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ABSTRACT

We report that UL133-UL138 (UL133/8), a transcriptional unit within the ULb= region (ULb=) of the human cytomegalovirus
(HCMV) genome, and UL97, a viral protein kinase encoded by HCMV, play epistatic roles in facilitating progression of the viral
lytic cycle. In studies with HCMV strain TB40/E, pharmacological blockade or genetic ablation of UL97 significantly reduced the
levels of mRNA and protein for IE2 and viral early and early-late genes during a second wave of viral gene expression that com-
menced at between 24 and 48 h postinfection. These effects were accompanied by significant defects in viral DNA synthesis and
viral replication. Interestingly, deletion of UL133/8 likewise caused significant defects in viral DNA synthesis, viral gene expres-
sion, and viral replication, which were not exacerbated upon UL97 inhibition. When UL133/8 was restored to HCMV laboratory
strain AD169, which otherwise lacks the locus, the resulting recombinant virus replicated similarly to the parental virus. How-
ever, during UL97 inhibitor treatment, the virus in which UL133/8 was restored showed significantly exacerbated defects in viral
DNA synthesis, viral gene expression, and production of infectious progeny virus, thus recapitulating the differences between
wild-type TB40/E and its UL133/8-null derivative. Phenotypic evaluation of mutants null for specific open reading frames within
UL133/8 revealed a role for UL135 in promoting viral gene expression, viral DNA synthesis, and viral replication, which de-
pended on UL97. Taken together, our findings suggest that UL97 and UL135 play interdependent roles in promoting the progres-
sion of a second phase of the viral lytic cycle and that these roles are crucial for efficient viral replication.

IMPORTANCE

A unique feature of the herpesviruses, such as human cytomegalovirus (HCMV), is that they can undergo latency, a state during
which the virus silences its gene expression, which allows lifelong viral persistence in immunocompetent hosts. We have uncov-
ered an unexpected link between a cluster of HCMV genes involved in latency, UL133-UL138, and a virally encoded protein ki-
nase, UL97, which plays crucial roles in manipulating the cell cycle during HCMV lytic replication. Although viral immediate
early (IE) gene expression is essential for HCMV lytic replication, the activation of IE gene expression in latently infected cells is
not sufficient to result in production of infectious virus. Our findings here and in an accompanying study (M. Umashankar, M.
Rak, F. Bughio, P. Zagallo, K. Caviness, and F. D. Goodrum, J. Virol. 88:5987– 6002, 2014) show that proteins expressed from the
UL133-UL138 latency locus and UL97 play interdependent roles in overcoming checkpoints that restrict the viral lytic replica-
tion cycle, findings which suggest intriguing implications for establishment of and reactivation from HCMV latency.

Human cytomegalovirus (HCMV) is the archetypal betaher-
pesvirus (reviewed in reference 1). Its genome, at over 235

kbp, is the largest of any virus known to infect humans. As with all
herpesviruses, the HCMV lytic replication cycle is comprised of an
orderly cascade of viral protein expression, which is classified into
three phases: immediate early (IE; or �), early (E; or �; also called
delayed early), and late (L; or �). Viral genes are categorized into
these kinetic classes on the basis of whether their expression shows
sensitivity to inhibition of transcription (IE), translation (E),
and/or viral DNA synthesis (L). The ability of herpesviruses such
as HCMV to regulate their gene expression is important not only
for lytic replication but also for viral latency, a state during which
viral gene expression is minimized while the potential for reacti-
vation is maintained.

Despite having such a large genome, HCMV encodes only one
conventional protein kinase, UL97 (also referred to as pUL97),
which is thought to act at multiple stages during infection to pro-
mote efficient viral replication (reviewed in reference 2). Despite

its importance as an antiviral drug target (3), it remains unclear
which roles of UL97 are the most crucial for infection and patho-
genesis in vivo. The most well understood functions of the protein
involve its mimicry of cellular cyclin-dependent kinase (CDK)–
cyclin complexes: UL97 phosphorylates CDK substrates, includ-
ing the retinoblastoma tumor suppressor protein (pRb) (4, 5), and
A-type nuclear lamins (6–8). UL97 phosphorylates pRb at sites
consistent with inactivation of its tumor suppressor function (4),
which is thought to involve repression of cellular genes important
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for progression toward S phase (9). Moreover, UL97-mediated
inactivation of pRb-family pocket proteins is required for efficient
viral DNA synthesis in quiescent cells (10). UL97 phosphorylates
A-type lamins on a site that regulates the disassembly of lamin
polymers (7), which is hypothesized to facilitate the escape of
newly assembled viral nucleocapsids from the nucleus (viral nu-
clear egress) (6–8, 11, 12). UL97 may also exert effects on the host
cell cycle by phosphorylating Cdh1 (Fzr), a subunit of the ana-
phase-promoting complex/cyclosome (APC/C), which likewise
represents a CDK substrate (13, 14).

In this study, we present evidence that UL97 is required during
infection to stimulate progression of the viral lytic cycle. We found
that UL97-deficient infections showed defects in a second phase of
viral mRNA and protein expression, which involved IE2, a key
transactivator of the viral lytic cycle, and viral early (E) and early-
late (E-L) genes that participate in viral genome replication, which
are likely regulated by IE2 (reviewed in reference 1). Consistent
with these observations, we found that viral genome replication
occurred at decreased levels when the second wave of viral gene
expression was attenuated upon pharmacological inhibition or
genetic ablation of UL97.

Furthermore, we demonstrate that progression of the viral lytic
cycle is also strongly influenced by UL133-UL138 (UL133/8), a
locus within the ULb= region of the HCMV genome. Deletion of
UL133/8 resulted in a basal defect in viral replication, which was
accompanied by underlying defects in viral DNA synthesis, and in
second-phase expression of IE2 and viral E and E-L genes, which
were not further affected by UL97 inhibition. Conversely, reintro-
duction of UL133/8 to an HCMV strain that had spontaneously
lost the locus during laboratory adaptation led to exacerbated de-
fects during UL97 inhibition. Finally, we identify UL135, a con-
stituent of UL133/8, to be necessary for these UL97-dependent
effects on viral gene expression.

MATERIALS AND METHODS
Cells and virus. The bacterial artificial chromosome (BAC) clone of
HCMV strain AD169, AD169rv (15), was a gift of Ulrich Koszinowski. A
BAC clone of TB40/E, TB40-BAC4 (16), was a gift of Christian Sinzger
(University of Ulm, Ulm, Germany), and its UL97-null (�97) mutant
derivative has been previously described (17). TB40/E with a deletion
of the entire UL133/8 locus (TB40/E_UL133-UL138NULL [UL133/
8NULL]), a TB40/E mutant unable to express UL138 (TB40/E_UL138STOP

[UL138STOP]), and a TB40/E mutant that does not express either UL135
or UL138 (TB40/E_UL135STOP/UL138STOP [5/8STOP]) are described else-
where (18, 19). AD169_UL133/8 was constructed using en passant Red
mutagenesis in Escherichia coli (20, 21), as previously described (17).
Briefly, a PCR product containing an I-SceI–aphAI cassette was generated
using primers TB_UL135Kan_Fw (5=-GCT CTA CAT AGG AGA GGA
TGG TCT GCC GAT AGA TAA ACC CGA GTT TCC TCC GGC GCG
ATT TAG GGA TAA CAG GGT AAT CGA TTT-3=) and TB_
UL135Kan_Rv (5=-TG GAT ACG TCG GGG ATC TCG AAT CGC GCC
GGA GGA AAC TCG GGT TTA TCT ATC GGC AGA CGC CAG TGT
TAC AAC CAA TTA ACC-3=) and inserted via Red recombination into
the UL135 coding region of TB40/E. The resulting kanamycin-resistant
(Kanr) BAC, TB40/E_UL135_aphAI, was used as the template to generate
a PCR product of the entire UL133/8 region, including the I-SceI–aphAI
cassette, using primers Ad_TBUL148A_Fw (5=-CTC CTC CAG GTA
GTG GGT CTG ACT GCG ACG CAG CGT CCA GTT CAT GTA AAA
CCT CCG TAG TCC TGT TCG C-3=) and Ad_TBUL139_Rv (5=-GAC
TGG ATT AGT AAG CAG CCT CTT CGT GGC CGG ACA CGG CGA
GAC CGA CTG TTT ATT ACT ATA TAA TTG A-3=). The 5= ends of the
primers were designed to promote a recombination event that would

