one phase to the 

next, is controlled in large part by cyclin-dependent kinase (CDK) mediated phosphorylation 

of target proteins to alter their localization, function, or stability (Suryadinata et al., 2010). 

HCMV, like the other beta- and gamma-herpesviruses (Kuny et al., 2010), encodes its own 

(viral) v-CDK, the UL97 protein. Like the cellular CDKs, UL97 phosphorylates the 

retinoblastoma family of tumor suppressors, Rb, p107, and p130 (Hume et al., 2008; Iwahori 

et al., 2017; Prichard et al., 2008). Rb proteins form transcriptionally repressive complexes 

that arrest cell cycle progression. Phosphorylation on specific serine and threonine residues 

followed by a proline, the consensus motif targeted by cellular CDKs and UL97, disrupts 

these complexes, and thereby inactivates the Rb proteins (Iwahori et al., 2015; Rubin, 2013). 

Rb proteins can also be inactivated without phosphorylation when bound by virally encoded 

oncoproteins such as Adenovirus E1A, SV40 T antigen, and Papillomavirus E7 (Felsani et 

al., 2006; Helt and Galloway, 2003; Lee and Cho, 2002). These viral oncoproteins use an 

LXCXE motif (Singh et al., 2005) to associate with a specific binding cleft found in all Rb 

family proteins, disrupt their assembled complexes, and inactivate their transcriptional 

repression and tumor suppressor function.

In G0 and the early G1 phase of the cell cycle, p130 associates with E2F4 and the MuvB 

core assembly (LIN9, LIN37, LIN52, LIN54 and RBBP4) to form the transcriptionally 

repressive DREAM complex (DP, p130, E2F4 and MuvB complex). Later in the S phase, 

p107 nucleates a similar DREAM complex. The MuvB component LIN52 binds directly to 

p107 and p130 through an LXCXE-like motif. Phosphorylation of a nearby serine residue 

(Ser28) on LIN52 by the DYRK1A kinase is required for binding to p107 and p130 (Guiley 

et al., 2015; Litovchick et al., 2011). Progression through the G1 and S phases is controlled 

by Rb in complex with E2F1, E2F2, E2F3a, E2F3b and E2F4 (Dyson, 1998). E2F3a and 3b 

represent different transcriptional products of the same gene. Individual promoters drive the 

expression of separate transcripts with unique first exons that splice to a common second 

exon (Adams et al., 2000; Leone et al., 2000). In S and G2 phases, the MuvB core associates 

with B-Myb and FoxM1 to form the MMB-FoxM1 complex that regulates the transcription 

of genes required for mitosis (Sadasivam et al., 2012).

UL97 utilizes an LXCXE motif (termed L1) to target the Rb family members for 

phosphorylation and inactivation, disrupting Rb-E2F1, Rb-E2F2, Rb-E2F3a, and Rb-E2F3b 

complexes (Iwahori et al., 2015; Iwahori et al., 2017). Interestingly, while UL97 inactivates 

both p130 and p107 through phosphorylation, it does not disrupt their complexes with E2F4 

(Iwahori et al., 2017). Furthermore, a substitution mutant disrupting the L1 LXCXE motif of 

UL97 (UL97-L1m) retains the ability to disrupt Rb-E2F complexes but fails to reverse Rb-

mediated transcriptional repression (Iwahori et al., 2015). Therefore, while complex 

disruption is important, other means to regulate these complexes must exist.
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To reveal additional levels of regulation within the Rb pathway, we examined UL97-

mediated phosphorylation of other members of these transcriptionally regulating complexes. 

We identified the DREAM complex member LIN52, the Rb-associated E2F3, and the 

MMB-associated FoxM1 as UL97 substrates. Our study demonstrates that UL97 

phosphorylates factors that act at multiple cell cycle stages, suggesting that UL97 influences 

cell cycle progression by targeting more than just the Rb tumor suppressors.

2. Results

2.1. UL97 directs the phosphorylation of DREAM complex member LIN52

The DREAM complex component LIN52 has 6 identified phosphorylation sites, Ser7, 

Ser28, Ser45, Ser48, Ser52, and Ser53 (PhosphoSitePlus: http://www.phosphosite.org/

homeAction.action). LIN52 is phosphorylated by DYRK1A on Ser28 (Litovchick et al., 

2011) to promote p130 binding, DREAM complex assembly, and cellular quiescence. It is 

the only phosphorylation event of the MuvB components of the DREAM complex with a 

defined phenotype. In our experiments, ectopic expression was utilized because we had 

difficulty detecting the endogenous protein with commercially available antibodies.

Ectopically expressed FLAG-tagged LIN52 migrated as a single band upon Western blot 

analysis of transiently transfected U-2 OS cell lysates, but was converted to multiple slower 

migrating species by co-expression of UL97 (Fig. 1A). Co-transfection of UL97-L1 motif 

mutant, Cyclin D2/CDK4, Cyclin E1/CDK2, or Cyclin A2/CDK2 also generated slower 

migrating forms of LIN52, whereas neither Cyclin B1/CDK1 nor a kinase dead derivative of 

UL97 efficiently induced slower migrating forms of LIN52. The slower migration of the 

kinase-initiated forms of LIN52 was magnified by phosphate-affinity (Phos-tag) SDS-PAGE, 

but eliminated by lysate incubation with lambda protein phosphatase (Fig. 1A). We conclude 

UL97 as well as the G1/S cellular CDKs direct LIN52 phosphorylation.

