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Long noncoding RNAs (lncRNAs) are frequently associated with broad
modulation of gene expression and thus provide the cell with the ability to synchronize
entire metabolic processes. We used transcriptomic approaches to investigate whether
the most abundant human cytomegalovirus-encoded lncRNA, RNA2.7, has this characteristic. By comparing cells infected with wild-type virus (WT) to cells infected with
RNA2.7 deletion mutants, RNA2.7 was implicated in regulating a large number of cellular
genes late in lytic infection. Pathway analysis indicated that .100 of these genes are
associated with promoting cell movement, and the 10 most highly regulated of these
were validated in further experiments. Morphological analysis and live cell tracking of
WT- and RNA2.7 mutant-infected cells indicated that RNA2.7 is involved in promoting
the movement and detachment of infected cells late in infection, and plaque assays
using sparse cell monolayers indicated that RNA2.7 is also involved in promoting cell-tocell spread of virus. Consistent with the observation that upregulated mRNAs are relatively A1U-rich, which is a trait associated with transcript instability, and that they are
also enriched in motifs associated with mRNA instability, transcriptional inhibition experiments on WT- and RNA2.7 mutant-infected cells showed that four upregulated transcripts lived longer in the presence of RNA2.7. These ﬁndings demonstrate that RNA2.7
is required for promoting cell movement and viral spread late in infection and suggest
that this may be due to general stabilization of A1U-rich transcripts.

IMPORTANCE In addition to messenger RNAs (mRNAs), the human genome encodes
a large number of long noncoding RNAs (lncRNAs). Many lncRNAs that have been
studied in detail are associated with broad modulation of gene expression and have
important biological roles. Human cytomegalovirus, which is a large, clinically important DNA virus, speciﬁes four lncRNAs, one of which (RNA2.7) is expressed at remarkably high levels during lytic infection. Our studies show that RNA2.7 is required for
upregulating a large number of human genes, about 100 of which are associated
with cell movement, and for promoting the movement of infected cells and the
spread of virus from one cell to another. Further bioinformatic and experimental
analyses indicated that RNA2.7 may exert these effects by stabilizing mRNAs that are
relatively rich in A and U nucleotides. These ﬁndings increase our knowledge of how
human cytomegalovirus regulates the infected cell to promote its own success.
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L