replace a 16-bp noncoding region between RL13 and UL132 of AD169,
corresponding to AD169 nucleotide positions 42455 to 42470 (the num-
bering is according to that for the sequence with GenBank accession num-
ber AC146999.1), with the UL133/8 region of strain TB40/E. The inserted
UL133/8 sequences corresponded to nucleotide positions 219231 to
223352 of the sequence with GenBank accession number EF999921.1
(TB40/E BAC). The PCR product was electroporated into E. coli GS1783
harboring the AD169rv BAC. After isolation of Kanr colonies, I-SceI en-
donuclease and bacteriophage � Red recombinase activities were induced
to remove the I-SceI–aphAI cassette. The resulting recombinant BAC,
which we refer to as AD169_UL133/8, was verified by DNA sequencing of
a 4.615-kb contiguous region that included the boundaries of sequences
involved in en passant recombination events, as well as 4.122 kb of intro-
duced UL133/8 sequences. The verified sequence spanned from nucleo-
tide positions 42388 to 42882 of the AD169 genome (the numbering is
according to that for the sequence with GenBank accession number
AC146999.1 and does not reflect the insertion of UL133/8). The BAC was
also analyzed by restriction enzyme digestion to confirm that spurious
changes had not occurred and was reconstituted to generate infectious
virus, as described previously (17). Viral stocks were prepared by ultra-
centrifuge concentration, and titers were determined by assays that mea-
sured the 50% tissue culture infective dose (TCID50) or the number of
infectious units (IU)/ml, which have been described elsewhere (17). Rep-
lication kinetics experiments were performed as previously described
(17).

Primary human foreskin fibroblasts (HFFs) were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 20 �g/ml gentamicin sulfate, and 10 �g/ml cipro-
floxacin (complete medium), and experimental infections were con-
ducted in medium identical to complete medium, except that it contained
2% FBS instead of 10% FBS, all as described previously (17).

Pharmacological inhibitors. 1-(�-L-Ribofuranosyl)-2-isopropylamino-
5,6-dichlorobenzimidazole (22, 23), which is also known by the trade
name maribavir (MBV), was a generous gift of John Drach (University of
Michigan, Ann Arbor, MI). Medium containing MBV at 2 �M or di-
methyl sulfoxide (DMSO) at 0.1% (vol/vol) to control for the effects of the
carrier was applied at 2 h postinfection (hpi) and maintained until sam-
ples were harvested.

Western blotting. Western blotting procedures, including quantifica-
tion of results on a LI-COR Odyssey system (LI-COR, Inc., Lincoln, NE),
were carried out as described elsewhere (17). UL57, UL44, IE1, and hu-
man beta-actin were detected as previously described (17). IE2 was de-
tected using mouse monoclonal antibody clone 5A8.2 (MAB8410; Milli-
pore, Inc.). Rabbit polyclonal antibodies to UL138 and UL135 are
described elsewhere (19, 24).

qPCR. Real-time quantitative PCR (qPCR) to determine viral DNA
levels was performed as previously described (8, 17, 25). For quantifica-
tion of UL123, PCR efficiencies ranged from 96.8% to 109.9%, standard
curve regression values (r2) ranged from 0.981 to 0.996, and the slopes of
the calibration curve ranged from �3.321 to �3.4. For the 18S ribosomal
DNA (rDNA), PCR efficiency ranged from 99.2% to 104.3%, r2 values
were from 0.951 to 0.996, and the slopes of the calibration curve were from
�3.106 to �3.519.

For quantification of viral RNA, total RNA was isolated from infected
cells using an RNeasy minikit with an on-column DNase digestion step, as
per the manufacturer’s instructions (Qiagen, Inc., Valencia, CA). Two
hundred nanograms of total RNA from infected cells was used as the
template to produce oligo(dT)-primed cDNA with a ProtoScript II first-
strand cDNA synthesis kit (New England BioLabs, Danvers, MA). Result-
ing cDNAs and control samples without reverse transcriptase (RT) were
diluted 3-fold with water and used as the template in qPCRs to quantify
the abundance of the transcripts of the indicated viral genes and of cellular
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) transcripts, which
were used for normalization. Control samples in which RT was intention-
ally left out during the cDNA synthesis step uniformly produced qPCR
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results indistinguishable from the results of RT-qPCR on RNA samples
from mock-infected cells (not shown). The primers used in RT-qPCR
were specific for the GAPDH gene (5=-CTG TTG CTG TAG CCA AAT
TCG T-3= and 5=-ACC CAC TCC TCC ACC TTT GAC-3=) (26), UL69
(5=-CCT ACG ACT TTC GGT TCT TCT C-3= and 5=-CGT CCA GTT
CGT CGT CAA TAA-3=), UL57 (5=-TGT CAC CTA TGG GCA CAT
TC-3= and 5=-GAC ATC ACG AGC GAC TCT TT-3=), and UL44 (5=-GGC
GTG AAA AAC ATG CGT ATC AAC-3= and 5=-TAC AAC AGC GTG
TCG TGC TCC G-3=). UL123 (IE1) was detected by the same primers
referred to above for quantification of viral DNA (25), and UL122 (IE2)
was detected using primers 5=-TGA CCG AGG ATT GCA ACG A-3= and
5=-CGG CAT GAT TGA CAG CCT G-3=, which span an intron (27).
Except for the primers specific for GAPDH, UL122, and UL123, all RT-
qPCR primers were designed using PrimerQuest software from Integrated
DNA Technologies, Inc. (Coralville, IA), and the specificity of their PCR
products was confirmed by melting curve analysis (not shown). For newly
designed primer pairs, the linearity of the results was validated across a
series of dilutions of template (not shown).

Statistical analyses. Analyses to determine statistical significance were
performed using GraphPad Prism, version 6.0c (GraphPad Software, La
Jolla, CA).

RESULTS
UL97 positively influences transcript levels for IE2 and for rep-
resentative early and early-late genes during a second phase of
viral gene expression. We previously observed that pharmacolog-
ical inhibition or genetic ablation of UL97 negatively influenced
the expression of viral early (E; also called delayed-early) and ear-
ly-late (E-L) proteins, such as UL57 and UL44, which directly
participate in viral DNA synthesis (17). In the same study, we also
found that the ULb= region (ULb=) of the HCMV genome con-
ferred an increased requirement for UL97 in viral DNA synthesis.
These observations led us to hypothesize that UL97 regulates the
expression of viral E and E-L proteins that participate in viral DNA
synthesis and that ULb= plays a role in this process. As a first step

toward addressing our hypothesis, we sought to better define how
UL97 might influence viral protein expression. Therefore, we con-
ducted experiments with HCMV strain TB40/E, which contains
full-length ULb=, to determine whether pharmacological inhibi-
tion or genetic ablation of UL97 would affect viral mRNA levels
during infection.

We infected fibroblasts at a multiplicity of infection (MOI) of 1
and incubated them from 2 hpi onwards in medium containing
either the UL97 inhibitor maribavir (MBV) at 2 �M or 0.1%
DMSO as a carrier-alone control. We quantified mRNA levels for
UL123 (IE1) and UL122 (IE2), two viral genes driven by the viral
major immediate early promoter (MIEP), and for UL44 and
UL57, which represent E-L and E transcripts, respectively, over a
time course of infection by reverse transcriptase quantitative PCR
(RT-qPCR). For all four viral genes, we found that mRNA levels
during infection exhibited a biphasic nature (Fig. 1A to D). As
expected (28–30), the levels of IE1 (UL123) and IE2 (UL122)
mRNAs rose to an initial peak at 6 hpi, after which their levels
declined substantially, bottoming out at 10 to 16 hpi (Fig. 1A and
B). IE1 (UL123) mRNA levels then rose again (though not nearly
to their previous peak), plateaued at 24 hpi, and then exhibited a
slight decline by 48 hpi (Fig. 1B). IE2 (UL122) mRNA levels, on the
other hand, continued to increase from 24 to 48 hpi (Fig. 1A). Our
observations of the biphasic accumulation of IE2 mRNA and the
different patterns of transcript abundance between IE1 and IE2
are consistent with previous reports (28–30). However, we were
intrigued that the second phase of IE2 (UL122) mRNA accumu-
lation was markedly reduced during MBV treatment (Fig. 1A).

