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ABSTRACT The human cytomegalovirus (HCMV) immediate early 1 (IE1) and IE2
proteins are critical regulators of virus replication. Both proteins are needed to effi-
ciently establish lytic infection, and nascent expression of IE1 and IE2 is critical for
reactivation from latency. The regulation of IET and IE2 protein expression is thus a
central event in the outcome of HCMV infection. Transcription of the primary tran-
script encoding both IET and IE2 is well studied, but relatively little is known about
the posttranscriptional mechanisms that control IET and IE2 protein synthesis. The
mRNA 5’ untranslated region (5" UTR) plays an important role in regulating mRNA
translation. Therefore, to better understand the control of IE1 and IE2 mRNA transla-
tion, we examined the role of the shared 5 UTR of the IE1 and IE2 mRNAs (MIE 5’
UTR) in regulating translation. In a cell-free system, the MIE 5’ UTR repressed transla-
tion, as predicted based on its length and sequence composition. However, in trans-
fected cells we found that the MIE 5" UTR increased the expression of a reporter
gene and enhanced its association with polysomes, demonstrating that the MIE 5’
UTR has a positive role in translation control. We also found that the MIE 5' UTR
was necessary for efficient IE1 and IE2 translation during infection. Replacing the MIE
5’ UTR with an unstructured sequence of the same length decreased IE1 and IE2
protein expression despite similar levels of IE1 and IE2 mRNA and reduced the asso-
ciation of the IET and IE2 mRNAs with polysomes. The wild-type MIE 5'-UTR se-
quence was also necessary for efficient HCMV replication. Together these data iden-
tify the shared 5’ UTR of the IET and IE2 mRNAs as an important regulator of HCMV
lytic replication.

IMPORTANCE The HCMV IE1 and IE2 proteins are critical regulators of HCMV repli-
cation, both during primary infection and during reactivation from viral latency.
Thus, defining factors that regulate IE1 and IE2 expression is important for under-
standing the molecular events controlling the HCMV replicative cycle. Here we iden-
tify a positive role for the MIE 5" UTR in mediating the efficient translation of the IE1
and IE2 mRNAs. This result is an important advance for several reasons. To date,
most studies of IET and IE2 regulation have focused on defining events that regulate
IET and IE2 transcription. Our work reveals that in addition to the regulation of tran-
scription, IE1 and IE2 are also regulated at the level of translation. Therefore, this
study is important in that it identifies an additional layer of regulation controlling
IE1 and IE2 expression and thus HCMV pathogenesis. These translational regula-
tory events could potentially be targeted by novel antiviral therapeutics that
limit IE1T and IE2 mRNA translation and thus inhibit lytic replication or prevent
HCMV reactivation.
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uman cytomegalovirus (HCMV) is a betaherpesvirus that establishes mainly asymp-

tomatic lifelong infection in healthy individuals. However, HCMV is a significant
cause of disease in newborns and immunocompromised adults. Primary infection of
immune-naive newborns causes over 5,000 cases of long-term birth defects each year
in the United States alone, including deafness, microcephaly, mental defect, and in
some cases, death. Reactivation of latent HCMV infection in immunocompromised
adults, typically after transplant, can lead to severe complications, including organ
failure, neutropenia, and death. Thus, HCMV is a significant human pathogen that
causes disease in multiple patient populations.

Two critical regulators of the HCMV replication cycle are the major immediate early
proteins IE1T and IE2 (1). Both IE1 and IE2 are encoded by immediate early genes and
expressed to high levels within hours after virus entry. In addition, their reexpression is
thought to be critical for HCMV reactivation. IET helps establish lytic infection by
preventing the deposition of suppressive chromatin marks on viral genomes and also
inhibits the type | interferon response by binding to the STAT1 transcription factor
(2-4). IE2 is a broadly acting transcriptional activator, which stimulates the expression
of host genes (5-9) and HCMV early genes needed for viral DNA replication (10-17).
Viruses lacking IE1 are viable but replicate poorly after low-multiplicity infections (18,
19), while deletion of IE2 completely blocks virus replication (20, 21). The regulation of
IET and IE2 expression is thus a central event in the HCMV life cycle.

Given the important role of IE1 and IE2 in HCMV replication, much work has been
done to understand the factors controlling their expression. The mature IET and IE2
transcripts arise from a common precursor RNA by alternative splicing (22). Mature
mRNAs containing exons 1 to 4 encode the IE1 protein. An exon-skipping event gives
rise to the mature IE2 mRNA, composed of exons 1 to 3 and exon 5 (10, 23-26). Early
in infection, the HCMV major immediate early promoter (MIEP) drives robust expression
of the IE1/2 precursor RNA. Multiple factors regulate MIEP activity, including the cellular
transcription factors AP1, SP1, NF-kB, and MEF2D (27-33). In addition, viral proteins,
including pTRS1, pUL83, pp71, and the IET and IE2 proteins themselves, modulate MIEP
activity (34-39). Later in infection, IE2 binds a cis-repression sequence (crs) in the MIEP
and represses its activity (40-44), and alternative MIE promoters become active (45),
allowing for continuous, but dynamic, IE1 and IE2 expression throughout infection.

While less studied, posttranscriptional regulatory events also control IE1 and IE2
expression. For example, cellular factors regulate IE1/IE2 alternative splicing (23-26). In
addition, the rate of synthesis of the IE1 and IE2 proteins changes throughout infection
(46), potentially due to the effects of cellular microRNAs (47). Consistent with this, the
amount of mature IE1 and IE2 mRNAs associating with polyribosomes, or polysomes,
changes as infection progresses (48, 49). However, little is known of the factors
controlling IET and IE2 mRNA translation and how these mechanisms might con-
tribute to HCMV replication.