ong noncoding RNAs (lncRNAs) are untranslated transcripts of over 200 nucleotides
(nt). More than 16,000 have been annotated in the human genome (Human
GENCODE Release, version 30), and many that have been studied in detail have been
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shown to be vital regulators of cellular processes. The functional importance of
lncRNAs is also evident from the association of their dysregulation with over 300
human diseases (LncRNADisease database [1]) and from loss-of-function experiments
targeting lncRNAs in animal models that result in embryonic lethality or developmental defects (2). Cellular lncRNAs function in various ways, including guiding lncRNAbound proteins to speciﬁc DNA sequences, acting as decoys for proteins or miRNAs,
forming scaffolds for multiprotein complexes that would otherwise be thermodynamically unfavorable, altering RNA processing or translation directly by binding to DNA or
RNA or indirectly by modulating the activity of regulatory proteins, and modulating
signaling pathways (2–5).
Herpesviruses also encode lncRNAs that regulate multiple processes during infection.
Kaposi’s sarcoma-associated herpesvirus polyadenylated nuclear (PAN) RNA is essential
for late gene expression and viral propagation (6–8). Herpes simplex virus 1 latency-associated transcript (LAT) inﬂuences various stages of latency (9). Human cytomegalovirus
(HCMV; species Human betaherpesvirus 5) encodes four major lncRNAs (RNA1.2, RNA4.9,
RNA5.0, and RNA2.7), in addition to at least 170 coding sequences (CDSs) for functional
proteins (10–13). RNA1.2 suppresses extracellular release of the proinﬂammatory cytokine interleukin-6 (IL-6) by blocking NF-k B activation (14). RNA4.9 has been reported to
recruit the polycomb repression complex to suppress the activity of the HCMV major immediate early promoter (MIEP) via chromatin remodeling (15), which could contribute to
the establishment and maintenance of latent infection. RNA4.9 also facilitates lytic infection, forming an RNA-DNA hybrid (R-loop) with the origin of DNA replication (oriLyt) that
may be involved in the initiation of viral DNA synthesis (16).
RNA2.7 is approximately 2.5 kb in size (not including the polyadenylate tail) and is
encoded by a gene that does not overlap known functional CDSs. It is relatively A1U-rich
(55%) and well conserved (78% identity in all sequenced strains), although both of these
values are somewhat lower in the 300 to 400 nt at the 59 end (data not shown). The gene
is transcribed with early kinetics and thus dependent on prior immediate early gene
expression. It is activated by immediate early proteins 1 and 2 (IE1 and IE2, encoded by
genes UL123 and UL122, respectively), and other viral gene products are also required for
the extremely high levels of RNA2.7 expression during lytic infection (17). RNA2.7 has long
been known to be the most abundant early transcript (18–21) and constitutes nearly half
of all viral polyadenylated transcripts late in infection (22). Moreover, it is highly expressed
in multiple cell types (ﬁbroblasts, dendritic cells, and macrophages) during lytic infection
(22, 23), and there is evidence that it is also abundant during latency (24).
RNA2.7 interacts with the GRIM-19 subunit of mitochondrial complex I (also known as
respiratory complex I, NADH:ubiquinone oxidoreductase, and type 1 NADH dehydrogenase), which is the ﬁrst component in the mitochondrial electron transport chain, leading
to the maintenance of ATP production and the protection of infected cells from apoptosis (25). Capitalizing on this activity, RNA2.7 protected endothelial cells from apoptosis in
an in vitro model of ischemia/reperfusion injury (26) and has been administered successfully as a therapeutic treatment to prevent and rescue neuronal death in animal models
of Parkinson’s disease (27). Given that the 796-nt sequence forming the 59-terminal onethird of RNA2.7 (termed the p137 region) was sufﬁcient to protect cells from apoptosis
(27), it is likely that the rest of this lncRNA performs additional roles. Observations consistent with this hypothesis have been reported, in that RNA2.7 is distributed throughout
the nucleus and the cytoplasm, whereas mitochondrial complex I is located only in the
mitochondrial membrane (16, 28), and in that protection of cells from apoptosis is
unlikely in principle to require such high levels of RNA2.7. In the present study, we investigated the activities of RNA2.7 further by characterizing the properties of two RNA2.7
deletion mutants, with an emphasis on transcriptome proﬁling. RNA2.7 was required for
regulating hundreds of cellular genes, and .100 of these genes were associated with
promoting the movement of infected cells late in infection. The observation that upregulated transcripts tend to be A1U-rich and contain sequence motifs associated with RNA
instability suggests that RNA2.7 may be involved in promoting mRNA stability.
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RESULTS
Analysis of growth kinetics. The growth kinetics of three viruses generated from a
bacterial artiﬁcial chromosome (BAC) of HCMV strain Merlin were examined: the parental virus (termed wild type [WT]) and two RNA2.7 deletion mutants (DRNA2.7 and
DTATA) (Fig. 1A). In DRNA2.7, the majority of the RNA2.7 coding sequence was deleted,
from 50 bp upstream of the TATA box (TATAAA) to 50 bp upstream of the polyadenylation signal (AATAAA) that RNA2.7 shares with an upstream gene, RL5A. In DTATA,
only the 6 nt of the TATA box were deleted.
A phenotype has been reported for an RNA2.7 deletion mutant of HCMV strain
Toledo (29), and the genome sequence of this mutant has been veriﬁed (13). The
growth kinetics of this mutant were wild type under standard culture conditions but
inhibited under conditions of glucose deprivation. This phenotype was attributed to
the increased susceptibility of mutant-infected cells to apoptosis and their decreased
production of ATP (25). The ability of the Merlin RNA2.7 mutants to grow in human fetal foreskin ﬁbroblast (HFFF2) cells was examined under conditions of single-step and
multistep infection (Fig. 1B and C). Neither mutant showed a growth defect in cells
under standard culture conditions, but both grew poorly under conditions of glucose
deprivation, thus conﬁrming with strain Merlin the earlier ﬁndings with strain Toledo
(Fig. 1D). Both mutants also exhibited a growth defect in HFFF2 cells synchronized to
the G0 phase of the cell cycle (Fig. 1E).
Transcriptomic analysis. Since many functions attributed to lncRNAs involve regulation of gene expression, differential expression of viral and cellular transcripts was
examined in HFFF2 cells lytically infected with the RNA2.7 mutants in comparison to
cells infected with WT. Illumina sequence data were obtained at three time points
postinfection (p.i.): 4 h p.i. for the effects of RNA2.7 incorporated into input virions (15,
30) or expressed very early in infection, and 24 and 72 h p.i. for the effects of RNA2.7
expressed during the early and late stages of infection, respectively.
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FIG 1 Effects of RNA2.7 on viral growth kinetics. (A) Diagram depicting the regions deleted in the RNA2.7 mutants (DRNA2.7 and DTATA) in comparison
with WT. The RNA2.7-coding region is indicated by a blue arrow, the TATA box by a red line, the polyadenylation [poly(A)] signal by a yellow line and
deleted regions by gray-shaded rectangles. Numbers indicate the distance (nt) from the transcription initiation site (at 1 nt). In the HCMV genome, the
RNA2.7 gene is oriented leftward near the left end (22). For analysis under standard culture conditions, HFFF2 cells were infected at an MOI of 1 (B) or an
MOI of 0.001 (C) with WT, DRNA2.7, or DTATA, and cell-released viral titers were determined. For analysis under conditions of glucose deprivation (D) or
cell synchronization (E), HFFF2 cells were infected with WT, DRNA2.7, or DTATA at an MOI of 5. Each result represents one of three independent
experiments, with each error bar indicating the standard deviation of technical replicates. PFU, plaque-forming units.
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Previous observations that RNA2.7 is expressed with early kinetics and accumulates
as infection progresses (18, 19) were conﬁrmed (Fig. 2A). The levels of all other viral
transcripts were the same for each virus (Fig. 2B; see also Table S1A in the supplemental material), indicating that the absence of RNA2.7 had no general effect on the proportion of viral RNA (excluding RNA2.7) expressed during the course of infection.
These data dealt with the aggregate of viral RNAs and took no account of the behavior
of individual RNAs or whether they were sense or antisense (i.e., transcribed in the
same direction as a gene or the opposite direction) (22, 31–33). To analyze individual
genes, the numbers of reads originating from the sense and antisense strands of each
of the 170 protein-coding CDSs and four lncRNA-encoding regions were counted.
Comparisons excluded RNA2.7, and differential regulation by RNA2.7 was registered
when exhibited by both DRNA2.7 and DTATA above a deﬁned probability threshold
(q , 0.05).
No sense transcripts were differentially expressed by the mutants at 4 h p.i., and
only one gene (RL1) was upregulated at 24 h p.i. (Fig. 3A and Table 1, part A; see also
Table S1B). In contrast, sense transcripts from 22 genes were differentially expressed at
72 h p.i., with nine upregulated and 13 downregulated (Table 1, part B). Differential
expression by DRNA2.7 was moderate, ranging from upregulation by 1.66-fold to
downregulation by 6.47-fold. RL5A, the 39-untranslated region (39 UTR) of which overlaps RNA2.7, was the third most downregulated gene (3.89-fold). Despite the lack of
the TATA box, expression of RNA2.7 at 72 h p.i. was observed in DTATA at approximately 10% of the level in WT (Fig. 2A). The similarity of the transcription proﬁles of
this region of the genome in WT and DTATA provided no evidence for an alternative
promoter contributing signiﬁcantly in the latter (Fig. 2C). No antisense transcripts were
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FIG 2 Effects of RNA2.7 on viral transcription. HFFF2 cells were infected at an MOI of 5 with WT, DRNA2.7, or DTATA. Sequence reads generated from
polyadenylated RNA isolated at 4, 24, or 72 h p.i. were aligned to the WT and DRNA2.7 genome sequences and counted. Each error bar indicates the
standard deviation of three independent experiments. The data are shown for reads from RNA2.7 (A) and all other viral transcripts (B) and are expressed as
percentages of all viral and host reads (% total reads). N.S., not signiﬁcant. (C) Alignment of sense reads from WT- and DTATA-infected cells at 72 h p.i. to
the region containing the RNA2.7 gene, visualized in Tablet. Greater height and intensity and indicate higher coverage. The two plots are shown on
different scales: DTATA expressed approximately 10% of the level of RNA2.7 expressed by WT (see panel A).
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FIG 3 Effects of RNA2.7 on viral sense and antisense transcription. HFFF2 cells were infected at an MOI of 5
with WT, DRNA2.7, or DTATA. Sequence reads generated from polyadenylated RNA isolated at 4, 24, or 72 h p.i.
were aligned to the WT and DRNA2.7 genome sequences, sorted into those originating from sense and
antisense transcripts from each CDS, and counted. Sense (A) and antisense (B) expressions of viral transcripts by
the mutants were compared to those of WT and are shown as log2fold change (log2FC) values. Signiﬁcantly
dysregulated transcripts (q , 0.05) are marked by orange dots. (C) Lack of correlation between sense and
antisense log2FC values in the RNA2.7 mutants. The data were generated from three independent experiments.