For viral E and E-L transcripts, represented by the UL57 and
UL44 mRNAs, respectively, the first peak was detected at about 10
to 12 hpi and was modest in amplitude compared to the ampli-
tudes of the two IE mRNAs (Fig. 1C and D). Subsequently, mRNA
levels for UL57 and UL44 fell substantially, reaching a low point at

FIG 1 Pharmacological inhibition or genetic ablation of UL97 leads to decreased late-phase mRNA accumulation for IE2 and for two viral early/early-late DNA
synthesis factors. (A to D) mRNA abundance for the indicated viral genes was measured at 2, 4, 6, 8, 10, 12, 16, 24, and 48 hpi by RT-qPCR and normalized to
GAPDH mRNA levels. Results are from infections at an MOI of 1 in the presence of MBV at 2 �M or DMSO at 0.1% (vol/vol) and are plotted relative to the signal
from mock-infected samples. Control reactions excluding reverse transcriptase uniformly resulted in threshold cycle values indistinguishable from those of the
RT-qPCR for mock-infected cells (not shown). (E to G) Viral mRNA levels for UL97-null TB40/E (�97) and parental wild-type TB40/E (WT) at an MOI of 1 were
compared at 4, 6, 8, 16, 24, 48, and 72 hpi. (H) Viral DNA levels were monitored at 2, 10, 12, 16, 24, 30, 36, 48, and 72 hpi by qPCR following infection with the
�97 mutant or WT. Error bars represent SEMs.
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16 hpi (Fig. 1C and D). Congruent with the findings for IE2
(UL122), however, UL57 and UL44 mRNA levels began to rise
again by 24 hpi and continued to increase through 48 hpi (Fig. 1C
and D). As with IE2 (UL122), the first peak of viral E and E-L gene
expression was unaffected during MBV treatment, while the sec-
ond phase was strongly attenuated by it (Fig. 1C and D). Similar
results were seen for other E and E-L mRNAs, including US28,
UL97, UL54, UL69, and UL70 (G. Li and J. P. Kamil, unpublished
results).

To exclude the possibility that off-target effects of MBV might
have caused these effects, we compared wild-type virus (WT) and
UL97-null (�97) mutant virus (Fig. 1E to G). �97 mutant virus
infections exhibited 3-fold defects in the levels of IE2, UL44, and
UL57 mRNA at 48 hpi and 72 hpi. Results from earlier time points,
however, were for the most part indistinguishable between WT
and the �97 mutant virus. Because these results were similar to
those from MBV treatment, we concluded that the effects of MBV
on viral mRNA levels were due to inhibition of UL97. Addition-
ally, we observed that the onset of viral DNA synthesis in strain
TB40/E, as indicated by qPCR detection of viral DNA, coincided
with the second wave of viral mRNA expression (Fig. 1H). More-
over, the defect in viral DNA synthesis in the �97 mutant virus
likewise coincided with its defects in mRNA expression (Fig. 1C to
H). Together, the results suggest that UL97 influences the levels of
mRNA for at least two viral genes involved in viral DNA synthesis
and for IE2, a crucial transactivator of the HCMV lytic cycle (1).

Ablation of UL133/8 abolishes the effects of UL97 inhibition
on viral DNA synthesis and viral replication. Our mRNA results
suggested that the roles of UL97 in viral gene expression might
contribute to the requirement for UL97 in viral DNA synthesis,
which we had previously found to involve ULb= (17). To under-
stand how ULb= might influence viral DNA synthesis, we first
needed to narrow down which particular gene(s) might be re-
sponsible. Therefore, we constructed three mutants with large de-
letions within ULb= and observed that a virus ablated for UL133-
UL141 exhibited attenuated defects in viral replication and viral
DNA synthesis during treatment with a UL97 inhibitor (not
shown). The UL133-UL138 (UL133/8) locus comprised the largest
portion of UL133-UL141, and moreover, UL141 is nonfunctional
in TB40/E (16, 31). We thus hypothesized that UL133/8 influences
the requirement for UL97 during infection. To address our hy-
pothesis, we tested the effects of UL97 inhibition on replication of
a virus with a deletion of the entire UL133/8 locus, TB40/
E_UL133/8NULL (UL133/8NULL).

During infection at an MOI of 1, UL97 inhibitor treatment
more drastically reduced replication in WT than in UL133/8NULL.
At 120 hpi and 144 hpi, MBV caused defects in WT that were
10-fold larger than those seen in UL133/8NULL (Fig. 2A and B).
However, under the DMSO control conditions, infectious virions
were produced at approximately 10-fold lower levels in UL133/
8NULL than in WT, and this difference was statistically significant
(Fig. 2C). Despite the basal replication defect of UL133/8NULL, WT
and UL133/8NULL replicated indistinguishably in the presence of
MBV (Fig. 2A to C). These observations suggest (i) that UL133/8
provides a benefit to viral replication for strain TB40/E, leading to
a viral replication defect in its absence, and (ii) that UL97 kinase
activity is required for this benefit, such that UL133/8NULL and WT
exhibit indistinguishable replication defects when UL97 is inhib-
ited.

We reasoned that if UL133/8 accounted for the influence of

ULb= on the requirement for UL97 (17), then the effects of a UL97
inhibitor on viral DNA synthesis should be attenuated in UL133/
8NULL infections. Indeed, MBV failed to influence viral DNA levels
in UL133/8NULL infections, while a significant, 5-fold decrease was
observed for WT infections (Fig. 2D). Moreover, as with viral
replication, basal levels of viral DNA synthesis were significantly
lower in UL133/8NULL infections than in WT infections (Fig. 2D).
Roles of UL97 in other processes, such as in viral nuclear egress
(11), seem likely to explain why MBV still reduces the replication
of UL133/8NULL (albeit to a reduced extent) while failing to affect
its DNA synthesis. Overall, these results imply that UL97 and one
or more genes encoded within UL133/8 must each be present for
wild-type levels of viral DNA synthesis and, moreover, suggest an
epistatic relationship between UL97 and UL133/8.

Timely expression of IE2 and high-level expression of viral
early and early-late genes depend on UL97 and UL133/8. The
viral proteins that replicate the HCMV genome are expressed with
E or E-L kinetics. For example, UL44, an E-L gene, encodes a viral
DNA polymerase accessory factor, and UL57, an E gene, encodes a
viral single-stranded DNA binding protein (reviewed in reference
1). Expression of the E and E-L genes is thought to be regulated by
viral IE transactivators, most notably, IE2 (1). Because we had
observed that the second phase of IE2 mRNA expression de-
pended on UL97 (Fig. 1), it seemed plausible that UL97 and one or
more functions encoded within UL133/8 were required to pro-
mote expression of IE2. Moreover, impaired expression of IE2
might be expected to result in the deficient expression of viral E

FIG 2 Deletion of UL133/8 attenuates the effects of UL97 inhibition on viral
replication and viral DNA synthesis. Fibroblasts were infected with WT or
UL133/8NULL at an MOI of 1 in the presence of 2 �M MBV or 0.1% DMSO
carrier alone. (A and B) Replication curves reflecting the production of cell-
free virus are shown for WT (A) and UL133/8NULL (B). Numbers between
curves indicate fold defects. Error bars, where perceptible, indicate standard
deviations. (C) Results at 144 hpi from three independent biological replicates
of the experiment shown in panels A and B are plotted side by side. (D) Levels
of viral DNA at 96 hpi from DMSO control- and MBV-treated infections are
shown as the number of copies of a viral gene, UL123, normalized to the
number of copies of the cellular 18S rDNA determined by qPCR in two inde-
pendent biological replicates. For panels C and D, error bars indicate SEMs.
One-way analysis of variance, followed by Tukey’s posttest, was used to deter-
mine statistical significance. ns, not significant; *, P 	 0.05; **, P 	 0.01.
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and E-L products, which could explain the defects in viral DNA
synthesis that we observed when either UL133/8 or UL97 was ab-
sent (Fig. 2D) (17). To investigate this possibility, we compared
the effects of UL97 inhibition on viral gene expression during WT
and UL133/8NULL infections.