An important factor regulating mRNA translation is the 5" untranslated region (5’
UTR) preceding the mRNA coding region (50). Though sometimes viewed exclusively as
translational enhancers, 5’ UTRs can either enhance or repress mRNA translation. RNA
binding proteins (RBPs) can recognize specific sequences in the 5" UTR and facilitate
ribosome recruitment (51) to enhance translation. Alternatively, RNA structures in the
5" UTR can impede ribosomal subunit scanning or translation start site recognition
(52-56) or serve as binding sites for RBPs that suppress translation (50, 57-59).
Experimentally determining the impact of a 5" UTR on mRNA translation is therefore
critical for understanding the regulation of protein expression.

To better understand the posttranscriptional regulation of IE1 and IE2 protein
expression, we investigated the role of the shared 5" UTR of the IE1 and IE2 mRNAs (MIE
5’ UTR) in the control of mRNA translation and virus replication. Using a combination
of biochemical approaches and recombinant viruses, we found that the sequence of
the MIE 5’ UTR is an important determinant of IE1 and IE2 mRNA translation efficiency
(TE). In a cell-free system, the MIE 5’ UTR repressed translation. In contrast, in trans-
fected cells the MIE 5" UTR enhanced the expression of a reporter gene and increased
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FIG 1 The MIE 5’ UTR increases reporter gene expression outside the context of infection. (A) Cartoon showing the
arrangement of the IE1 and IE2 coding region, the mature IE1 and IE2 mRNAs, and the shared MIE 5" UTR. (B) In
vitro-transcribed, capped, and polyadenylated luciferase reporter mRNAs were translated in rabbit reticulocyte
lysates, and luciferase activity was measured. Data show the relative luciferase activity compared to the pGL3-
Control reporter, which was set to 100%. (C and D) The luciferase reporter plasmids were transfected into Hela
cells, and luciferase activity (C) and RNA levels (D) were measured 24 h after transfection. Changes in luciferase
activity and RNA abundance are relative to pGL3-Control, which was set to 1. ¥, P < 0.05; **, P < 0.005; ***, P <
0.007; NS, not significant.

its association with polysomes. During HCMV infection, replacement of the majority of
the MIE 5’ UTR with an unstructured sequence of equal length led to a defect in IE1 and
IE2 mRNA association with polysomes, decreased IE1 and IE2 protein expression, and
diminished HCMV replication. These studies show that the MIE 5" UTR is necessary for
efficient IET and IE2 protein expression and identify the MIE 5’ UTR as a critical
determinant of HCMV replication.

RESULTS

The MIE 5’ UTR enhances mRNA translation in vitro. 5’ UTRs can either enhance
or inhibit translation depending on their length, sequence composition, the presence
of RNA structure, and the cellular milieu. To understand how the MIE 5’ UTR affects
mRNA translation, we measured the effect of the MIE 5’ UTR on the expression of a
luciferase reporter gene. Comparing the MIE 5’-UTR sequences from multiple clinical
and laboratory isolates (AD169, Towne, Toledo, Merlin, HAN20, and TB40/E) revealed
that the MIE 5" UTR was 100% conserved across multiple strains, suggesting a con-
served role in regulating IET and IE2 mRNA translation. We cloned the 136 nucleotides
of the MIE 5" UTR upstream of a luciferase reporter gene (Fig. 1A), in vitro transcribed
the 5'UTR-luciferase fusion, and measured luciferase activity in rabbit reticulocyte
lysates (RRLs). We compared the results to those obtained with the empty vector, where
the 5" UTR consists of 32 nucleotides derived from the multicloning site. To control for
the effect of the additional length of the MIE 5" UTR on luciferase expression, we also
compared our results to those of a reporter in which the 5' UTR consisted of 136
nucleotides composed of CAA trinucleotide repeats. Translation efficiency is inversely
correlated with 5'-UTR length and RNA secondary structure. CAA repeat sequences
contain no RNA secondary structure; therefore, comparing the effects of the MIE 5" UTR
to a CAA repeat sequence of the same length allows us to control for the effects of
5’-UTR length on translation and suggests that any observed phenotypes result from
changes to either RNA structure and/or the removal of specific RBP binding sites (60).
Compared to the CAA control, the MIE 5" UTR repressed reporter expression in RRLs
(Fig. 1B). We performed similar experiments in cells transfected with the above-
described luciferase reporters and observed different results (Fig. 1B). In transfected
cells, the MIE 5'-UTR-luciferase construct was the most active, while the empty vector
control was the least active. Luciferase RNA levels were approximately the same for the



A pGL3 Control B wWT Cc Full CAA
80S 80S 80S

8 0.4 60S 0.4 60S 04 60S
c 408 polysomes 408 polysomes 408 polysomes
g
° 0.2 0.2 0.2
]
o
<

0 0 0
< 40 40 40 1
P4
X 30 30 30 1
[}
"5 20 20 20 1
3 10 10 10 9

0 [ [

13 57 9 11 1.3 57 9 11 1 3 5 7 9 1

Relative TE

NS
4 9
2 4
0 -

& ¥

FIG 2 The MIE 5’ UTR increases the translation of a luciferase reporter gene. (A to C) The indicated luciferase reporter plasmids were
transfected into Hela cells, and cytoplasmic lysates were resolved through 10 to 50% linear sucrose gradients to separate ribosomal
subunits, individual ribosomes (80S), and polysomes (top panels). Representative OD,, absorbance profiles for cytoplasmic lysates are
shown (bottom panels). Quantitative reverse transcriptase PCR (qQRT-PCR) analysis was performed to determine the percentage of the
cytoplasmic RNA in each gradient fraction. The results of one representative experiment of a total of three are shown. (D) The
translation efficiency (TE) for each reporter was determined by dividing the amount of the RNA in polysomes (fractions 9 to 12) by
the total amount of RNA in the gradient. The graph shows the means and standard errors of the means for three independent

experiments. *, P = 0.05; NS, not significant.

different constructs (Fig. 1C), indicating that the change in luciferase activity is due to
a change in luciferase protein expression rather than increased luciferase transcription.