differentially regulated at 4 or 24 h p.i. At 72 h p.i., antisense transcripts to three genes
in DRNA2.7-infected cells were upregulated by #1.45-fold, and transcripts antisense to
26 genes were downregulated by #2.25-fold (Fig. 3B and Table 1, part C; see also
Table S1C). Only two loci were consistently dysregulated in both sense and antisense
transcription (RL10 and UL142, both downregulated). There was no overall correlation
between the differential expression of sense and antisense transcripts for all viral genes
in mutant-infected cells at 72 h p.i. (Spearman’s correlation, P . 0.05; Fig. 3C).
No differentially expressed cellular RNAs were identiﬁed at 4 h and 24 h p.i. At 72 h p.i.,
1,552 genes were differentially expressed in DRNA2.7-infected cells, and 1200 were
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TABLE 1 Effects of RNA2.7 on viral transcriptiona
Comparison
DTATA vs WT

log2FC

q

ID

log2FC

q

1.84

0.001

RL1

1.31

0.036

Part B, 72 h
US9
US8
UL57
UL37
UL56
UL130
UL72
UL20
UL55
US26
US7
UL10
UL144
UL145
RL10
UL8
UL9
UL7
UL1
RL5A
UL142
RL6

0.73
0.73
0.69
0.63
0.57
0.46
0.45
0.45
0.45
20.42
20.55
20.66
20.68
20.74
20.94
21.19
21.36
21.37
21.43
21.96
22.46
22.69