We found that UL133/8NULL infections showed significantly
lower levels of mRNAs for IE2, UL44, and UL57 than WT infec-
tions at 48 hpi (Fig. 3A to C). Moreover, in UL133/8NULL infec-
tions, MBV failed to cause viral mRNA levels to decrease, while in
WT infections, the drug caused statistically significant, 
2- to
3-fold decreases in transcript levels for IE2 (UL122), UL44, and
UL57 (Fig. 3A to C). From these results, it appears that inhibition
of UL97 decreases the levels of mRNA for IE2 and for at least two
viral E/E-L genes and that these effects depend on UL133/8.

Consistent with our mRNA results, MBV caused pronounced
effects on expression of the proteins IE2, UL44, and UL57 but not
IE1, and the effects were markedly attenuated in UL133/8NULL

infections (Fig. 3D and F). At 48 hpi, MBV-treated WT infections

showed defects in protein expression of 4-fold for IE2, of nearly
3-fold for UL44, and of 2-fold for UL57, all of which were statis-
tically significant (Fig. 3D and F). In UL133/8NULL infections,
however, MBV failed to affect the expression of any of these pro-
teins (Fig. 3D and F). At 48 hpi, UL133/8NULL exhibited significant
basal defects in the expression of IE2, UL44, and UL57 (Fig. 3F),
which was consistent with its basal defect in viral DNA synthesis
(Fig. 2D). By 72 to 96 hpi, however, IE2 levels in MBV-treated WT
infections, as well as in UL133/8NULL infections, recovered to those
seen under the DMSO-treated WT control condition, while de-
fects in UL44 expression persisted (Fig. 3D). Thus, the absence of
either UL97 or UL133/8 resulted in delayed IE2 expression and in
prolonged defects in the expression of an E-L gene product.

To exclude the possibility that off-target effects of MBV could
explain our results, we investigated protein expression during �97
mutant virus infections. We found that the levels of IE2, but not
those of IE1, were appreciably lower in �97 mutant virus-infected
cells than in WT-infected cells at 48 hpi but not at earlier time

FIG 3 The UL133/8 locus is required for high-level accumulation of mRNA and protein for IE2 and for two viral proteins involved in DNA synthesis and for a
UL97 inhibitor to influence their accumulation. (A to C) mRNA abundance at 48 hpi for UL122 (IE2), UL44, and UL57 is shown for infections of fibroblasts with
either WT or UL133/8NULL at an MOI of 1 in the presence of 2 �M MBV or 0.1% DMSO. mRNA abundance is shown relative to that in DMSO control-treated
WT infections, which were set to 1.0. The results represent the averages from two independent biological replicates; a one-way analysis of variance with Tukey’s
posttest was used to evaluate statistical significance. (D) Fibroblasts were infected with WT or UL133/8NULL at an MOI of 1 or mock infected (lanes m) and
maintained in the presence or absence of MBV. A series of protein lysates was collected at the indicated time points, and expression of the specified viral proteins
was monitored by Western blotting. (E) Fibroblasts were infected with WT or TB40/E �97 (�97) at an MOI of 1 or mock infected, and lysates were collected at
6, 16, 24, and 48 hpi. (F and G) Bands from detection of IE2, UL44, and UL57 at 48 hpi were quantified and normalized to the beta-actin signal. Results are shown
relative to the signal intensity from DMSO-treated WT-infected samples, which was set to 100. (F) Results from three independent biological replicates of the
conditions compared in panel D. (G) Results from two independent replicates of the experiment whose results are shown in panel E. A one-way analysis of
variance with Tukey’s posttest was used to determine statistical significance in panel F, and the Student t test was used for panel G. Error bars indicate SEMs. ns,
not significant; *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.
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points (Fig. 3E and G). The IE2 expression defect for the �97
mutant virus was statistically significant and was accompanied by
significant defects in the expression of UL44 and UL57. Because
similar effects were seen in MBV-treated infections, it appeared
that MBV faithfully recapitulated the phenotypic consequences of
infections with UL97-null virus. From these experiments, we con-
cluded that genetic deletion or pharmacological blockade of UL97
caused defects in mRNA levels and protein expression for IE2 and
for at least two genes involved in viral DNA synthesis and, more-
over, that the potential of a UL97 inhibitor to produce these de-
fects was markedly attenuated in UL133/8NULL infections.

Reintroduction of UL133/8 into a laboratory strain. Our re-
sults indicated that a 3.636-kb deletion in HCMV strain TB40/E
that removed UL133/8 was sufficient to influence the requirement
for UL97. The loss of UL133/8 appeared to preempt the ability of
UL97 to influence viral gene expression and viral DNA synthesis
by causing basal defects in these processes. Nonetheless, we could
not yet rule out the possibility that effects of the UL133/8 deletion
on neighboring genes might account for our findings. We also
needed to exclude the possibility that the basal defects of the
UL133/8NULL mutant somehow minimized the effects of MBV in a
nonspecific manner. To address these issues, we decided to test
whether the reintroduction of UL133/8 into strain AD169 would
be sufficient to produce an increased requirement for UL97.

Strain AD169 lacks UL133/8, as well as 11 kb of additional ULb=
sequences present in strain TB40/E and in bona fide clinical
HCMV isolates (16, 32–34). AD169 lost most of its ULb= during
serial passage in fibroblasts (32) and, in contrast to TB40/E, rep-
licates robustly without UL133/8. We used en passant BAC mu-
tagenesis to incorporate into the region between UL132 and RL13
of AD169 (arguably representing its remnant ULb=) a 4.122-kb
segment of DNA from strain TB40/E encompassing a region from
281 bp upstream of UL133 up to and including a putative polyad-
enylation site 582 bp downstream of the UL138 stop codon (Fig.
4A). Our previous findings (24) implied that the sequences that we
transferred into AD169 would be sufficient to drive the expression
of UL133/8 proteins in the resulting recombinant virus, which we
named AD169_UL133/8.

We analyzed the EcoRI restriction digestion pattern of AD169_
UL133/8 BAC DNA to verify the presence of the expected changes
relative to the sequence of parental strain AD169 BAC DNA (Fig.
4B). We also confirmed by DNA sequencing that the incorporated
UL133/8 sequences and neighboring sequences involved in our
recombination strategy, spanning from 67 bp upstream of the
UL133/8 insertion site to 412 bp downstream of it, did not contain
spurious mutations (data not shown). Infectious virus was recon-
stituted in fibroblast cells, and virus stocks of AD169_UL133/8
were prepared.

Lysates of cells infected with AD169_UL133/8 at an MOI of 1
were evaluated to determine whether the incorporated UL133/8
locus could drive the expression of UL135 and UL138, the two
proteins expressed from UL133/8 for which we had antibodies. In
Western blotting experiments, immunoreactive bands were de-
tected in cell lysates from AD169_UL133/8 infections but not
those from parental strain AD169 infections or from mock infec-
tions (Fig. 4C). Moreover, the immunoreactive species exhibited
relative mobilities consistent with the theoretical molecular
masses of UL135 and UL138, which are 35.6 kDa and 19.3 kDa,
respectively. We therefore concluded that the UL133/8 sequences

that we had engineered into AD169_UL133/8 were sufficient to
drive the expression of at least two of its encoded proteins.