To more directly measure the effect of the MIE 5’ UTR on translation, we determined
the translation efficiency of each reporter. The translation efficiency is the efficiency
with which an mRNA is translated into protein, which can be determined by measuring
the amount of an mRNA associated with polysomes. Importantly, the amount of mRNA
associated with polysomes has previously been shown to correlate with more-efficient
translation (61-66). Cytoplasmic lysates were resolved through linear sucrose gra-
dients to separate ribonucleoprotein complexes, ribosomal subunits, monosomes,
and polysomes. Importantly, this assay compares the distribution of RNA through-
out the gradient and thus measures mRNA translation efficiency independent of
RNA abundance.

Transfection of the reporters did not affect the overall levels of translation, as judged
by the similar abundance of polysomes in each sample (Fig. 2, top panels) and the
similar distribution of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) RNA
across the gradient (data not shown). The empty vector (Fig. 2A) and CAA (Fig. 2Q)
5’-UTR RNAs showed a similar distribution across the gradients, with the majority of the
mRNA concentrated in fractions containing light polysomes (<3 ribosomes). In con-
trast, the MIE 5'-UTR mRNA was more abundant in fractions containing heavier
polysomes (Fig. 2B), consistent with more-efficient translation compared to the two
control transcripts. We quantified the translation efficiency of each reporter by calcu-
lating the ratio of mRNA in fractions containing polysomes to the total amount of
mRNA in the entire gradient. The translation efficiency of the mRNA containing the MIE
5’ UTR was increased 3.95-fold relative to the empty vector control (Fig. 2D), while the
translation efficiency of the CAA 5’-UTR reporter was not statistically different from the
control. Thus, while the MIE 5’ UTR repressed translation compared to the CAA reporter
in a cell-free system, it enhanced translation in intact cells. We conclude that the MIE
5’ UTR enhances translation outside the context of infection.

The MIE 5’ UTR is a critical determinant of HCMV replication. We next deter-
mined the role of the MIE 5" UTR on IE1 and IE2 protein expression during HCMV
infection. To do so, we constructed and analyzed two recombinant viruses with
mutations in the MIE 5’ UTR (Fig. 3A). In the first recombinant (Full CAA), we replaced
nucleotides + 1 to +110 of the MIE 5" UTR with CAA trinucleotide repeats, as in our
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FIG 3 Mutations in the MIE 5’ UTR decrease HCMV infectivity. (A) Cartoon showing the mutations in the IE 5" UTR
for the Full CAA and +10 CAA viruses. (B) Primary fibroblasts were infected with either an equal number of TCID,,
units (MOI, 3) or an equivalent number of viral genomes. The number of intracellular HCMV genomes was
quantified by real-time PCR at 6 h after infection. (C) The number of HCMV genomes in virus stocks was measured
by real-time PCR and divided by the number of TCID,, units to obtain the genome/TCID,j ratio. The results are the
means from two independent experiments. *, P =< 0.05; NS, not significant. (D) The transcription start site of the MIE
transcript was identified for wild-type virus and each recombinant using RLM-5" RACE. Fibroblasts were infected
with an equal number of genomes of each virus, and 5'RACE was performed on total RNA using gene-specific
primers recognizing MIE exon 2. Shown is the portion of the sequence of the resulting PCR product that was used
to identify the transcription start site. (E) Cells were infected and harvested as described for panel D, and RT-PCR
was performed on total RNA using primers specific for exon 1 and exon 3 of the MIE transcript. An agarose gel
showing the resulting PCR product is shown. A PCR product of the expected size for the spliced cDNA (220 bp) was
observed with each virus. A control sample in which reverse transcriptase was omitted (no RT) is shown for RNA
isolated from cells infected with wild-type virus.

luciferase reporters. The 10 nucleotides 5’ of the splice donor site in exon 1 and the 17
nucleotides of the MIE 5" UTR in exon 2 were left unchanged to limit potential effects
on exon 1/exon 2 splicing and the context of the translation site. The second recom-
binant (+10 CAA) was identical to the Full CAA recombinant, except that the first 10
nucleotides of the wild-type 5’ UTR were left unchanged to avoid potential effects on
the crs site in the MIEP (67), which is critical for repression of MIEP activity by IE2
binding (42, 44, 68). Two independent isolates of each recombinant were analyzed.
Virus was recovered after transfection of either recombinant genome into fibroblasts,
indicating that neither mutation resulted in a complete block to HCMV replication.