Both UL97 (Oberstein et al., 2015) and the cellular CDKs (Ubersax and Ferrell, 2007) 

demonstrate preferential phosphorylation of serine or threonine residues followed by a 

proline. LIN52 has four residues that match this consensus, Ser7, Ser28, Ser48, and Ser53. 

All are demonstrated phosphorylation sites (PhosphoSitePlus) (Litovchick et al., 2011). 

Mutation of any one of these potential phosphorylation sites to a non-phosphorylatable 

alanine residue resulted in altered UL97-induced migration patterns, most easily discernable 

during phosphate affinity (Phos-tag) SDS-PAGE (Fig. 1B). Such altered migration is 

indicative of a change in phosphorylation, therefore we conclude transfected UL97 

phosphorylates LIN52 on Ser7, Ser28, Ser48, and Ser53. Combining the non-

phosphorylatable mutant residues in pairs (S7A/S28A; S28A/S48A; S28A/S53A) or in a 

triple mutant (S28A/S48A/S53A) further reduced phosphorylation (Fig. 1C). A quadruple 

mutant (S7A/S28A/S48A/S53A) showed a dramatic reduction in phosphorylation, but did 

retain a slower migrating band whose presence depended upon the kinase activity of UL97 

(Fig. 1C). Of the two known phosphorylation sites remaining in LIN52 (Ser45 and Ser52), 

we suspect this remaining band represents phosphorylation at Ser52 because it is precisely 

adjacent to the proline-directed Ser53 site, and because Ser45 is not a proline-directed site.
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LIN52 was also phosphorylated in HCMV infected cells in a UL97-dependent manner. 

Ectopically expressed FLAG-tagged LIN52 was visualized as a slowly migrating band upon 

phosphate-affinity (Phos-tag) SDS-PAGE and Western blot analysis of HCMV infected HFF 

cell lysates (Fig. 2A). The UL97 small molecule inhibitor Maribavir (MBV) (Chou, 2008) 

altered the HCMV-induced slower migration of LIN52 (Fig 2A), indicating a role for UL97 

in LIN52 phosphorylation during HCMV infection. S7A or S48A mutants showed identical 

phosphorylation patterns as wild type LIN52 (Fig. 2A), indicating these residues are 

unlikely to be phosphorylated by UL97 during HCMV infection. However, both S28A and 

S53A mutants showed altered migration patterns compared to wild type LIN52 (Fig. 2A). 

The migration of the S28A mutant was further altered by MBV but not by Harmine (Fig. 2A 

and 2B), an inhibitor of the DYRK1A kinase known to phosphorylate Ser28. However, 

Harmine enforced another previously described (Chen et al., 2013) biological outcome in 

these cells, elevating the level of cyclin D1. Thus, Ser53 appears to be a target of UL97. The 

migration of the S53A mutant was not noticeably altered by MBV (Fig. 2A and 2B), 

Harmine (Fig. 2B), or a combined treatment with both inhibitors (Fig. 2B). Thus, we are, at 

this time, unsure of which kinase (DYRK1A, UL97 or potentially cellular CDKs) is 

responsible for phosphorylating Ser28 during HCMV infection, and all may participate. 

Phosphorylation site combination mutants of LIN52 in which Ser28 and Ser53 were both 

substituted with alanine were not detectably phosphorylated upon HCMV infection (Fig. 

2A). We conclude that Ser28 and Ser53 are the major phosphorylation sites during HCMV 

infection and UL97 contributes their phosphorylation.

Despite UL97-mediated p130 phosphorylation, p130 still binds to MuvB components in 

UL97-transfected or HCMV infected cells (Iwahori et al., 2017). This binding appears to 

require Ser28 phosphorylation as the LIN52 S28A mutant failed to interact with DREAM 

components p107, p130, or E2F4 (Fig. 2C). Ser53 phosphorylation does not seem to be 

required for this interaction as LIN52 S53A associated with all three proteins (Fig. 2C). The 

DREAM complex is also found assembled in cells transfected with kinase-deficient UL97 

(Fig. 2C) presumably because of prior phosphorylation of Ser28 by DYRK1A. We conclude 

that phosphorylation of Ser28, as previously reported (Litovchick et al., 2011) but not Ser53 

is required for DREAM complex formation.

2.2. UL97 directs the phosphorylation of the E2F family member E2F3

E2F3 has two isoforms designated as E2F3a and E2F3b. Human E2F3a has 10 identified 

phosphorylation sites (PhosphoSitePlus). E2F3a is phosphorylated on Ser124 by Chk1 in 

response to DNA damage (Gong et al., 2016; Martinez et al., 2010). This phosphorylation 

stabilizes E2F3a and increases its transactivation potential. It is the only phosphorylation 

event on E2F3 with a defined phenotype. Ser124 is not present in E2F3b.