To test whether incorporation of UL133/8 into strain AD169
would affect viral replication, we compared multicycle growth
kinetics for parental strain AD169 and strain AD169_UL133/8 in
fibroblasts following infection at an MOI of 0.01. Although
AD169_UL133/8 exhibited 
1-log-unit lower levels of cell-free

FIG 4 Reintroduction of UL133/8 into laboratory-adapted HCMV strain
AD169. (A) Methodology used to insert the UL133/8 locus of HCMV strain
TB40/E into laboratory strain AD169. In steps 1 and 2, a PCR product encom-
passing UL133/8 disrupted by a kanamycin resistance marker (aphAI) was
used to replace the noncoding region between UL132 and RL13 of AD169. The
aphAI marker was coupled to an I-SceI site and flanked by direct repeats (DR1,
DR2). In step 3, a recombination event was induced to remove the aphAI
marker, resulting in AD169_UL133/8. (B) BAC DNA of parental strain AD169
(lane 1) and AD169_UL133/8 (lane 2) was EcoRI digested and analyzed by
agarose gel electrophoresis. Black arrows, variations in the restriction pattern
consistent with predicted differences between AD169_UL133/8 and parental
strain AD169 BAC DNAs; lane M, molecular size marker. (C) UL135 and
UL138 proteins were detected by Western blotting at 72 hpi of lysates of cells
infected with the indicated virus at an MOI of 1, using rabbit polyclonal sera
specific for the indicated proteins; the relative mobility of protein molecular
mass standards is indicated at the left. (D) The multicycle replication of
AD169_UL133/8 and parental wild-type AD169 was compared. Fibroblasts
were infected at an MOI of 0.01, and titers of cell-free or cell-associated virus
were determined at the indicated times. Error bars represent standard devia-
tions.
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virus at 9 days postinfection (dpi), viral yields from 12 to 15 dpi
were indistinguishable between the two viruses (Fig. 4D). Cell-
associated virus levels were modestly higher for AD169_UL133/8
at 12 dpi but were similar to those for parental strain AD169 at 9
dpi and 15 dpi (Fig. 4D). Overall, these results indicate that paren-
tal strain AD169 and AD169_UL133/8 replicate similarly in fibro-
blasts.

The results of our construction and initial characterization of
AD169_UL133/8 confirmed that we had successfully introduced
UL133/8 into strain AD169, that the resulting virus replicated sim-
ilarly to parental strain AD169, and that it was capable of express-
ing at least two proteins from the incorporated locus (Fig. 4). For
these reasons, we decided that AD169_UL133/8 was a suitable
reagent to determine whether restoration of UL133/8 to a ULb=-
deficient HCMV laboratory strain would influence its require-
ment for UL97.

Restoration of UL133/8 to a laboratory-adapted strain in-
creases the requirement for UL97 in viral replication and viral
DNA synthesis. Our results thus far suggest that UL133/8 in-
creased the requirement for UL97 in strain TB40/E. Therefore, we
hypothesized that AD169_UL133/8 would show an increased re-
quirement for UL97 in replication kinetics experiments. Although
AD169_UL133/8 and its parental virus replicated indistinguish-
ably in the absence of MBV, we found that treatment with the
UL97 inhibitor caused larger defects in AD169_UL133/8 than in
parental strain AD169 (Fig. 5A and B). In a representative result, we
observed defects in AD169_UL133/8 of 36-fold and 28-fold at 120 hpi
and 144 hpi, respectively, while parental strain AD169 showed only
14-fold and 5-fold defects at these time points (Fig. 5A and B). An

5-fold larger replication defect in AD169_UL133/8 at 144 hpi was
repeatedly observed in multiple independent biological replicates
comparing the two viruses (Fig. 5B and C), and the difference in the
effect of the UL97 inhibitor on viral replication was statistically sig-
nificant (P 	 0.001) (Fig. 5C).

As expected, the phenotypic differences under MBV treatment
extended to viral DNA synthesis. MBV significantly decreased vi-
ral DNA synthesis in AD169_UL133/8 but not in the parental
virus, AD169 (Fig. 5D). At 96 hpi, MBV-treated AD169_UL133/8
infections exhibited a 5-fold defect in viral DNA synthesis, while
parental strain AD169 showed a defect of less than 2-fold (Fig.
5D). The difference between these effects was likewise statistically
significant. It therefore appeared to us that introduction of
UL133/8 into strain AD169 significantly increased the effects of a
UL97 inhibitor on viral replication and viral DNA synthesis.

Restoration of UL133/8 confers an increased requirement for
UL97 in viral gene expression. To determine whether differences
in viral gene expression might underlie the increased requirement
for UL97 in AD169_UL133/8, we quantified the effect of MBV on
mRNA levels at 48 hpi for IE2 (UL122), IE1 (UL123), UL44, and
UL57 by RT-qPCR. We observed a statistically significant 4-fold
decrease in IE2 (UL122) mRNA levels in AD169_UL133/8 during
MBV treatment but only a 2-fold decrease in parental strain
AD169, which was also significant (Fig. 6A, left). Importantly, the
difference between the viruses in the magnitude of their defects
during MBV treatment was significant (Fig. 6A, right). Intrigu-
ingly, the basal level of IE2 transcripts was significantly lower in
AD169_UL133/8 than in parental strain AD169, showing an 
2-
fold difference (Fig. 6A, left). The difference between the viruses in
the effect of MBV on the levels of IE1 mRNA was less striking: a
reduction of slightly over 2-fold was seen for AD169_UL133/8,

while a 2-fold reduction was seen for parental strain AD169 (Fig.
6B). Although the effects of MBV on IE1 mRNA levels were sig-
nificant for each virus, the difference between the effects was not
(Fig. 6B).

MBV significantly decreased UL44 and UL57 transcript lev-
els in both viruses, showing effects of 3-fold or greater for
AD169_UL133/8 and of 2-fold or less for AD169 (Fig. 6C and
D). Thus, the presence of UL133/8 correlated with increased
effects of the UL97 inhibitor (Fig. 6C and D). Moreover, the
differences between the viruses in the effects of MBV on UL44
and UL57 transcript levels were significant (Fig. 6C and D,
right). Finally, AD169_UL133/8-infected cells showed signifi-

FIG 5 A recombinant AD169 restored for UL133/8 shows exacerbated defects
in replication and viral DNA synthesis when UL97 is inhibited. (A) Fibroblasts
were infected with AD169 or AD169_UL133/8 at an MOI of 1 and maintained
in the presence of 2 �M MBV or 0.1% DMSO. Cell-free virus was harvested at
the indicated time points, and titers were determined. The fold difference in
titer between DMSO control and MBV treatments at 120 hpi and 144 hpi is
indicated in the space between the curves; error bars represent standard devi-
ations. (B) Average viral yield results at 144 hpi for two independent biological
replicates. (C) The viral yield at 144 hpi in the MBV condition is displayed as a
percentage of that from the DMSO control condition, and the average results
from three independent experiments are shown. Error bars indicate SEMs, and
the Student t test was used to determine significance. (D) (Left) Absolute levels
of viral DNA detected at 96 hpi from DMSO- and MBV-treated infections;
(right) results from the MBV condition are also shown as a percentage of the
values for the DMSO control condition. Error bars indicate SEMs. A one-way
analysis of variance was used to determine statistical significance in the left
panel, and the Student t test was used in the right panel. ns, not significant; *,
P 	 0.05; **, P 	 0.01; ***, P 	 0.001.
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cantly lower basal levels of UL44 and UL57 mRNAs (Fig. 6C
and D), as we had seen with IE2 (Fig. 6A). These results argue
that UL133/8 is sufficient to significantly increase the effects of
a UL97 inhibitor on the accumulation of viral mRNAs encod-
ing IE2 and two E/E-L proteins.

AD169_UL133/8 also showed exacerbated defects in protein
expression during MBV treatment (Fig. 6E). MBV caused a strik-
ing delay in IE2 protein accumulation in cells infected with
AD169_UL133/8. This effect was markedly attenuated but not

completely absent in parental strain AD169. Notably, we failed to
observe appreciable effects of MBV on IE1 levels in either virus,
which was consistent with our findings presented in Fig. 3 and
with the results from our previous studies (8, 10, 17). Although
IE2 negatively regulates the MIEP, which drives the expression of
both IE1 and IE2, our failure to observe effects on IE1 comparable
to those that we observed for IE2 are likely explained by their
discordant expression kinetics (28, 29, 35).