Using the 50% tissue culture infectious dose (TCIDg,) method to quantify virus
stocks, we consistently obtained low-titer stocks with either recombinant virus. How-
ever, fibroblasts infected with the recombinant viruses showed greater cytopathic
effect than wild-type virus after high multiplicity of infection (MOI, 3) (data not shown).
The increase in cytopathic effect with the recombinant viruses suggested that the
TCID4, assay did not accurately measure the levels of infectious virus present in the
stocks. Consistent with this idea, 6 h after infection with an equal number of TCID.,
units, cells infected with the recombinant viruses contained more intracellular genomes
than did those infected with the wild-type virus (Fig. 3B). Quantitative PCR (qPCR)
analysis of virus stocks revealed that the recombinant virus stocks had approximately
50-fold more genomes per infectious unit than the wild-type virus (Fig. 3C). Thus, the
two recombinant viruses had a decrease in the particle-to-infectious-unit ratio com-
pared to that of wild-type HCMV.

To confirm that the defect in particle-to-infectious-unit ratio did not result from
changes to the architecture of the MIE transcript, we determined if either mutation
affected transcription start site usage or altered splicing. Using RNA ligase-mediated
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FIG 4 Mutations in the IE 5" UTR decrease HCMV replication. Fibroblasts were infected with an equivalent
number of genomes of wild-type HCMV or the indicated mutants. The number of genomes was
equivalent to a multiplicity of three TCID,, units per cell of wild-type virus. Cell-free virus in the
supernatant was quantified using either the TCID,, method (A) or real-time PCR analysis of viral genomes
(B). The graphs show the averages and standard deviations from three independent experiments. The
dashed line indicates the limit of detection. *, P = 0.05; **, P = 0.005.

rapid amplification of cDNA ends (RLM-RACE), we found that neither mutation affected
transcription start site selection (Fig. 3D). Similarly, reverse transcription-PCR (RT-PCR)
analysis using primers specific for exons 1 and 3 showed that splicing of the first three
exons of the MIE transcript was not affected by either mutation (Fig. 3E). Thus, the
defect in the particle-to-infectious-unit ratio observed with the Full CAA and +10 CAA
viruses was not due to changes in MIE transcription start site usage or splicing.

To determine if replacement of the MIE 5" UTR affected HCMV replication, we
performed single-step growth analysis on the wild-type, Full CAA, and +10 CAA viruses.
The amount of cell-free virus was measured over a time course of infection using both
the TCID., assay and qPCR. Fewer infectious virions (Fig. 4A) and HCMV genomes (Fig.
4B) accumulated after infection with the Full CAA and +10 CAA viruses than after
infection with the wild-type virus. Similar results were obtained with an independent
isolate of each virus. Thus, the wild-type sequence of the MIE 5" UTR is necessary for
efficient HCMV replication.

The MIE 5’ UTR is necessary for efficient IE1 and IE2 protein expression during
HCMYV infection. We next determined how the replacement of the MIE 5" UTR affected
HCMYV protein expression. Cells were infected with an equivalent number of genomes
of each virus, and the levels of the IE1 and IE2 protein and RNA were measured at 6 h
after infection. Both IE1 and IE2 protein levels were reduced after infection with either
the Full CAA or the +10 CAA virus compared to levels obtained with wild-type virus
(Fig. 5A), although there was no statistically significant difference in IE1 or [E2 mRNA
levels (Fig. 5B). We also measured viral protein expression throughout a single round of
virus replication (Fig. 5C). The two recombinants expressed less IE2 protein than did the
wild-type virus at each time after infection. IE1 levels were also decreased, though the
effect was more pronounced with the Full CAA virus. The defect in IET expression
decreased over time, likely due to accumulation of the long-lived IE1 protein over the
course of the lytic cycle. The early protein UL44 and the late pp28 protein were also
expressed to reduced levels and with delayed kinetics, consistent with the defect in
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FIG 5 The MIE 5’ UTR is required for efficient IET1 and IE2 protein accumulation during infection. (A) Fibroblasts
were infected with an equivalent number of genomes of wild-type HCMV (WT) or the indicated recombinants.
Western blots showing IE1 and IE2 protein levels at 6 h after infection. (B) Cells were infected as described for panel
A, and the abundance of the IE1 (black bars) and IE2 (white bars) RNAs was determined by qRT-PCR at 6 h after
infection. (C) Cells were infected as described for panel A, and viral protein expression was measured by Western
blotting over a time course of infection. hpi, hours postinfection. (D and E) Cells were infected as described for
panel A, and qRT-PCR was used to quantify the abundance of the IE1 (D) or IE2 (E) mRNAs over a time course of infection.

There was no statistical difference in IET and IE2 RNA levels between wild-type virus and the recombinants.

HCMV replication. To better understand the defect in IET and IE2 expression, we
measured |ET and IE2 mRNA levels. IE1 and IE2 mRNA levels were similar following
infection with wild-type virus and either recombinant (Fig. 5D and E). We conclude that
the MIE 5" UTR is necessary for efficient IE1 and IE2 protein expression and for the
subsequent expression of early and late proteins needed for HCMV replication.

The discrepancy between IE1 and IE2 protein and mRNA levels suggested that the
MIE 5" UTR regulates IET and IE2 mRNA translation during infection. We therefore
measured the translation efficiency of the IET and IE2 mRNAs at 24 h after infection with
the wild-type or recombinant viruses using sucrose density gradient centrifugation. The
overall levels of polysomes were similar in cells infected with each virus, indicating that
all viruses had the same effect on overall levels of translation (Fig. 6, left panels). In cells
infected with wild-type virus, more IE1 and IE2 mRNA was present in fractions contain-
ing polysomes than in those containing monosomes, consistent with efficient IE1 and
IE2 translation early in infection (Fig. 6A). Both IE1 and IE2 were less efficiently
translated after infection with the +10 CAA virus, as evidenced by the decrease in RNA
abundance in fractions containing heavy polysomes (Fig. 6C). A more-pronounced
decrease in IE1 and IE2 translation efficiency was seen during infection with the Full
CAA virus; compared to wild-type virus, less IET and IE2 RNA was found in the fractions
containing polysomes (fractions 9 to 12), and more of each RNA was present in fractions
containing ribosomal subunits and monosomes (fractions 3 to 7) (Fig. 6B). In contrast,
the cellular GAPDH RNA had the same distribution throughout the gradient after
infection with each virus, demonstrating that the MIE 5'-UTR mutations specifically
impact translation of the IE1 and IE2 RNAs.