E2F3a (465 amino acids, predicted molecular weight 49 kDa) and E2F3b (340 amino acids, 

predicted molecular weight 38 kDa) can be distinguished on Western blots by comparison to 

the migration of the proteins expressed from individual epitope-tagged cDNA constructs 

(Fig. 3A). Both E2F3a and E2F3b exhibited a level of phosphorylation that was increased 

upon HCMV infection (Fig. 3B). Phosphatase treatment of mock-infected lysates caused a 

down-shift in electrophoretic mobility, and the HCMV infection-induced additional slower 
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migrating forms also collapsed upon phosphatase treatment. Note the slowest migrating 

band revealed by the E2F3-specific antibody (Fig. 3A and Fig. 3B) is insensitive to 

phosphatase treatment (Fig. 3B) and therefore either represents a form of E2F3 not modified 

by phosphorylation or non-specifically reacting protein. We conclude that HCMV infection 

induces the phosphorylation of both E2F3a and E2F3b.

The only known phosphorylation site unique to E2F3a is Ser124; it is not followed by a 

proline residue and is a known site for Chk1. For these reasons, we suspect Ser124 is 

unlikely to be phosphorylated by UL97. Of the remaining known phosphorylation sites, all 

are conserved between E2F3a and E2F3b (Table 1). Furthermore, E2F3b steady state levels 

appear higher than those of E2F3a upon HCMV infection (Fig. 3B). Therefore, our 

examination of UL97-mediated phosphorylation of E2F3 proceeded only with E2F3b. 

Maribavir altered the HCMV-induced slower migration of E2F3b (Fig 3C), as well as the 

known UL97 substrate Rb, indicating a role for UL97 in E2F3b phosphorylation during 

HCMV infection. Ectopically expressed FLAG-tagged E2F3b migrated as a single major 

band upon phosphate-affinity (Phos-tag) SDS-PAGE and Western blot analysis of transiently 

transfected Saos-2 cell lysates, but was converted to multiple slower migrating species by 

co-expression of UL97 (Fig. 3D). Co-transfection of UL97-L1 motif mutant, but not a 

kinase dead derivative of UL97 also generated slower migrating forms of E2F3b. We 

conclude that UL97 influences the phosphorylation state of E2F3 during transient 

transfections and HCMV infections.

Of the 10 known E2F3 phosphorylation sites, 5 are proline directed. In E2F3b, these sites 

are Thr27, Ser38, Ser41, Thr44, and Ser47 (Table 1). Interestingly, these sites abut the DNA 

binding domain of E2F3 (Leone et al., 2000). Mutation of Thr27, Ser41, Thr44, or Ser47 to 

a non-phosphorylatable alanine residue (T27A, S41A, T44A or S47A) did not noticeably 

affect UL97-induced migration patterns during phosphate affinity (Phos-tag) SDS-PAGE of 

lysates from transiently transfected Saos-2 cells (Fig. 4A). However, the slowly migrating 

E2F3b band elicited by UL97 was not present in cells expressing the S38A mutant (Fig. 

4A). Compared to ectopically expressed wild type, phosphorylation of ectopically expressed 

E2F3b-S38A was also diminished in HFF cells transiently transfected with UL97 (Fig. 4B) 

or infected with HCMV (Fig. 4C). Furthermore, UL97 phosphorylated wild type E2F3b in 

vitro, but when E2F3b-S38A was used as the substrate, phosphorylation was significantly 

reduced (Fig. 4D and 4E). We conclude that Ser38 is the major E2F3b phosphorylation site 

for UL97 during HCMV infection.

In addition to the v-CDK UL97, the cellular CDKs also phosphorylate E2F3b. In serum 

starvation and release experiments, E2F3b was converted to a slower migrating, 

phosphorylated form with kinetics similar to the known CDK substrate, Rb (Fig. 5A). Cyclin 

E/CDK2 phosphorylated wild type E2F3b in vitro (Fig. 5B). When E2F3b-S38A was used 

as the substrate, Cyclin E/CDK2-mediated phosphorylation was modestly reduced (Fig. 5B 

and 5C), indicating that one or more residues in addition to Ser38 are likely to be CDK 

target sites. Ectopically expressed Cyclin A2/CDK2 phosphorylated ectopically expressed 

E2F3b in transiently transfected Saos-2 cells (Fig. 5D). Mutation of Ser41, Thr44, or Ser47 

to a non-phosphorylatable alanine residue did not noticeably affect Cyclin A2/CDK2 

phosphorylation of E2F3b (Fig. 5D). However, the slowest migrating E2F3b band elicited by 
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Cyclin A2/CDK2 was not present in cells expressing either the T27A or the S38A mutant 

(Fig. 5D). Similarly, Cyclin E1/CDK2- and Cyclin D2/CDK4-mediated phosphorylation of 

E2F3b occurred on both Thr27 and Ser38 (Fig. 5E). None of these Cyclin/CDK pairs were 

able to appreciably phosphorylate an E2F3b mutant with alanine replacements at both Thr27 

and Ser38 (Fig. 5E). We conclude the cellular CDKs phosphorylate E2F3b on Thr27 and 

Ser38.