The differences in IE2 expression during MBV treatment

FIG 6 Incorporation of UL133/8 into laboratory strain AD169 exacerbates its defects in viral mRNA and protein expression during UL97 inhibition. (A to D)
mRNA abundance at 48 hpi (MOI, 1) was quantified for UL122 (IE2), UL123 (IE1), UL44, and UL57, as indicated. (Left) Results are shown relative to those from
DMSO-treated parental strain AD169 virus infections, which were set to 1.0, and one-way analysis of variance was used to determine statistical significance;
(right) mRNA abundance from MBV-treated infections for each virus is shown as a percentage of that from the DMSO control condition, and the Student t test
was used to determine statistical significance. (E and F) Fibroblasts were infected with AD169 or AD169_UL133/8 at an MOI of 1 and maintained in the presence
of UL97 inhibitor (MBV) at 2 �M or 0.1% DMSO, to control for the effects of the carrier. (E) Expression of viral proteins at the indicated time points was detected
by Western blotting. (F) Bands representing the expression of the IE2, UL44, and UL57 proteins at 72 hpi from three independent biological replicates were
quantified and normalized to the level of beta-actin expression. Results relative to the signal from DMSO-treated infections with parental strain AD169 are
shown. A one-way analysis of variance with Tukey’s posttest was used to test for statistical significance. ns, not significant; *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.
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between AD169_UL133/8 and AD169 correlated with differ-
ences in the expression of UL44 and UL57, the most striking
of which were seen at 48 and 72 hpi (Fig. 6E). To determine
whether the effects were statistically significant, we quantified
the levels of IE2, UL44, and UL57 protein expression at
72 hpi in three independent biological replicates (Fig. 6F). For
AD169_UL133/8 infections, IE2 levels showed a statistically
significant 7-fold decrease during MBV treatment. For parental
strain AD169, IE2 showed only a 1.4-fold decrease, which
nonetheless was also significant. AD169_UL133/8 also showed
significant, 
3-fold defects in UL44 and UL57 protein expres-
sion during MBV treatment. AD169 showed smaller, albeit sig-
nificant, defects of 
2-fold for UL44 and UL57. The difference
between the viruses in the basal expression of viral proteins was
found to be significant for UL57 but not for IE2 or UL44
(Fig. 6F).

Overall, our results demonstrate that restoration of UL133/8 to
strain AD169 has significant effects on viral gene expression. First,
the basal expression of transcripts for IE2, UL44, and UL57 was
significantly decreased (Fig. 6A, C, and D). Second, the defects in
their mRNA abundance were significantly exacerbated during in-
hibition of UL97 (Fig. 6A, C, and D). Third, UL97 inhibition
produced exacerbated defects in protein expression, consistent
with the mRNA results (Fig. 6E and F). These findings led us to
conclude that UL133/8 is sufficient to influence the requirement
for UL97 in viral gene expression.

In contrast to the UL133/8NULL mutant strain of TB40/E, the
AD169_UL133/8 virus (i) did not exhibit a basal difference in viral
replication relative to its parental virus (Fig. 4D and 5A) and (ii)
showed less striking basal differences in viral protein expression—
particularly for IE2—than its parental virus. Therefore, the results
from our experiments comparing AD169_UL133/8 to its parental

virus argue against the possibility that nonspecific replication de-
fects of UL133/8NULL minimize the effects of UL97 inhibition by
sheer coincidence. The results instead argue that UL133/8 and
UL97 act in the same pathway to promote viral replication, likely
via epistatic roles in viral gene expression.

The influence of the UL133/8 locus on viral sensitivity to a
UL97 inhibitor requires UL135. In an effort to identify which of
the open reading frames within UL133/8 were necessary for its
influence on the requirement for UL97, we screened null mutants
of open reading frames within UL133/8 for their defects in the
production of infectious virions during treatment with MBV (not
shown). The initial screens, which included TB40/E mutants in-
dividually null for UL133, UL136, or UL138, failed to identify a
mutant that showed reproducible differences relative to WT (not
shown). As discussed in our companion paper in this issue, UL135
is required for viral replication when UL138 is expressed, and its
expression is toxic to uninfected cells (19). Therefore, it has been a
challenge to produce virus stocks containing disruptions only in
UL135 (19).

In order to address whether UL135 might influence the re-
quirement for UL97, we assayed a TB40/E mutant that does not
express either UL135 or UL138, which we subsequently refer to as
5/8STOP, for its ability to replicate in the presence of MBV. As
controls, we included UL138STOP, a mutant unable to express
UL138, and parental wild-type TB40/E (WT). At 144 hpi, MBV
caused viral replication defects of 
90-fold for UL138STOP and of
over 100-fold for WT (Fig. 7A and B). In 5/8STOP, however, MBV
caused a defect of only 6-fold (Fig. 7C). The attenuated effects of
MBV on viral replication during 5/8STOP infections, coupled with
the observation that basal replication of 5/8STOP exhibited a 1-log-
unit defect relative to the effects on WT, suggested that the phe-

FIG 7 Disruption of both UL135 and UL138, but not UL138 alone, attenuates the effects of UL97 inhibition on viral replication and viral DNA synthesis.
Fibroblasts were infected with the indicated viruses at an MOI of 1 and maintained in the presence of MBV at 2 �M or 0.1% DMSO. The cell-free virus
titer was determined for the indicated time points, and the resulting replication kinetics curves are shown for WT (A), UL138STOP (B), and 5/8STOP (C).
Error bars indicate standard deviations. (D) Viral yield results at 144 hpi from panels A to C are compared side by side. (E) Viral DNA levels at 96 hpi were
determined by qPCR in two independent biological replicates. (Left) Absolute levels of viral DNA; (right) results from MBV conditions as a percentage
of the amount of viral DNA measured from the DMSO control conditions. For panel E, error bars indicate standard errors of the means, and a one-way
analysis of variance was used to test for statistical significance. P values were determined by Tukey’s posttest. ns, not significant; *, P 	 0.05; **, P 	 0.01;
***, P 	 0.001.
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notype of 5/8STOP might resemble that of UL133/8NULL (Fig. 2A to
C and 7A to D).

Viral DNA synthesis in 5/8STOP likewise resembled that in
UL133/8NULL. In 5/8STOP infections, MBV reduced viral DNA lev-
els by 2-fold, and the effect was not significant (Fig. 7E). In con-
trast, MBV significantly reduced viral DNA levels in WT and
UL138STOP infections by 3.3-fold and 6-fold, respectively (Fig.
7E). Thus, MBV showed larger effects on viral DNA synthesis in
WT and UL138STOP than in 5/8STOP (Fig. 7E). Although the basal
levels of viral DNA synthesis in 5/8STOP infections decreased rela-
tive to those in WT infections, the difference was not found to be
statistically significant (Fig. 7E). Intriguingly, UL138STOP infec-
tions showed significantly higher basal levels of viral DNA synthe-
sis than WT infections, which is consistent with the results de-
scribed in the accompanying article (19). During MBV treatment,
however, all three viruses accumulated viral DNA to similar levels
(Fig. 7E, left). These results suggest that UL135 and UL97 are each
required for UL133/8 to influence viral replication and viral DNA
synthesis.

We next asked whether UL135 influenced viral mRNA levels
and, if so, whether it would require UL97 to do so. We measured
the effect of MBV on transcript levels at 48 hpi for IE2, UL44 (E),
and two additional genes, UL54 (E) and UL69 (E-L), during infec-
tion with WT, UL138STOP, or 5/8STOP. In 5/8STOP infections, MBV
failed to significantly reduce mRNA levels for any of the genes
(Fig. 8A to D). In WT and UL138STOP infections, however, MBV
caused significant decreases in mRNA levels for IE2 (UL122) and
UL69 (Fig. 8A and D). The effects of MBV on transcript levels for
UL44 and UL54, however, did not reach statistical significance in
WT infections in this experiment. Nonetheless, the difference be-
tween WT and 5/8STOP in their mRNA defects during MBV treat-
ment was significant for all four genes (Fig. 8A to D, right).