To quantify the differences in IET and IE2 RNA translation, we calculated the
translation efficiency (TE) for IET and IE2 after infection with each virus (Fig. 7). We
found that the IE1 RNA is translated almost twice as efficiently as the IE2 RNA at 24 h
after infection (TE, 2.28 and 1.20, respectively), which closely agrees with previous
measurements of IE1 and IE2 translation efficiency at this time point (69). After infection
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FIG 6 The MIE 5’ UTR is necessary for efficient association of the IET and IE2 mRNAs with polysomes. Fibroblasts were infected
with an equal number of genomes of wild-type (WT) HCMV (A), the Full CAA mutant (B), or the +10 CAA mutant (C). The
number of genomes used was equivalent to a multiplicity of three TCID, units per cell with wild-type virus. At 24 h after
infection, cytoplasmic lysates were resolved through 10 to 50% linear sucrose gradients, and the abundance of polysomes in
each sample was determined by continuous OD,, absorbance monitoring during fractionation of the gradient. Data for a
representative experiment of a total of three are shownon the left. The percentages of the IE1, I[E2, or GAPDH RNAs in each
fraction of the gradient were determined by qRT-PCR. The graphs show the means and standard deviations from three
independent experiments.

with the +10 CAA virus, the TE of the IE1 RNA was decreased 2.15-fold. [E2 mRNA
translation was reduced to a similar extent (2.8-fold). The reduction in TE was even
greater after infection with the Full CAA virus and affected IE1 and IE2 to a similar
degree (7.6- and 10-fold, respectively). We conclude that the defect in IE1 and IE2
protein expression with the Full CAA and +10 CAA viruses results from decreased IE1
and IE2 mRNA translation. Together with the data above, these results identify the 5’
UTR of the IE1/2 mRNA as a critical regulatory element controlling IE1 and IE2 protein
expression and HCMV replication.
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FIG 7 The MIE 5’ UTR is necessary for efficient IE1 and IE2 translation during HCMV infection. The
translation efficiency of the IE1 (black bars), IE2 (white bars), and GAPDH (gray bars) mRNAs in cells
infected with wild-type (WT), Full CAA, or +10 CAA viruses at 24 h after infection was calculated using
the data in Fig. 6. The translation efficiency is the amount of RNA in polysomes (fractions 9 to 12) divided
by the amount of RNA in monosomes (fractions 3 to 7). NS, not significant; *, P < 0.05; **, P < 0.01; ***,
P < 0.005.



DISCUSSION

5" UTRs play important roles in regulating mRNA translation and can either enhance
or repress protein synthesis. Our results show that in the context of HCMV infection, the
MIE 5" UTR serves to enhance translation and thus demonstrate the importance of
posttranscriptional regulatory mechanisms in regulating IET and IE2 protein expression.
We found that the MIE 5" UTR enhances translation outside the context of infection and
is necessary for efficient IE1 and IE2 mRNA translation in HCMV-infected cells. Replace-
ment of the MIE 5" UTR with a synthetic sequence of the same length decreased the
particle-to-infectious-unit ratio but did not affect HCMV entry. Rather, replacement of
the MIE 5" UTR resulted in decreased IE1 and IE2 protein expression, delayed and
reduced early and late protein expression, and decreased virus replication. Together
these data identify the MIE 5’ UTR as a critical determinant of HCMV replication.

Our results also show that the MIE 5’ UTR is a critical determinant of HCMV
replication. The replication defect of viruses lacking the MIE 5’ UTR likely arises from
decreased IE1 and IE2 protein levels, which result in a cascading defect in early protein
levels, DNA accumulation, and late protein expression. While mutation of the MIE 5’
UTR could affect aspects of RNA biology not directly measured by our assays, the
decrease in the association of the IET and IE2 mRNAs with polysomes when the MIE 5’
UTR is mutated suggests that the defect in IE1 and IE2 protein expression is due to a
defect in IE1 and IE2 mRNA translation. As cytoplasmic lysates were used for our
polysome analysis, this result demonstrates a defect in mRNA translation independent
of potential effects on RNA export. The fact that more IE1 and IE2 RNA is found in
gradient fractions containing ribosomal subunits and monosomes after infection
with the Full CAA and +10 CAA viruses suggests that the defect lies in translation
initiation. This suggests that the MIE 5’ UTR helps recruit factors that facilitate
ribosome recruitment.

RNA binding proteins (RBPs) serve as bridges between specific 5’-UTR sequences
and 43S preinitiation complexes (50). Perhaps specific RBPs recognize sequences
and/or RNA secondary structures in the MIE 5" UTR during HCMV infection to facilitate
43S recruitment. At least some of these factors are likely cellular, as the MIE 5" UTR also
enhanced translation of a reporter gene in transfected cells. These factors may be
specific for human cells, as our experiments in RRLs and transfected and infected
human cells gave differing results. Perhaps human cells contain an RBP that is absent
in RRLs and promotes the translation of mMRNAs containing the MIE 5" UTR. In addition,
HCMV encodes multiple RBPs that could also bind the MIE 5" UTR to influence IET and
IE2 mRNA translation (70). Experiments to define the specific MIE 5'-UTR sequences
needed to enhance translation and the associated host and/or viral factors will likely
provide further insight into translational control of IE1 and IE2 protein expression.