In a luciferase assay measuring activation of the E2F-responsive E2F-1 promoter, we 

detected no differences between wild type E2F3b and the nonphosphorylatable T27A/S38A 

double mutant, nor the phosphomimetic mutants T27E, S38D, or the double T27E/S38D 

mutant (Fig. 6A). Despite our inability to demonstrate a phenotype for E2F3b 

phosphorylation at Ser38, this modification may play a role in human cancers. The amino 

acid corresponding to Arg162 of E2F3a and Arg37 of E2F3b has been found substituted by 

glutamine in endometrial and stomach cancers (Catalogue of Somatic Mutations in Cancer; 

ID: COSM1076417). In transfected cells, we discovered the R37Q mutation in E2F3b 

inhibited phosphorylation of the protein by both UL97 and Cyclin E1/CDK2 (Fig. 6B). 

Therefore, were this substitution mutation to play a phenotypic role in human cancers, the 

contribution may be functionally mediated by impaired phosphorylation.

2.3. UL97 directs the phosphorylation of MMB-associated FoxM1

The MMB-interacting protein, FoxM1 has 30 identified phosphorylation sites 

(PhosphoSitePlus). FoxM1 is phosphorylated by Cyclin D1/CDK4, Cyclin D3/CDK6 

(Anders et al., 2011), CDK1 (Sullivan et al., 2012), and Cyclin A/CDK2 complexes 

(Laoukili et al., 2008) on a series of residues within the carboxy terminal transcriptional 

activation domain, including Thr600. This hyper phosphorylation, including specific 

phosphorylation of Thr600, increases the ability of FoxM1 to activate transcription. We 

observed that ectopically expressed UL97 also phosphorylated ectopically expressed FoxM1 

on Thr600 (Fig. 7A). UL97-mediated FoxM1 phosphorylation required UL97 to be an active 

kinase but did not require the L1 LXCXE motif of UL97 (Fig. 7A). Ectopically expressed 

FoxM1 was also phosphorylated on Thr600 during HCMV infection in a UL97-dependent 

manner (Fig. 7B). We conclude that UL97 directs the phosphorylation of FoxM1 on Thr600.

3. Discussion

UL97 phosphorylates all three retinoblastoma family proteins, Rb, p107 and p130 reversing 

their ability to repress E2F-dependent transcription (Iwahori et al., 2015; Iwahori et al., 

2017). This UL97-mediated phosphorylation disrupts Rb-E2F complexes (Iwahori et al., 

2015) but not p107-E2F or p130-E2F complexes (Iwahori et al., 2017). A mutation in the 

first LXCXE motif (L1) in UL97 renders the mutant protein unable to inactivate Rb, though 

it still disrupts Rb-E2F complexes (Iwahori et al., 2015). How UL97 inactivates p107 and 

p130 without complex disruption, and how the L1 LXCXE motif of UL97 contributes to Rb 

inactivation remains to be explored, and highlights the complex and incompletely 

understood nature of how the Rb family proteins regulate cell cycle progression. Here we 

identify novel substrates of UL97 that extend its regulatory reach beyond the Rb proteins 

themselves, and beyond the G1/S transition. We found LIN52, E2F3, and FoxM1 are all 
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phosphorylated by UL97. Interestingly, none of these phosphorylation events required the 

L1 LXCXE motif, indicating that additional layers of regulation exist.

UL97 phosphorylated LIN52 on Ser53 and possibly Ser28 during HCMV infection, and on 

additional sites (Ser7, Ser48, and an unidentified site likely to be Ser52) when ectopically 

expressed. The significance of phosphorylation at Ser53 is not known, and we have not 

tested whether or not cellular CDKs can phosphorylate this site. However, Ser53, unlike 

Ser28 does not regulate LIN52 binding to p130 (Fig. 2B). Phosphorylation at Ser28 appears 

to be mediated by DYRK1A, UL97 and potentially cellular CDKs, implying a need to 

maintain an assembled DREAM complex in HCMV infected cells.

E2F proteins are not only regulated by interaction with Rb family members but also by the 

post-translational modifications of phosphorylation, ubiquitination, methylation, 

sumoylation, and acetylation (Black and Azizkhan-Clifford, 1999; Munro et al., 2012). 

These modifications can affect interactions with Rb family members, nuclear export, 

stability, and DNA binding activity. Here we detected UL97-mediated phosphorylation of 

E2F3b on Ser38, and cellular CDK-mediated phosphorylation on Thr27 and Ser38. We 

could detect no effect of mutation of these residues to either non-phosphorylatables or 

phospho-mimetics using a standard E2F transcriptional activation assay. Assays more 

tailored to specific E2F3a or E2F3b functions, when developed, could yield different results. 