0.0160
0.0153
0.0073
0.0424
0.0176
0.0274
0.0208
0.0220
0.0160
0.0153
0.0208
0.0208
0.0094
0.0073
0.0056
0.0073
0.0073
0.0040
0.0028
0.0004
0.0220
0.0004

US9
US8
UL57
UL37
UL56
UL130
UL72
UL20
UL55
US26
US7
UL10
UL144
UL145
RL10
UL8
UL9
UL7
UL1
RL5A
UL142
RL6

0.88
0.85
0.55
0.71
0.43
0.47
0.45
0.52
0.32
20.30
20.40
20.56
20.64
20.40
20.76
21.20
21.33
21.26
21.15
21.22
22.15
21.27

0.0175
0.0183
0.0164
0.0338
0.0459
0.0439
0.0299
0.0299
0.0420
0.0447
0.0439
0.0408
0.0139
0.0420
0.0089
0.0057
0.0052
0.0052
0.0052
0.0052
0.0408
0.0068

Part C, 72 h
UL124
UL73
UL32
RL10
RL12
UL23
UL91
US13
US28
UL16
UL72
US10
US12
UL6
US9
UL71
US18
US7
UL142
US11
US8
UL5
US6
RL13
RL9A
UL20
US27
US3
UL2

0.54
0.41
0.36
20.34
20.41
20.41
20.43
20.43
20.44
20.50
20.53
20.53
20.57
20.59
20.63
20.63
20.66
20.67
20.69
20.72
20.76
20.76
20.78
20.79
20.82
20.83
20.85
21.03
21.170

0.0070
0.0144
0.0275
0.0459
0.0452
0.0254
0.0305
0.0144
0.0396
0.0111
0.0081
0.0075
0.0098
0.0029
0.0029
0.0469
0.0028
0.0037
0.0111
0.0134
0.0012
0.0028
0.0028
0.0029
0.0134
0.0037
0.0012
0.0029
0.0009

UL124
UL73
UL32
RL10
RL12
UL23
UL91
US13
US28
UL16
UL72
US10
US12
UL6
US9
UL71
US18
US7
UL142
US11
US8
UL5
US6
RL13
RL9A
UL20
US27
US3
UL2

0.56
0.43
0.37
20.39
20.53
20.56
20.54
20.54
20.47
20.43
20.38
20.54
20.76
20.42
20.53
20.81
20.67
20.58
20.55
20.89
20.77
20.70
20.70
20.73
20.79
20.62
20.76
20.58
20.866

0.0172
0.0172
0.0237
0.0470
0.0238
0.0130
0.0463
0.0115
0.0402
0.0238
0.0320
0.0149
0.0046
0.0226
0.0091
0.0172
0.0043
0.0098
0.0238
0.0091
0.0043
0.0046
0.0043
0.0091
0.0226
0.0172
0.0043
0.0172
0.0046

cells were infected at an MOI of 5 with WT, DRNA2.7, or DTATA. Strand-speciﬁc sequence reads were
generated from polyadenylated RNA isolated at 24 or 72 h p.i., sorted into reads originating from the sense and
antisense transcripts for each CDS, and counted. The results are shown as log2fold change (log2FC) values.
Signiﬁcantly dysregulated transcripts (q , 0.05) are listed for sense (parts A and B) and antisense (part C)
transcripts. The results of three independent experiments are shown.

aHFFF2
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Part, time p.i., and ORF
Part A, 24 h
RL1
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TABLE 2 Functional categorization of transcripts differentially expressed by RNA2.7 mutantsa
Function or effect
Cell movement
Migration of cells
Invasion of cells
Migration of endothelial cells
Invasion of tumor cell lines
Cell movement of endothelial cells
Homing of cells
Development of vasculature
Angiogenesis
Chemotaxis
Chemotaxis of cells
Formation of cellular protrusions
Cell movement of leukocytes
Organization of cytoskeleton
Cellular homeostasis
Microtubule dynamics
Proliferation of blood cells
Invasion of carcinoma cell lines
Endothelial cell development

P
6.83E–10
3.66E–08
3.28E–05
1.21E–04
4.48E–04
7.57E–05
1.20E–03
6.16E–03
9.11E–03
1.93E–03
3.47E–03
1.07E–04
4.17E–03
1.52E–04
6.61E–05
1.79E–04
6.18E–03
1.23E–02
1.61E–02

Predicted activation
state in RNA2.7 mutants
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased

z score
25.187
24.688
24.064
23.857
23.795
23.739
23.729
23.705
23.705
23.607
23.607
23.498
23.430
23.321
23.295
23.130
22.988
22.909
22.901