Collectively, these data expand our understanding of the regulatory mechanisms
controlling IET and IE2 protein expression by showing that proper regulation of IET and
IE2 mRNA translation is important for efficient HCMV replication. Interestingly, these
data also suggest that transcriptional and translational control of IE1 and IE2 expression
could be linked. We recently found that later in infection multiple transcription start
sites generate a series of MRNAs encoding full-length IE1 and IE2 proteins (45). These
mRNAs differ only in their 5’-UTR sequence and thus would be predicted to translate
with different efficiencies. This could explain previous studies showing temporal reg-
ulation of the association of the IE1 and IE2 mRNAs with polysomes throughout the
HCMV lytic cycle (46, 49). While our data show an enhancing role for the MIE 5" UTR
during lytic infection in fibroblasts, it is also possible that the MIE 5’ UTR has different
effects in different settings and cell types. For example, regulated IET and IE2 mRNA
translation could potentially serve to dampen the effects of spurious IE1 and IE2
transcription during latency. In this regard, it is important to note that these experi-
ments were performed using HCMV strain AD169, and thus additional viral factors in
the ULb’ locus of clinical strains (71-73) could directly or indirectly affect MIE 5’-UTR
regulation due to changes in the cellular environment. The results presented here thus



TABLE 1 Sequences of primers and oligonucleotides used in this study

Primer name

Sequence (5'—3’)

qRT-PCR GAPDH F
gRT-PCR GAPDH R
gRT-PCR IE1 F
gRT-PCR IE1 R
gRT-PCR IE2 F
qRT-PCR IE2 R
UL99 F

UL99 R

gRT-PCR Fluc F
qRT-PCR Fluc R
MIE UTR-pGL3 F
MIE UTR-pGL3 R
5" RACE OUT

5" RACE IN

IEX2R OUT

IEX2R IN

IEX1F

IEX3R

Full CAA Ultramer-pGL3

IE UTR del KS F

IE UTR del KS R

T7 Primer WT UTR F
T7 Primer Full CAA F
T7 pGL3 F

luc pA R

Full CAA oligo F

Full CAA oligo R

+10 CAA oligo F

+10 CAA oligo R

IE UTR CAA F
IE UTR CAAR

CTGTTGCTGTAGCCAAATTCGT

ACCCACTCCTCCACCTTTGAC

CAAGTGACCGAGGATTGCAA

CACCATGTCCACTCGAACCTT

TGACCGAGGATTGCAACGA

CGGCATGATTGACAGCCTG

GTGTCCCATTCCCGACTCG

TTCACAACGTCCACCCACC

ACAAAGGCTATCAGGTGGCT

CGTGCTCCAAAACAACAACG

GAGGCCTAGGCTTTTGCAAAACAGATCGCCTGGAGACGCCATCCAC

TATGTTTTTGGCGTCTTCCATCGTGTCAAGGACGGTGAGTCACTCT

GCTGATGGCGATGAATGAACACTG

CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG

TCAGGGTCCATCTTTCTCTTGGCA

ATCGTGTCAAGGACGGTG

CCAAGAGTGACT

TTCTTCGGCCAACTCTGGAAACAG

GAGGCCTAGGCTTTTGCAAAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACA
ACAACAACAACAACAACAACAACAACAACAACAACAACAACAACACAAGAGTGACTCACCGTCCTTGACACGATGGAAGACGCC
AAAAACATA

AGGCGTGTACGGTGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGGAATTCGAGCTCGGTACCCGG

AGCCAAGGGGGTGGGCCTATAGACTCTATAGGCGGTACTTACGTCACTCTTGATCCCGGGAAAAGTGCCACC

CATCAAGCTTTAATACGACTCACTATATCAGATCGCCTGGAGACGCCATC

GCTTTAATACGACTCACTATAGCAACAACAACAACAACAAC

GCTTTAATACGACTCACTATAGGGCATTCCGGTACTGTTG

TTTTTTTTTTTITTTITTTTTTTITTTTTTACACGGCGATCTTTCCGCCCTTC

AGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGCAACAACAACAACAACAACAACAACAACAACAACAA
CAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACCAAGA
GTGACG

CCAAGGGGGTGGGCCTATAGACTCTATAGGCGGTACTTACGTCACTCTTGGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTG
TTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGCGGTTCA
CTAAAC

AGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGCCCAACAACAACAACAACAACAACAACA
ACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACA
ACAACAACAACCAAGAGTGACG

CCAAGGGGGTGGGCCTATAGACTCTATAGGCGGTACTTACGTCACTCTTGGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTG
TTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGGGCGATCTGAC

AGGCGTGTACGGTGGGAGGTCTAT

CCAAGGGGGTGGGCCTATAGAC

provide the rationale for future work to define the role of the MIE 5" UTR in other

infection settings.

MATERIALS AND METHODS

Cells and viruses. Hela cells and MRC5 primary fibroblasts were cultured in Dulbecco’s modified
Eagle medium (DMEM; Sigma) containing 10% fetal bovine serum (Gibco) and penicillin and strepto-
mycin (Sigma). Virus stocks were grown on MRC5 fibroblasts, and their titers were determined using the
50% tissue culture infectious dose (TCIDy,) assay, unless otherwise noted. In all experiments, ADinGFP
(74) was used as the wild-type HCMV strain.