The possibility for phosphorylation-dependent regulation of E2F3 activity is made more 

appealing by our discovery that a cancer-associated mutation in E2F3 precludes cellular 

CDK-mediated phosphorylation (Fig. 6B). Whether this point mutation or its effect on E2F3 

phosphorylation is a driving event in human cancers remains to be determined. Furthermore, 

while the functional significance of E2F3b phosphorylation remains unclear, we do note that 

UL97 targets only one of the two sites phosphorylated by cellular CDKs, implying that 

modification of these two sites may have independent functional significance.

The ability of FoxM1 to activate the transcription of genes required for progression through 

the G2/M phases of the cell cycle is strengthened by CDK-dependent phosphorylation on a 

series of residues including Thr600 (Laoukili et al., 2008; Sullivan et al., 2012). Here, we 

detect UL97-medited phosphorylation of FoxM1 on Thr600, implying that UL97 may 

activate this transcription factor. HCMV productive (lytic) infection of fibroblasts arrests 

their cell cycle progression at an aberrant state most resembling the G1/S border. Perhaps 

UL97 induces the expression of FoxM1-regulated genes with augmenting functions for 

HCMV replication that would otherwise not accumulate due to the viral-induced cell cycle 

arrest. Furthermore, this phosphorylation event may be pro-proliferative in other cell types 

where the cell cycle effects of HCMV infection are less studied.

In summary, we have identified three new cell cycle substrates for the v-CDK UL97 of 

human cytomegalovirus (Fig. 8). These novel substrates widen the footprint of UL97’s 

influence on the cell cycle, expanding it past the Rb tumor suppressors themselves and to 

phases beyond G1 and S.
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4. Materials and methods

4.1. Cells

Saos-2 (containing truncated Rb), U-2 OS, primary human foreskin fibroblasts (HFF), and 

primary normal human dermal fibroblasts (NHDFs) (clonetics) were grown and maintained 

at 37°C in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented 

with 10% fetal bovine serum (FBS, Sigma-Aldrich), 100 U/ml penicillin, 100 μg/ml 

streptomycin, and 0.292 mg/ml glutamine (PSG, Sigma-Aldrich). All infections were 

performed under serum-starved conditions. For serum starvation, sub-confluent fibroblasts 

were incubated in DMEM with 0.1% FBS for 48 hours. For serum stimulation, serum-

starved fibroblasts were incubated with 15% serum. Saos-2 and U-2 OS cells were 

transfected using TransIT-2020 (Mirus), and HFF and NHDF cells were transfected using 

nucleofector kits for human dermal fibroblast (NHDF) and an Amaxa Nucleofector II 

(Lonza).

4.2. Virus and inhibitors

The wild-type HCMV strain was AD169. Maribavir (Acme Bioscience, A4028; 10 μM) or 

Harmine (Abcam, 5 μM) was added at 2 hr after infection.

4.3. Plasmids

Expression plasmids have been described: pCGN-HA UL97wt and pCGN-HA UL97kd, 

(Kuny et al., 2010); Rc/cyclin A2 and Rc/cyclin E1 (Hinds et al., 1992); Rc/cyclin D2 

(Baker et al., 2005); CMV-CDK4 (van den Heuvel and Harlow, 1993); LIN52-V5-pEF6 

(Guiley et al., 2015); pCMV-T7-FoxM1B (Chen et al., 2009); pCMV-DP1 (Helin et al., 

1993); pE2F1-Luc(-242) (Johnson et al., 1994); pCMV-Rb (Qin et al., 1992). pCDK2-HA, 

pUHD-CDK1-WT-HA, p-cyclin B1-mCherry, pCMV-Neo-Bam-E2F3a and pCMV-Neo-

Bam-E2F3b were purchased from Addgene (#1884, #27652, #26063, #37970 and #37975) 

(Gavet and Pines, 2010; Lees et al., 1993; van den Heuvel and Harlow, 1993). pCMV-Flag-

E2F3a, pCMV-Flag-E2F3b and pCMV-FLAG-LIN52 were constructed by inserting PCR 

products amplified from pCMV-Neo-Bam-E2F3a, pCMV-Neo-Bam-E2F3b or LIN52-V5-

pEF6 into the HindIII and XbaI sites of p3xFlag-CMV-10 (Sigma-Aldrich) using an In-

Fusion HD cloning kit (Clontech). pGEX2T-E2F3b was constructed by inserting PCR 

products amplified from pCMV-Neo-Bam-E2F3b into the BamHI and EcoRI sites of 

pGEX-2T (GE Healthcare) using an In-Fusion HD cloning kit. Expression plasmids 

generated during this study by site-directed mutagenesis techniques are based on p3xFlag-

CMV-10 or pGEX-2T and contain these substitutions: E2F3b-T27A, S38A, S41A, T44A, 

S47A, T27A/S38A, T27E, S38D, T27E/S38D and R37Q, and p3xFlag-CMV-10-based 

LIN52-S7A, S28A, S48A, S53A, S7/28A, S28/48A, S28/53A, S28/48/53A and 

S7/28/48/53A. All alleles generated by PCR have been confirmed by sequencing. The 

sequences of primers for mutagenesis are available upon request.