Interestingly, the basal viral mRNA levels seen during UL138STOP in-
fections were consistently higher than those seen during WT or
5/8STOP infections, and this difference was found to be significant
for IE2 and UL44 (Fig. 8). The latter observation is consistent with

the viral DNA synthesis results from UL138STOP infections (Fig.
7D) and results described in the accompanying report (19). As
UL97 inhibition significantly reduced viral mRNA levels during
WT and UL138STOP infections but not during infections with a
virus null for both UL135 and UL138, our findings imply that
UL135 and UL97 are each required to promote the mRNA accu-
mulation for IE2 and for at least a subset of E and E-L genes.

In summary, we have found that genetic ablation or pharma-
cological inhibition of UL97 led to decreased levels of mRNAs for
IE2 and viral E and E-L genes during a second phase of viral
mRNA expression, which commenced at between 24 and 48 hpi.
Although 24 h is a considerable window, the onset of viral DNA
synthesis in strain TB40/E appeared to occur during this time (Fig.
1H). We also observed that UL133/8-null mutants and mutants
individually null for both UL138 and UL135 showed phenotypic
profiles similar to those seen in UL97-deficient virus infections,
with regard to defects in transcript and protein levels for IE2 and
viral E and E-L proteins and in viral DNA synthesis (Fig. 2, 3, 7,
and 8). Furthermore, we found that restoration of UL133/8 to
laboratory strain AD169 recapitulated the differences in the effects
of UL97 inhibitor treatment that we had observed between wild-
type strain TB40/E and its mutant UL133/8NULL, while also caus-
ing decreased basal mRNA levels for IE2 and for certain viral E-L
and E genes (Fig. 5 and 6). The defects that we detected in viral E
and E-L transcript levels in infections with virus lacking either
UL97 activity or UL133/8 are consistent with the roles of IE2 as a
transactivator of viral E (and E-L) gene expression (reviewed in
reference 1). Taken together, our study implicates the UL133/8
locus—in particular, UL135—and UL97 in regulating progression
of the viral lytic cycle and, moreover, implies that UL135 and
UL97 act epistatically (i.e., within the same pathway) to stimulate
viral gene expression and viral DNA synthesis.

DISCUSSION

Eukaryotic cells are equipped with sophisticated mechanisms to
regulate their gene expression. As an obligate intracellular parasite

FIG 8 A TB40/E mutant null for UL135 and UL138 exhibits viral early and early-late mRNAs at reduced levels that are insensitive to inhibition of UL97.
Fibroblasts were infected with WT, UL138STOP, or 5/8STOP at an MOI of 1 and maintained in the presence of 2 �M MBV or 0.1% DMSO. Total RNA was prepared
from infected cells at 48 hpi, and mRNA abundance was analyzed by RT-qPCR and normalized to that of GAPDH for UL122 (IE2) (A), UL44 (B), UL54 (C), and
UL69 (D). (Left) The abundance of each viral transcript is shown relative to that of DMSO-treated WT infections, which was arbitrarily set to 1; (right) mRNA
abundance from MBV-treated infections is shown as a percentage of that from the DMSO-treated condition. Results shown represent two independent biological
replicates, and a one-way analysis of variance with Tukey’s posttest was used to determine statistical significance. ns, not significant; *, P 	 0.05; **, P 	 0.01; ***,
P 	 0.001; ****, P 	 0.0001.
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that establishes a lifelong persistent infection in a vertebrate host,
HCMV might likewise be expected to possess intricate mecha-
nisms to regulate the expression of its genes. The existence of
latency in the herpesviruses is testament to the advantages con-
ferred to intracellular pathogens capable of tightly regulating their
gene expression. Conversely, inappropriate viral gene expres-
sion— during either latency or the lytic cycle—would almost cer-
tainly have devastating effects on viral fitness.

Model for the epistatic relationship between UL97 and
UL133/8. Among the key findings of this study is that progression
of the HCMV lytic cycle is governed both by UL97, a viral protein
kinase that inactivates the retinoblastoma tumor suppressor pro-
tein (pRb) (4, 5), and by the UL133/8 locus (UL133/8), which
plays important roles in viral latency and in other cell type-specific
phenotypes (18, 24, 36). Although the precise mechanisms are still
unclear, our results implicate roles for UL97 and for two proteins
expressed from UL133/8, UL135 and UL138, in regulating a sec-
ond wave of expression of IE2, a key transactivator of the HCMV
lytic cycle. Taken together with the findings presented in an ac-
companying study (19), our findings have led us to propose a
model that suggests new hypotheses for understanding the genetic
circuitry that governs HCMV lytic replication and latency (Fig. 9).

By virtue of its nuclear localization (37) and its role in inacti-
vation of pRb (4, 5, 10), we propose that UL97 promotes a second
wave of transcription from the MIEP to upregulate IE2 expres-
sion; IE2, in turn, transactivates viral E and E-L genes, resulting in
the biosynthesis of viral proteins that carry out viral DNA synthe-
sis during the lytic cycle (Fig. 9). UL97’s role in inactivating pRb
may also be important for expression of viral E- and E-L genes, as
observations from the literature, discussed below, suggest that IE2
may recruit pRb to silence viral gene expression. The mechanisms
by which UL133/8 may influence IE2 expression are less clear.
However, our results and those from the accompanying study (19)
indicate that UL135 promotes the timely expression of IE2 during
the second phase of its expression and that its influence is opposed
by UL138. UL135, like other proteins expressed from UL133/8, is
predominantly cytoplasmic, localizing to the cell surface and the
Golgi apparatus during infection (18). Thus, it seems logical to
propose that UL135 stimulates the MIEP by an indirect mecha-

nism that involves transduction of a signal to the nucleus (Fig. 9).
A crucial aspect of our findings here, which our model seeks to
explain, is that UL135 cannot promote the viral lytic cycle without
UL97, and vice versa.

Roles for UL133/8 during lytic replication. While genes
within UL133/8 have been found to be relevant during viral rep-
lication in endothelial cells (18, 36), our results presented here
(Fig. 2, 3, and 5 to 8) and in an accompanying study (19) argue that
UL133/8 also plays important roles during viral replication in fi-
broblasts, the cell type most frequently used in studies of HCMV
lytic replication. Although members of our group previously re-
ported that UL133/8 is dispensable for replication in fibroblasts,
the same study documented an 
5-fold replication defect in a
UL133/8-null mutant of strain FIX (see Fig. S3 of reference 18).
Moreover, UL133/8-null mutants also exhibited a delay in repli-
cation, which was more pronounced at lower MOIs (F. D. Good-
rum, unpublished results).

Laboratory strains AD169 and Towne spontaneously accumu-
lated deletions that encompass virtually the entire ULb= region,
including UL133/8 (32). This observation could be interpreted to
suggest that ULb= loci are dispensable. However, the robust repli-
cation of these laboratory strains in vitro likely belies the require-
ment for UL133/8 in HCMVs that have not undergone extensive
laboratory adaptation. Notably, while restoration of UL133/8 to
strain AD169 did increase its requirement for UL97, its UL97-
dependent replication defect remained markedly less severe than
the defects seen for strains such as TB40/E and TR, whose ge-
nomes more closely approximate those of HCMV clinical isolates
(Fig. 2, 5, 6, and 7) (17). We thus hypothesize that AD169 and
Towne have accumulated one or more mutations that suppress
the requirement for UL133/8 and UL97 in replication, perhaps
subverting controls that the virus imposes on itself in vivo.

Accordingly, it is worth noting that inhibition of UL97 was able
to reduce viral mRNA levels and protein expression in parental
strain AD169 but not in the TB40/E mutant UL133/8NULL, not-
withstanding the fact that introduction of UL133/8 into AD169
exacerbated these defects (Fig. 3 and 6). Our model posits that the
influence of UL135 is confined to the MIEP (Fig. 9), while UL97
acts both at the MIEP and at viral E/E-L promoters to stimulate
viral gene expression. (Moreover, the literature, discussed below,
suggests myriad indirect mechanisms by which UL97 might also
affect viral gene expression.) We speculate that the expression of
viral E and E-L genes is dysregulated in strain AD169 in a manner
that fully relieves the requirement for UL133/8 while only partially
alleviating the requirement for UL97. In contrast, because
UL133/8 likely acts upstream of UL97 to regulate immediate early
(IE) gene expression, the failure of UL97 inhibition to show an
effect on viral E/E-L gene expression in UL133/8NULL may indicate
that its upstream defect is sufficiently severe to obviate the influ-
ence of UL97 on E/E-L genes.