Recombinant viruses were made using a two-step recombination process as described previously (37,
45,75, 76). Briefly, SW105 Escherichia coli isolates containing the ADinGFP bacterial artificial chromosome
(BAC) were induced to be recombination competent by incubation at 42°C for 15 min. The bacteria were
then electroporated with a kanamycin-levansucrase (KanSacB) expression cassette containing 50 nucle-
otides of sequence flanking the desired insertion site to guide recombination into the HCMV genome.
The KanSacB recombination template was generated by PCR using the primers [E UTR del KS F and IE UTR
del KSR, listed in Table 1. After recombination, bacteria were selected for growth on kanamycin, and the
lack of gross recombination was confirmed by restriction digestion. Correct insertion of the KanSacB
cassette was determined by PCR amplification of the region containing the KanSacB cassette followed by
sequencing of the amplicon. Correct insertants were subjected to a second round of recombination to
replace the Kan/SacB cassette with the intended mutation. To generate the Full CAA recombinant, the
oligonucleotides “Full CAA oligo F” and “Full CAA oligo R” were annealed and then amplified using
primers IE UTR CAA F and IE UTR CAA R. The PCR product was then electroporated into bacteria
containing the Kan/SacB insertion, and recombinants were selected for by growth on LB agar containing
6% sucrose, which is toxic in the presence of the SacB gene. Replica plating was used to confirm the



absence of the kanamycin cassette prior to restriction digestion to monitor genomic integrity. To
generate the +10 CAA recombinant, the oligonucleotides +10 CAA F and +10 CAA R were annealed and
amplified with primers IE UTR CAA F and IE UTR CAA R prior to recombination and selection as described
above. The region from +500 to —500 nucleotides surrounding the recombination site was PCR
amplified and sequenced to confirm the absence of unintended mutations. For recombinants with
the correct genotype, BAC DNA was purified (Nucleobond) and electroporated into MRC5 fibroblasts
to generate infectious virus. Two independent isolates of each recombinant virus were generated
from the wild-type BAC; both isolates were characterized. Primer and oligonucleotide sequences are
listed in Table 1.

Plasmids. The luciferase reporter vectors were made by cloning the indicated 5’-UTR sequence into
the Hindlll and Ncol sites of pGL3-Control (Promega) using Gibson assembly (NEB). To generate the
wild-type MIE 5'-UTR reporter, the MIE 5" UTR was PCR amplified using primers MIE UTR-pGL3 F and MIE
UTR-pGL3 R using cDNA from HCMV-infected cells as a template. To generate the Full CAA reporter, the
Full CAA ultramer was PCR amplified using primers MIE UTR-pGL3 F and MIE UTR-pGL3 R. The PCR
products were cloned into pGL3 control using Gibson assembly. Primer and ultramer sequences are listed
in Table 1.

Luciferase assays. Luciferase assays were performed essentially as described previously (77). Hela
cells were transfected with 0.5 ug of each plasmid using polyethylenimine (PEl; Sigma) as the transfec-
tion reagent. Twenty-four hours after transfection, the cells were lysed in 1X passive lysis buffer
(Promega) for 10 min at room temperature. Eight microliters of lysate was mixed with 40 ul luciferase
reagent (Promega), and luciferase activity was measured using a luminometer (Molecular Devices LSII
Max). The amount of luciferase activity was normalized to the protein content of each sample as
determined by the Bradford assay. All transfection data are the means from at least three independent
experiments performed on multiple days. For in vitro translation reactions, the indicated 5'-UTR-
luciferase reporter fusion was PCR amplified with a 5" primer containing a T7 promoter and a reverse
primer that added a poly(A) tail to the end of the luciferase open reading frame (ORF). The sequences
of the primers used for PCR are listed in Table 1. The PCR product was then used as the template in an
in vitro transcription reaction mixture (mMessageMachine T7 in vitro transcription kit; Ambion) contain-
ing 7-methylguanosine, resulting in capped, polyadenylated reporter mRNA. Rabbit reticulocyte lysates
(RRLs; Promega) were programmed with 1 wg mRNA, and the in vitro translation reaction was allowed
to proceed for 90 min at 30°C. Luciferase activity was determined using a luminometer as described
above. Each in vitro translation assay was performed a minimum of three times.

Polysome analysis. Polysomes were resolved using linear sucrose gradients as described previously
(45). Briefly, cells were treated with 100 wg/ml cycloheximide for 10 min at 37°C prior to harvest. Cell
pellets were resuspended in polysome buffer (20 mM Tris-HCI [pH 7.4], 140 mM KCl, 5 mM MgCl,)
containing 0.1% Triton X-100 and 10 mM dithiothreitol (DTT) and disrupted by 5 passes through a
27-gauge needle. Nuclei were removed by centrifugation for 5 min at 2,500 X g, followed by centrifu-
gation for 10 min at 13,000 X g to remove insoluble debris. The clarified cytoplasmic lysate was layered
onto linear 10 to 50% sucrose gradients prepared in polysome buffer and spun in an ultracentrifuge
(Becton-Dickinson) for 2 h at 32,500 rpm in an SW41 swinging bucket rotor without brake. The gradient
was fractionated using a gradient fractionation system (Brandel) with continuous absorbance monitoring
at an optical density at 254 nm (OD,s,). Gradient fractions were extracted with TRIzol and treated with
Turbo DNase (Applied Biosystems), and the RNA was converted to cDNA as described below.