4.4. Antibodies

Primary antibodies were purchased from Abcam (Cyclin A2, catalog# ab32498; DYRK1A, 

ab54944), Ambion (GAPDH, AM4300), BD Transduction Laboratories (CDK1, 610038; 
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CDK2, 610146), Bethyl laboratories (LIN9, A300-BL2981; LIN54, A303-799A), Cell 

Signaling (FoxM1, 5436; FoxM1-pT600, 14655; GST, 2624; Rb, 9309), Covance (HA, 

MMS-101P), Virusys (UL44, CA006-100), Santa Cruz (CDK4, sc-23896; cyclin B1, sc-245; 

cyclin D1, sc-718; cyclin D2, sc-181; cyclin E, sc-247; E2F3, sc-878; E2F4, sc-866; p107, 

sc-318; p130, sc-317), and Sigma-Aldrich (α-tubulin, T9026; Flag-M2, F1804). Antibodies 

against HCMV IE1 (1B12) and UL97 have been previously described (He et al., 1997; Zhu 

et al., 1995). Mouse TrueBlot Ultra (eBioscience, 18-8817) and rabbit TrueBlot (18-8816) 

were used as secondary antibodies for Western blotting of immunoprecipitation samples.

4.5. In vivo phosphorylation assays

To detect E2F3b or FoxM1 phosphorylation, Saos-2 cells were transfected with wild-type 

and mutated E2F3b or wild-type FoxM1B expression plasmid DNA together with wild-type 

and kinase-deficient HCMV UL97 or cellular Cyclin/CDKs. To detect LIN52 

phosphorylation, transfections were performed as for E2F3b phosphorylation except using 

U-2 OS cells and wild-type and mutated LIN52 expression plasmid. At 48 hours post-

transfection, the transfected cells were harvested and subjected to Western blotting.

4.6. Luciferase assay

U-2 OS cells (2.5×105/6-well) were transfected with expression plasmids for alleles of Flag-

tagged E2F3b (0.1, 0.2, and 0.5 μg) together with CMV-DP1 (same amount as E2F3b) and 

pE2F1-Luc(-242) (0.02 μg) using TransIT-2020. Luciferase assays were performed as 

described previously (Iwahori et al., 2015).

4.7. Protein purification and in vitro phosphorylation assay

GST-tagged wild-type E2F3b and S38A mutant proteins were purified using Glutathione 

Sepharose 4B (GE Healthcare) from pGEX2T-based wild-type E2F3b and S38A mutant-

transformed bacteria as previously described (Iwahori et al., 2007). Wild-type and kinase-

deficient UL97 were purified as previously described (Iwahori et al., 2017). Cyclin E/CDK2 

was purchased from Millipore. In vitro kinase reactions with E2F3b were performed at 37°C 

for 30 min in the kinase reaction buffer (50 mM Tris, pH8; 5 mM β-glycerophosphate, 10 

mM MgCl2, 2 mM DTT, 0.05 mM cold ATP, 2 μCi [γ-32P]ATP). The reactions were 

incubated at 37°C for 30 min, stopped with SDS-PAGE loading buffer, and boiled for 10 

min. Half of the samples were run on a 7.5% SDS-PAGE gel, dried and exposed to film for 

autoradiography. The other half of the samples were subjected to Western blotting.

4.8. Westerns

E2F3b or FoxM1-transfected Saos-2 cells, HCMV-infected fibroblasts or LIN52-transfected 

U-2 OS cells were lysed in an SDS solution (1% SDS, 2% β-mercaptoethanol) by boiling 

for 10 minutes followed by vortexing as previously described (Hume et al., 2008). Equal 

amounts of proteins were separated by 7.5%, 10%, or 12% SDS-PAGE and transferred onto 

nitrocellulose membranes. The phosphate-affinity (Phos-tag, NARD institute) 

electrophoresis was performed following the manufacturer’s instructions. Lambda protein 

phosphatase (l-PPase) reactions were performed as described previously (Iwahori et al., 
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2007). Protein bands were quantified with the Odyssey Fc Imager and the Image Studio 

version 2.1.10 software (LI-COR).
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Highlights

• HCMV v-CDK UL97 phosphorylates multiple cell cycle substrates

• DREAM complex assembly likely driven in part by UL97-mediated 

phosphorylation

• Cancer relevant E2F3 mutation impairs phosphorylation by UL97 and cellular 

CDKs

• G2 substrate FoxM1 targeted by UL97
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Figure 1. UL97 directs LIN52 phosphorylation at multiple sites
(A) U-2 OS cells were transfected with expression plasmids for Flag-tagged LIN52 (Flag-

LIN52) together with either an empty vector (EV), plasmids expressing HA-tagged UL97 

(97), a UL97-L1 motif mutant (L1), a UL97 kinase-deficient mutant (KD), cyclin A2 (A2)/

CDK2 (K2), cyclin E1 (E1)/CDK2, cyclin D2 (D2)/CDK4 (K4) or cyclin B1 (B1)/CDK1 

(K1). Lysates harvested 48 hours after transfection were harvested and incubated with (+) or 

without (−) lambda protein phosphatase (l-PPase) prior to analysis by western blot with the 

indicated antibodies. The phosphorylation-dependent band shifts of LIN52 were detected in 

phosphate affinity (Phos-tag) gels. (B, C) Transfections were performed as in panel A except 