No. of genes
108
95
53
27
41
29
30
38
37
29
27
33
29
56
63
42
28
15
21

No. of genes in cell
movement category
108
95
30
27
23
29
30
0
0
29
27
14
29
27
0
18
0
0
0

analysis of the 931 regulated cellular genes. Signiﬁcance is indicated by the P value, and increased or decreased activity of the implicated biological function by
the z score.

differentially expressed in DTATA-infected cells (see Table S2). The differences in expression level were largely moderate: 99% of the genes dysregulated in DRNA2.7-infected cells
and DTATA-infected cells were differentially expressed by #4-fold. In both mutants, most
dysregulated genes (74 to 76%) were downregulated. Of the cellular genes differentially
regulated by the mutants at 72 h p.i., 931 were common to both DRNA2.7 and DTATA,
with 146 upregulated and 785 downregulated (see Table S2).
Role of cell movement genes. The functions of the 931 cellular genes dysregulated
by the RNA2.7 mutants were investigated by pathway analysis (Table 2). The most
prominent category was cell movement, into which 108 genes fell and which scored
strongly by gene enrichment (P = 6.83E–10, Fisher exact test) and the concerted up- or
downregulation of these genes (z = 25.187). Many genes in other high-scoring categories, such as migration of cells and invasion of cells, were common to the cell movement category (ﬁnal column in Table 2). Several of these cell-movement-associated
(CMA) genes were investigated further.
Of the 108 CMA genes differentially expressed by the RNA2.7 mutants, 99 were
downregulated and nine were upregulated (see Table S3A). Ten genes were selected
for further analysis that were highly expressed in WT-infected cells and dysregulated
(all downregulated) by .1.8-fold in DRNA2.7-infected cells and by .1.6-fold in DTATAinfected cells (Table 3). These and all subsequent experiments were performed in
HFFF2 cells that had been synchronized to the G0 phase of the cell cycle by serum starvation for 48 h prior to infection. Analysis of transcription of these genes by reverse
transcription-PCR (RT-PCR) showed that transcript levels were either maintained or upregulated by infection of cells with WT and markedly decreased during infection with
DRNA2.7 or DTATA (Fig. 4A). Previously published transcriptomic data (34) utilizing
nonsynchronized cells showed that all 10 genes were upregulated in WT-infected cells
between 24 and 72 h p.i. (Fig. 5A). Two of these genes, encoding Tropomyosin 3
(TPM3) and Syntaxin 3 (STX3), were investigated further. Transcripts accumulated for
each between 24 and 120 h p.i. in WT-infected cells but remained at basal levels in cells
infected with DRNA2.7 or DTATA (Fig. 5B), and immunoblotting analysis conﬁrmed
decreased protein levels of both proteins in cells infected with DRNA2.7 or DTATA
(Fig. 4B). These experiments validated the downregulation of 10 of the 108 regulated
CMA genes at the transcriptional level and two at the protein level. Preliminary
October 2021 Volume 95 Issue 20 e00698-21
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TABLE 3 Effects of RNA2.7 on expression of regulated CMA genes as determined by
transcriptomic assaya
Fold change vs WT (log2FC)

Transcript level (RPKM)
Gene
TPM3
RTN4
LASP1
STX3
S1PR1
HEBP1
DAG1
CXXC5
PDCL
STX6

WT
551.2
338
174.3
79.6
70.5
61.6
55.8
44.3
43.6
29

D2.7
178.6
171.6
58.3
24.4
17.2
26.8
26.2
15.7
19.1
13.7

DTATA
225.2
209.8
69.4
27.8
20.6
31.5
30
19.4
19.8
14.3

D2.7
21.626
20.978
21.580
20.878
21.706
22.035
21.201
21.091
21.497
21.191

q
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

DTATA
21.291
20.688
21.329
20.692
21.518
21.775
20.968
20.895
21.191
21.139

q
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

analysis was performed at 72 h p.i. of HFFF2 cells infected at an MOI of 5 with WT, DRNA2.7
(denoted D2.7), or DTATA. The transcript levels of 10 CMA genes that are highly expressed in WT-infected cells
and downregulated in RNA2.7 mutant-infected cells are shown as RPKM and log2fold change (log2FC) values.
Signiﬁcance is indicated by q , 0.05.