Implications of delayed IE2 expression. Recently, Teng et al.
demonstrated that HCMV’s capacity for rapid expression of IE2 is
crucial for viral fitness (38). We observed delayed accumulation of
the IE2 protein when UL133/8 was ablated or when UL97 was
either absent or inhibited (Fig. 3 and 6). Although IE2 levels ulti-
mately recovered to wild-type levels, we routinely saw replication
defects of 
10-fold in viruses null for UL133/8 and of 100- to
1,000-fold in UL97-deficient HCMVs containing UL133/8 (Fig. 2
and 7) (17). While UL97-deficient viruses likely suffer from addi-
tional, functionally unrelated deficiencies, such as in viral nuclear

FIG 9 Model for roles of UL97 and UL133/8 in the viral lytic cycle. In step 1,
proteins expressed from UL133/8 promote transcription from the viral MIEP
by an indirect mechanism that may involve a signal sent from the Golgi appa-
ratus or cell surface, where UL133/8-encoded proteins localize during infec-
tion. The signal requires UL135, which is antagonized by UL138. In steps 2 and
3, pRb negatively regulates transcription from the MIEP and viral E and E-L
promoters. In step 2, UL97 inactivates pRb, which enables the signal from
UL135 to result in increased expression of IE2. Viral E and E-L promoters are
positively regulated by IE2. In step 3, UL97-mediated inactivation of pRb may
also be important for high-level expression of viral E and E-L proteins that
participate in viral DNA synthesis.
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egress (6–8), the findings of Teng et al. help explain how modest
defects in IE2 expression, such as those observed in our study,
might have outsized effects on the production of infectious parti-
cles (38).

How does UL97 influence viral gene expression and viral
DNA synthesis? The influence of UL97 on viral DNA synthesis
appears to require its role in inactivation of pRb (10). However,
our findings raise new questions as to whether roles for UL97 in
the expression of IE2 and viral E/E-L genes might also impact viral
DNA synthesis and whether such roles might also involve pRb.
pRb is a tumor suppressor protein that regulates the cell cycle by
binding to E2F transcription factors and restricting the expression
of E2F-responsive (E2F-R) genes (reviewed in reference 39).
E2F-R genes are important for progression toward S phase and, in
certain examples, such as thymidylate synthase (10), are also nec-
essary for viral DNA synthesis (40, 41). Interestingly, well before
UL97 was found to phosphorylate pRb (4, 5), a physical interac-
tion between IE2 and pRb was reported (42, 43). IE2 can function-
ally inactivate pRb in transfected cells (42), and its expression is
sufficient to stimulate E2F-R genes (44). Despite this, UL97 is
required for pRb inactivation during HCMV infection (10). In-
triguingly, however, IE2 has also been hypothesized to recruit pRb
to viral promoters to regulate their activity (42, 45). If so, UL97
perhaps influences such regulation by phosphorylating pRb.

Many HCMV proteins that participate in viral genome repli-
cation exhibit E-L expression kinetics, and the L component of
E-L kinetics by definition depends on viral DNA synthesis (1).
Therefore, it may be challenging to tease apart the roles of UL97 in
directly regulating viral gene expression from the secondary ef-
fects of its roles in stimulating E2F-R cellular genes that support
viral DNA synthesis, particularly since both may involve pRb. Fur-
thermore, even though IE2 is an IE gene product, defects in IE2
expression have been observed in a temperature-sensitive HCMV
mutant under conditions in which it could not synthesize viral
DNA (29). Prima facie, the latter observation would raise the pos-
sibility that UL97-dependent defects in IE2 expression are in fact a
consequence of UL97’s influence on viral DNA synthesis and/or
its roles in the expression of viral E and E-L genes, which play key
roles in viral DNA synthesis. However, a number of observations
argue against this interpretation. First, we observed UL97- and
UL133/8-dependent defects in IE2 expression at 48 hpi, well be-
fore true late proteins (e.g., pp150, pp28, gB) could be detected in
our system (Fig. 3 and 6) (17; Li and Kamil, unpublished). Second,
we found significant UL97- and UL133/8-dependent effects on the
expression of UL57, an E gene (Fig. 1, 3, 6, and 8). Because viral E
genes are regulated by IE2 and do not require viral DNA synthesis
for their expression, we hypothesize that the influence of UL97 on
viral E and E-L genes is secondary to its effects on IE2 expression.

Many open questions remain as to how IE2, pRb, and UL97
might contribute to the intricacies of viral gene expression. Inter-
estingly, of the two major repressive chromatin-modifying en-
zymes reported to functionally interact with pRb (46–49), the
Suv39H1 histone methyltransferase, but not histone deacetylase 1
(HDAC1), was found to associate with IE2 in a pRb-dependent
manner (50). Moreover, results from reporter assays imply that
the pRb-Suv39H1 interaction contributes to IE2-mediated auto-
repression of the MIEP (50). Whether UL97 modulates viral gene
expression by regulating the IE2-pRb complex remains to be de-
termined. However, it has been noted that IE2, like E2Fs, fails to
bind hyperphosphorylated, inactive forms of pRb (42). This sug-

gests that UL97 might promote the dissociation of IE2-pRb com-
plexes, much as it would be expected to cause the dissociation of
E2F from pRb.

Bigley et al. recently reported that UL97 regulates the MIEP by
phosphorylating HDAC1 and that this function of UL97 markedly
influenced IE1 levels at immediate early and early times during
infection, e.g., 6 to 12 hpi (51). Although we failed to observe
substantial effects on mRNA or protein levels for IE1 at these times
in this study (Fig. 1B and 3D) or in our previous studies (4, 8, 10),
we did find modest effects on IE1 mRNA levels at later times
during infection (Fig. 1B and 6B). Albeit we cannot fully reconcile
the differences in our results, we do agree that UL97 may influence
the MIEP. Nonetheless, our data argue that UL97’s role in stimu-
lating MIEP activity is confined to times subsequent to its de novo
expression.

Biphasic viral gene expression. Biphasic expression of IE2
during HCMV infection has been previously observed, and it ap-
pears that selective expression of IE2 at times subsequent to 
24
hpi involves posttranscriptional mechanisms, such as alternative
splice site selection, in addition to transcriptional regulation (28–
30, 35). Interestingly, it has been reported that chromatin associ-
ated with the MIEP exhibits biphasic acetylation of histone H3
during the lytic cycle (52), and notably, the kinetics observed were
similar to those seen in this study (Fig. 1) and in earlier work (29,
30, 35). Moreover, biphasic effects on viral chromatin during lytic
replication were recently reported for Kaposi’s sarcomas-associ-
ated herpesvirus, a gammaherpesvirus (53). Whether or not such
biphasic phenomena turn out to be a general feature of the her-
pesvirus lytic cycle, the influence of chromatin on the viral ge-
nome is an area of active investigation (50–52, 54–59) and may
provide new insights into how UL97 and UL133/8 impact viral
gene expression.

Implications for studies of HCMV latency. Taken together,
our results suggest that UL97 and proteins expressed from
UL133/8 play roles in regulating progression of the viral lytic cycle
at times subsequent to the initial burst of viral IE gene expression.
We hypothesize that UL97 plays an important role in this process
by inactivating pRb (Fig. 9). Silencing of viral IE gene expression is
an important hallmark of HCMV latency (60), and hence, detec-
tion of IE transcripts has been used as a proxy for reactivation
during in vitro studies of latency. Nonetheless, studies on latently
infected cells taken from healthy carriers suggest that viral IE gene
expression is not sufficient to result in the production of infectious
virions (61). Consistent with the findings reported here, UL135
has been shown to be critical for overcoming the suppressive ef-
fects of the UL138 latency determinant (19). Further investigation
of the mechanisms by which UL135 and UL97 influence the viral
lytic cycle may shed light on additional checkpoints that govern
productive reactivation during HCMV latency.
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