Flag-LIN52 alleles carrying single or multiple serine to alanine exchanges were also 

included.
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Figure 2. LIN52 is phosphorylated on Ser28 and Ser53 during HCMV infection
(A) HFFs were transfected with the indicated alanine substitution alleles of Flag-tagged 

LIN52. At 18 hr post-transfection the cultures were serum-starved. After 48 hr cells were 

infected with HCMV at an MOI of 3. At 2 hr post-infection cultures were treated with 10 

μM maribavir (MBV) or DMSO as a vehicle. Whole cell lysates were prepared at 48 hr post-

infection and analyzed by western blot with the indicated antibodies. The phosphorylation-

dependent band shifts of LIN52 were detected in phosphate affinity (Phos-tag) gels. (B) In 

the upper panel, HCMV-infected cells were treated and analyzed as described in panel A 

except including DYRK1A inhibitor Harmine. Where indicated (+), Harmine was added at 5 

μM. In the lower panel, mock-infected serum-starved cells were stimulated by 15% FBS for 

22 hr with or without 5 μM Harmine. Lysates were analyzed by western blot with the 

indicated antibodies. (C) U-2 OS cells were transfected with expression plasmids for the 

indicated alleles of Flag-tagged LIN52 together with expression plasmids for the indicated 

alleles of UL97. Lysates harvested 48 hr after transfection were subjected to 

immunoprecipitation with the Flag antibody. Input lysates and immunoprecipitates (IP) were 

analyzed by western blot with the indicated antibodies. C, mouse IgG control.
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FIGURE 3. UL97 directs E2F3b phosphorylation during HCMV infection
(A) HFFs were transfected with either an empty vector (−) or expression vectors for Flag-

tagged E2F3a (3a) or E2F3b (3b). At 48 hr post-transfection, cells were harvested and 

analyzed by western blot with Flag or E2F3 antibodies. (B) Serum-starved human 

fibroblasts (HFFs) were mock-infected or infected with wild-type HCMV (V) at an MOI of 

3. At 24 hr post-infection (hpi) protein lysates were harvested and incubated with (+) or 

without (−) lambda protein phosphatase (l-PPase) prior to analysis by western blot with the 

indicated antibodies. Short: short-term electrophoresis in 10% gel. Long: long-term 

electrophoresis in 7.5% gel. *: non-phosphorylated or non-specific band. (C) Serum-starved 

HFFs were infected with HCMV as in panel B except maribavir (MBV) or DMSO was 

added as indicated. Lysates were analyzed by western blot with the indicated antibodies. M, 

mock infection. (D) Saos-2 cells were transfected with both expression plasmids for Flag-

tagged E2F3b and Rb together with either an empty vector (−) or one expressing HA-tagged 

wild-type (WT), L1 motif mutant (L1) or a kinase deficient (KD) UL97. Lysates harvested 

48 hr after transfection were analyzed by western blot with the indicated antibodies. The 
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phosphorylation-dependent band shifts of E2F3b were detected in phosphate affinity (Phos-

tag) gels.
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FIGURE 4. UL97 likely phosphorylates E2F3b on Ser38
(A) Saos-2 cells were transfected with expression plasmids for Flag-tagged alleles of wild-

type E2F3b or E2F3b in which the indicated Ser or Thr residues are replaced with alanines 

(27, T27A; 38, S38A; 41, S41A; 44, T44A; 47, S47A; DA, T27- and S38-double alanine 

mutant) together with either an empty vector (−) or one expressing HA-tagged wild-type 

(WT) UL97 or a kinase deficient (KD) UL97. Lysates harvested 48 hr after transfection 

were analyzed by western blot with the indicated antibodies. The phosphorylation-dependent 

band shifts of transiently-expressed E2F3b were detected in phosphate affinity (phos-tag) 

gels. (B) HFFs were transfected with Flag-tagged alleles of wild-type E2F3b or E2F3b-

S38A and analyzed as in panel A. (C) HFFs were transfected with Flag-tagged alleles of 

wild-type E2F3b or E2F3b-S38A and then subjected to serum starvation. After 48 hr cells 

were infected with HCMV at an MOI of 2 and harvested after 27 hrs and analyzed as in 

panel A. (D) GST-tagged wild-type E2F3b and E2F3b-S38A were purified from bacteria. 

Wild-type (WT) or kinase-deficient (KD) UL97 were incubated with the GST-tagged 

substrates in the presence of [γ-32P]ATP. After these in vitro kinase reactions, the samples 

were resolved by SDS-PAGE and visualized by autoradiography or subjected to western blot 

with the indicated antibodies. (E) The 32P incorporation into E2F3b in panel D was 

measured using a Typhoon 9200 (Amersham Biosciences) and ImageQuant 5.2 software and 

then normalized to protein amounts of E2F3b measured by LI-COR. Values are presented 

relative to the value in wild-type E2F3b phosphorylation by wild-type UL97 (set at 100%). 