evidence that CMA protein levels follow transcript levels more generally was obtained
by a single proteomic analysis of WT, DRNA2.7 and DTATA-infected cells at 72 h p.i., in
which 73 of the 108 CMA genes were assessed (see Table S4). Protein and transcript
levels correlated strongly (Fig. 4C), although only the members of a subset of CMA proteins were signiﬁcantly dysregulated by DRNA2.7 and DTATA (28/73 [38%] and 19/73
[26%], respectively (P , 0.05)).
The results described above implied that cells infected with the RNA2.7 mutants
would exhibit lower motility than WT-infected cells at late times in infection. To investigate this, the two RNA2.7 mutations were introduced into the Merlin genome with the
green ﬂuorescent protein (GFP) CDS fused to a P2A self-cleaving peptide at the 39 end
of the UL36-coding region, in order to identify infected cells by live-cell microscopy.
Human ﬁbroblasts expressing the tetracycline (Tet) repressor (HF-Tet) cells were
infected with the parental virus (termed UL36-GFP-WT), UL36-GFP-DRNA2.7 or UL36GFP-DTATA, and the speed of movement of infected cells was measured from 72 until
120 h p.i. The results showed that UL36-GFP-WT-infected cells moved 1.6 to 2.2 times
faster than UL36-GFP-DRNA2.7- or UL36-GFP-DTATA-infected cells (Fig. 6A), thus supporting the conclusion that RNA2.7 is involved in promoting the movement of infected
cells. Microscopic analysis also revealed that, although cells infected with the RNA2.7
mutants readily developed cytopathic effects, the number of cells that became spherical was lower by 40% in UL36-GFP-DRNA2.7-infected cells but not lower in UL36-GFPDTATA-infected cells (Fig. 6B). Moreover, when infected spherical cells that had
become detached from the monolayer were removed by replacing the medium, the
number of remaining infected spherical cells was lower by 55% in UL36-GFP-WTinfected cells but not lower in mutant-infected cells. These data suggest that, although
low-level expression of RNA2.7 by UL36-GFP-DTATA (7 to 14% of WT; Fig. 2A and
Fig. 5B) was sufﬁcient to promote rounding of infected cells, high-level expression was
required for increased detachment. Relevant to this phenotype, 15 of the 931 transcripts dysregulated by the RNA2.7 mutants are associated with focal adhesion formation (see Table S3B). Overall, these results indicate that RNA2.7 may coordinate the regulation of CMA genes and thus enhance infected cell movement late in infection.
During infection, motile infected cells are likely to make multiple contacts with uninfected cells, thus facilitating cell-to-cell transfer of virus. Therefore, we hypothesized that
promotion of cell movement may be important for viral spread. To investigate this,
HF-Tet cells were infected with UL36-GFP-WT, UL36-GFP-DRNA2.7, or UL36-GFP-DTATA.
Late in infection, isolated infected cells were used to initiate infection in plaque assays
on sparse or fully conﬂuent monolayers in the presence of anti-HCMV blocking antibodies, and the number of GFP-positive cells per plaque was monitored. In sparse
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FIG 4 Effects of RNA2.7 on expression of regulated CMA genes. (A) Synchronized HFFF2 cells were infected at an MOI of
5 with WT, DRNA2.7 (denoted D2.7), or DTATA. At 72 h p.i., the transcript levels of 10 cell movement-associated (CMA)
genes that were highly expressed in WT-infected cells and downregulated in mutant-infected cells in the transcriptomic
analysis were conﬁrmed by RT-PCR, with GAPDH and G6PD serving as loading controls. One representative result of
three independent experiments is shown. (B) Protein levels for two of these genes examined by immunoblotting analysis.
Band density was normalized to the actin loading control, and expression levels relative to WT-infected cells for three
independent experiments are shown. (C) Differential expression data for the 73 regulated CMA genes that were
registered in both the transcriptomic and proteomic analyses. These were calculated as log2fold change (log2FC) values
relative to WT. R and p deﬁne the strength and signiﬁcance of the correlation, respectively. M, mock infected. Error bars
denote standard deviation values.

monolayers, there were 1.9- to 2.0-fold more infected cells in plaques seeded by UL36GFP-WT-infected cells than in those seeded by cells infected with either mutant, whereas
there were no differences in conﬂuent cell monolayers (Fig. 7). This again supports the
conclusion that RNA2.7 may promote cell movement, resulting in increased cell-to-cell
spread of infectious virus late in infection.
Role of GRIM-19. The analyses described above implicate RNA2.7 in coordinating
the regulation (mostly upregulation) of multiple cellular genes, presumably in order to
achieve speciﬁc functional goals, such as increasing infected cell movement and viral
spread. It is not clear how this is accomplished, but a common mechanism may be
involved. One possibility is through interactions with GRIM-19, to which RNA2.7 binds
directly (25). To investigate this, three independent shRNA knockdown cell lines (KD1KD3) against GRIM-19, and a control cell line, were generated from human ﬁbroblasts
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FIG 5 Effects of HCMV infection on transcription of CMA genes. HFFF2 cells were infected at an MOI of 5 with WT, DRNA2.7, or DTATA. (A) Data for 10
highly expressed CMA genes that were upregulated in the presence of RNA2.7 were extracted from Table S1 of a published report (36). Immortalized
ﬁbroblasts (HFFF-TERT cells) were infected at an MOI of 5 or 10 with HCMV strain Merlin in three biological replicates, and transcript abundance was
determined by sequencing RNA samples harvested at 0 (mock infected), 24, or 72 h p.i. RPKM values were normalized for each gene to the highest level
observed during the time course. (B) Data for RNA2.7, TPM3, and STX3 transcripts determined by RT-qPCR and normalized to that of the GAPDH transcript.
Each result represents one of three independent experiments, with error bars indicating the standard deviation of technical replicates.