5'RACE. The transcription start site of the MIE mRNA was determined using the RLM-RACE kit
(Ambion) as described before (45) according to the manufacturer’s directions. Briefly, total RNA was
isolated at 6 h after infection and treated with calf intestinal phosphatase (CIP) to dephosphorylate
uncapped and degraded RNAs. The m’G mRNA cap was then removed with tobacco acid pyrophos-
phatase (TAP), and an RNA oligonucleotide was ligated to the 5’ end of the RNA. The RNA was reverse
transcribed using random hexamers as primers. The resulting cDNA was amplified in a nested PCR, using
primers 5" RACE OUT and IEX2R OUT in the first round and primers 5" RACE IN and IEX2R IN in the second
round. Primer sequences are listed in Table 1. The resulting PCR product was cloned into the pCR-Blunt
vector (ThermoFisher), and the insert was sequenced by Sanger sequencing.

Analysis of nucleic acid abundance. Analysis of RNA abundance was performed essentially as
described previously (45, 61). Briefly, cells or frozen cell pellets were resuspended in 1 ml of TRIzol. Two
hundred microliters of chloroform was added, and the samples were vortexed and spun for 10 min at
15,000 X g. An equal volume of isopropanol was added to the aqueous layer, and the RNA was pelleted
by centrifugation at 15,000 X g for 30 min. The RNA was resuspended in 1X DNase buffer containing
20 U DNase (Turbo DNase free kit; Ambion) and incubated for 30 min at 37°C. The DNase was inactivated
per the manufacturer’s protocol, and the RNA was quantified using a spectrophotometer (NanoDrop). An
equal mass of RNA from each sample, typically 0.5 ng, was added to a 1X reverse transcription reaction
mixture (High Capacity cDNA reverse transcription kit; ThermoFisher) together with random hexamer
primers. The reaction mixture was incubated at 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min.
For real-time PCRs, 2 ul of the reverse transcription reaction mixture was mixed with 1X SYBR green
master mix and 0.5 wM gene-specific primers (Table 1) and subjected to PCR under the following
conditions: 95°C for 5 min, 40 cycles of 95°C for 10 s and 55°C for 30 s, and 72°C for 7 min. The absolute
quantification method was used to determine transcript abundance by comparing the abundance of
each PCR product to a standard curve generated from 10-fold serial dilutions of a DNA standard specific
for each primer pair.

HCMV DNA was quantified essentially as described previously (45, 61, 76, 78). Briefly, samples were
incubated in DNA extraction buffer (400 mM NaCl, 10 mM Tris-HCI [pH 8.0], 10 mM EDTA) containing



proteinase K (10 mg/ml) overnight at 37°C. The samples were extracted with phenol-chloroform,
digested with RNase A (10 mg/ml) for 1 h at 37°C, and extracted again with phenol-chloroform, and the
DNA was precipitated with isopropanol and resuspended in 10 mM Tris-HCI (pH 8.0). PCRs using primers
specific to the UL99 gene (UL99F and UL99R [Table 1]) were used to determine the number of HCMV
genomes by comparing the threshold values to a series of HCMV BAC DNA standards containing from
108 to 10" HCMV genomes.

Analysis of MIE exon 1 and 2 splicing. cDNA was generated from total RNA as described above. The
cDNA was amplified with a primer specific to the end of MIE exon 1 (primer [EX1F) and a primer
recognizing MIE exon 3 (primer IEX3R). Primer sequences are listed in Table 1. The PCR product was
visualized on a 2% agarose gel and run according to the predicted size of 220 bp. A control reaction in
which reverse transcriptase was omitted was performed to confirm that the PCR product was derived
from cDNA rather than contaminating genomic DNA.

Analysis of protein expression. Western blot analysis was performed as described before (79).
Briefly, cells were scraped and stored as dry frozen pellets at —80°C until analysis. Cell pellets were
resuspended in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1
mM EDTA, 1% NP-40, 1% sodium deoxycholate) containing 1X cOmplete protease inhibitor cocktail
(Roche), and the protein concentration was determined by the Bradford assay. Equal amounts of protein
were resolved on SDS-PAGE gels and then transferred to nitrocellulose membranes (Amersham). The
membranes were blocked in TBS-T (20 mM Tris-HCI [pH 7.6], 140 mM NaCl, 0.1% Tween 20) containing
5% nonfat milk for at least 1 h prior to incubation with primary antibody. Mouse monoclonal antibodies
were diluted in 1% bovine serum albumin (BSA) in TBS-T and incubated with the membrane for 1 h at
room temperature. Rabbit polyclonal antibodies were diluted in 5% BSA in TBS-T and incubated
overnight at 4°C. Membranes were washed with TBS-T, incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody, and then visualized by chemiluminescence using a digital imager
(Bio-Rad). Antibodies specific for the following proteins were used: IE1 (1:100 [80]), UL44 (1:1,000;
Virusys), pp28 (1:100 [81]), tubulin (1:10,000; Sigma). All experiments were performed a minimum of three
times, and representative results from a single experiment are shown in the figures.

Viral growth analysis. Cells were infected with HCMV at the indicated multiplicity of infection in a
minimum volume of complete growth medium. Virus was incubated with cells for 1 h at 37°C with
rocking every 15 min, after which time the inoculum was removed and replaced with fresh medium. The
amount of virus in cell-free supernatants was quantified using either the TCID,;, method to measure
infectious units or qPCR as described above to enumerate HCMV genomes as previously described (37,
82). For single-step growth analysis, cells were infected at a multiplicity of 3, or the equivalent number
of viral genomes, as described in the text. Supernatants were harvested at 24-h intervals and stored at
—80°C until use.
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