Error bars denote the standard deviation. Statistical analysis utilized a two-tailed unpaired 

Student’s t test. ** P < 0.01.
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FIGURE 5. Cellular cyclin/CDK complexes likely phosphorylate E2F3b on Thr27 and Ser38
(A) HFFs were serum-starved for 48 hrs and then stimulated with 15% serum. Serum-

stimulated HFFs were harvested at the indicated hrs and analyzed by western blot with the 

indicated antibodies. The percentage of the slower-migrating form of E2F3b was quantified 

using NIH ImageJ software and is listed under each lane. (B) An in vitro kinase reaction was 

conducted and analyzed as in Fig. 4D except using purified cyclin E/CDK2 complex. (C) 

The 32P incorporation into E2F3b in panel B was measured as in Fig. 4E. Values are 

presented relative to the value of wild-type E2F3b phosphorylation by cyclin E/CDK2 (set at 

100%). Error bars denote the standard deviation. Statistical analysis utilized a two-tailed 

unpaired Student’s t test. ** P < 0.01. (D) Saos-2 cells were transfected with expression 

plasmids for Flag-tagged alleles of wild-type (WT) E2F3b or E2F3b in which the indicated 

Ser or Thr residues are replaced with alanines (27, T27A; 38, S38A; 41, S41A; 44, T44A; 

47, S47A) together with either an empty vector (−) or expression plasmids for cyclin A2 and 

CDK2. Lysates harvested 48 hr after transfection were analyzed by western blot with the 

indicated antibodies. (E) Saos-2 cells were transfected with Flag-tagged alleles of wild-type 

E2F3b or E2F3b containing double alanine (DA) mutations of Thr-27 and Ser-38 as in panel 

D except in the presence of expression plasmids of cyclin E1 and CDK2 or cyclin D2 and 

CDK4.
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FIGURE 6. Cancer associated R37Q mutation prevents E2F3b phosphorylation by UL97 or 
cellular cyclin E/CDK2
(A) Saos-2 cells were transfected with a luciferase reporter driven by the E2F1 promoter 

together with either an empty vector (−) or different amounts (0.1, 0.2, or 0.5 μg/35-cm2 

area) of expression plasmids for DP1 or the indicated allele of Flag-tagged E2F3b. WT, 

wild-type; DA, T27A/S38A; 27E, T27E; 38D, S38D; ED, T27E/S38D. Lysates harvested 48 

hr after transfection were analyzed for luciferase activity (top) and protein expression with 

the indicated antibodies (bottom). Luciferase activity was normalized to total protein 

concentration and is presented relative to the activity of the reporter without E2F3b or DP1 

(set at 1). Error bars denote the standard deviation of more than 3 replicates. Statistical 

analysis utilized a two-tailed unpaired Student’s t test. n.s., not significant. (B) Saos-2 cells 

were transfected with expression plasmids for Flag-tagged alleles of wild-type (WT) E2F3b 

or E2F3b with single amino acid mutation (RQ, R37Q; 27, T27A; 38, S38A) and either an 

empty vector (−) or one expressing HA-tagged wild-type UL97 (97) or cyclin E1/CDK2 

(E/2). Lysates harvested 48 hr after transfection were analyzed by western blot with the 

indicated antibodies. The phosphorylation-dependent band shifts of E2F3b were detected in 

phosphate affinity (phos-tag) gels.
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Figure 7. UL97 directs FoxM1 phosphorylation on Thr600
(A) Saos-2 cells were transfected with expression plasmids for T7-tagged FoxM1 together 

with either an empty vector (EV), HA-tagged wild-type UL97 (97), the indicated allele of 

UL97, or cyclin E1/CDK2. Lysates harvested 48 hr after transfection were analyzed by 

western blot with the indicated antibodies. (B) NHDFs were transfected with the CMV 

promoter-driven T7-tagged FoxM1. At 18 hr post-transfection the transfected NHDFs were 

serum-starved. After 48 hr cells were infected with HCMV at an MOI of 3. At 2 hr post-

infection infected cells were treated with 10 μM maribavir (MBV) or DMSO as a vehicle. 

Whole cell lysates were prepared at 48 hr post-infection and analyzed by western blot with 

the indicated antibodies.
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Figure 8. UL97 phosphorylates multiple Rb pathway proteins throughout the cell cycle
UL97 phosphorylates DREAM complex members (LIN52, p130, p107), Rb complex 

members (Rb, E2F3), and an MMB-interacting protein (FoxM1), each of which regulate 

transcription at different stages of the cell cycle.
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Table 1

Potential phosphorylation residues on E2F3

E2F3aa E2F3bb S/T-Pc

Ser 124 - −

Thr 152 27 +

Ser 163 38 +

Ser 166 41 +

Thr 169 44 +

Ser 172 47 +

Ser 174 49 −

Ser 235 110 −

Ser 267 142 −

Tyr 349 224 −

a
Residue numbers on E2F3a.

b
Residue numbers on E2F3b.

c
Serine/threonine is followed by proline (+) or not (−).
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