immortalized by lentiviral transduction of a telomerase gene (HFT cells). The effectiveness of knockdown was conﬁrmed at the transcript (Fig. 8A, left 4 lanes) and protein
levels (Fig. 8B), although that of KD1 was marginal. Expression of CMA genes during
infection of these cell lines was also examined (Fig. 8A, right 12 lanes), and demonstrated that reduction in GRIM-19 level did not inﬂuence the level of transcription of
any of the four CMA genes tested (TPM3, STX3, Dystroglycan 1 [DAG1], and Hemebinding protein 1 [HEBP1]). These data indicate that GRIM-19 is unlikely to be involved
in the regulation of CMA genes involving RNA2.7.
Role of viral genes. Attempts were made using a lentivirus-based system to determine whether expression of RNA2.7 in the absence of other HCMV genes is sufﬁcient
to upregulate CMA genes. However, even though RNA2.7 was under the control of the
powerful HCMV MIEP lacking the IE2-speciﬁc repression signal that is commonly used
in expression systems, levels of RNA2.7 expression were ,4% of those observed during
HCMV infection. Efforts to rescue the RNA2.7 phenotype in the context of DRNA2.7
and DTATA infection were also unsuccessful, probably for the same reason. We also
attempted using a recombinant adenovirus system at exceptionally high multiplicity of
infection (MOI) to maximize RNA2.7 expression (also driven by the MIEP lacking the
IE2-speciﬁc repression signal), but this resulted in the development of profound cytopathic effects. Infection with adenovirus under these conditions also prevented subsequent infection with HCMV, thus prohibiting complementation. These two widely used
expression systems did not come anywhere near matching the power of the RNA2.7
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promoter, and it was therefore not possible to assess the role of RNA2.7 in isolation or
in complementing the RNA2.7 mutants.
In an alternative approach to assessing whether regulation of CMA genes depends
on the expression of other viral genes late in infection, phosphonoformic acid (PFA)
was used to inhibit viral DNA synthesis and hence late gene expression. Cells infected
with UL36-GFP-WT and treated with PFA moved 29% more slowly than untreated cells
at 48 to 96 h p.i. (Fig. 9A), whereas cells infected with UL36-GFP-DRNA2.7 and UL36GFP-DTATA moved 38% more slowly. These results suggest that expression of additional late viral genes is required for the regulation of CMA genes. However, although
RNA2.7 is expressed with early kinetics, its level in treated cells was half that in
untreated cells at 72 h p.i., raising the perhaps unlikely possibility that this lower level
was insufﬁcient to promote RNA2.7-mediated regulation (Fig. 9B).

FIG 7 Effects of RNA2.7 on viral spread. Synchronized HF-Tet cells were infected at an MOI of 5 with
UL36-GFP-WT, UL36-GFP-DRNA2.7 (denoted DRNA2.7), or UL36-GFP-DTATA (denoted DTATA). At 72 to
96 h p.i., infected cells were used to seed plaques on sparse or conﬂuent monolayers in the presence
of anti-HCMV blocking antibodies. GFP-expressing cells at 48 h p.i. were enumerated. A summary of
results with Tukey box-and-whisker plots representing three independent experiments in which all
plaques were assessed is shown.
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FIG 6 Effects of RNA2.7 on movement and rounding of cells. Synchronized HF-Tet cells were infected
at an MOI of 5 with UL36-GFP-WT, UL36-GFP-DRNA2.7 (denoted DRNA2.7), or UL36-GFP-DTATA
(denoted DTATA). (A) Fluorescent live cell microscopy and cell tracking performed at 72 to 120 h p.i.,
with images taken every 10 min. The data represent three independent experiments, each involving
duplicate wells and ﬁve independent ﬁelds of view per well. An average of 756 good quality tracks
per sample was analyzed. (B) Infected cell roundness, as deﬁned by an aspect (breath versus width)
ratio of $0.7 measured at 96 h p.i. before and after removing detached cells by changing the culture
medium. The data were generated from three independent experiments. Px, pixels.
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FIG 8 Effects of GRIM-19 on expression of regulated CMA genes. HFT cells were transduced with lentivirus
constructs expressing either a nontargeting shRNA as negative control (2) or one of three separate GRIM-19targeting shRNAs (KD1-KD3). Stable cell lines established by puromycin selection were synchronized and mockinfected (mock) or infected at an MOI of 5 with WT, DRNA2.7, or DTATA. (A) RT-PCR of CMA transcripts in RNA
harvested at 72 h p.i., using GAPDH as a loading control. (B) Immunoblot of GRIM-19 levels in mock-infected
cells. In each panel, the data represent one of three independent experiments.

FIG 9 Effects of inhibiting viral DNA synthesis on cell movement. Synchronized HF-Tet cells were infected at an
MOI of 5 with UL36-GFP-WT, UL36-GFP-DRNA2.7 (denoted DRNA2.7), or UL36-GFP-DTATA (denoted DTATA),
after which the UL36-GFP-WT-infected cells were treated immediately with PFA or left untreated. (A) Cell
movement speed measured by ﬂuorescent live cell confocal microscopy and cell tracking at 48 to 96 h p.i.,
taking images at 10-min intervals. The data represent three independent experiments, each with duplicate
wells and ﬁve independent ﬁelds of view per well. Signiﬁcantly different results were grouped using Tukey’s
test (columns A, B, and C), and error bars denote standard deviation values. (B) RNA2.7 levels measured by RTqPCR at 72 h p.i., with GAPDH serving as a loading control. Error bars indicate standard deviation values
between two independent experiments.
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Role of RNA2.7 subdomains. Previously published work has shown that the 59-terminal one-third of RNA2.7 (796 nt) is sufﬁcient to bind to GRIM-19 and protect cells
from apoptosis (27). To determine which parts of RNA2.7 are required for upregulation
of CMA genes, mutants were generated that lacked either this subdomain or the
remaining two-thirds of RNA2.7 (D59 and D39, respectively; Fig. 10A). The deletion in
D59 started 50 nt downstream of the transcription initiation site in order to limit promoter-associated effects on expression of the 39 subdomain of RNA2.7, and the deletion in D39 stopped 50 nt upstream of the polyadenylation signal in order to avoid
affecting expression of the upstream gene RL5A, which shares this signal with RNA2.7.
The impact of the deletions on CMA gene expression during infection of HFFF2 cells
was assessed. The levels of all four transcripts examined (TPM3, STX3, DAG1, and HEBP1)
were reduced in D59-infected cells to levels similar to those in DRNA2.7-infected cells.
The same observation was made for two of these genes (TPM3 and DAG1) in D39infected cells, whereas the other two genes (STX3 and HEBP1) were expressed at greater
levels than in DRNA2.7-infected cells (Fig. 10B). In addition, both UL36-GFP-D59- and
UL36-GFP-D39-infected cells moved more slowly than UL36-GFP-WT-infected cells. The
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FIG 10 Effects of partially deleting RNA2.7 on expression of CMA genes and cell movement. (A) Diagram depicting the regions deleted in the RNA2.7
mutants (D59 and D39) in comparison to WT. The RNA2.7-coding region is indicated by a blue arrow, the TATA box by a red line, and the polyadenylation
[poly(A)] signal by a yellow line. The deleted regions are marked by gray-shaded rectangles. Numbers indicate the distance (nt) from the transcription
initiation site (at 1 nt). (B) HFFF2 cells were infected at an MOI of 5 with WT, D59, D39, DRNA2.7, or DTATA and CMA transcript levels in RNA harvested at
72 h p.i. were measured by RT-PCR, using GAPDH as a loading control. The data represent one of three independent experiments. RT, reverse
transcriptase. (C) HF-Tet cells were infected at an MOI of 5 with UL36-GFP-WT, UL36-GFP-D59 (denoted D59), UL36-GFP-D39 (denoted D39), UL36-GFPDRNA2.7 (denoted DRNA2.7), or UL36-GFP-DTATA (denoted DTATA). Cell movement at 72 to 120 h p.i. was measured by live cell confocal microscopy and
tracking analysis. For each experiment, 10 random views of the ﬁeld were analyzed per sample, resulting in the analysis of .1,700 tracks after excluding
low quality tracks. Error bars denote standard deviation values. Signiﬁcantly different results were grouped using Tukey’s test (columns A, B, and C). (D
and E) Expression of the 59 region (D) and the 39 region (E) of RNA2.7 determined by RT-qPCR, normalizing levels to GAPDH. In each panel, the data
represent three independent experiments, with error bars indicating standard deviation values.

motility of UL36-GFP-D59-infected cells and UL36-GFP-D39-infected cells was 43 to 56%
lower than that of WT-infected cells, and similar to that of UL36-GFP-DRNA2.7-infected
cells and UL36-GFP-DTATA-infected cells, for which motility was decreased by 42 to 43%
(Fig. 10C). In interpreting these results, it is important to note that the level of the residual part of RNA2.7 expressed in D39-infected cells was similar to that of WT (74%),
whereas the level in D59-infected cells was only 25% and thus closer to that of DTATA
(7%) than WT (Fig. 10D and E). As a result, it may be concluded that the 59-subdomain
cannot replace RNA2.7 in regulating CMA genes but that the role of the 39-subdomain is
unresolved.
Role of mRNA stability. The sequences of the 99 upregulated CMA mRNAs were analyzed for characteristics distinct from those of other cellular mRNAs. The majority (64
mRNAs) have an A1U content of .49.6%, which is greater than the average calculated
for all cellular mRNAs (Fig. 11A). Since mRNA instability is associated with higher A1U
content (35–41), we investigated whether CMA genes contain motifs associated with
lower mRNA stability (35, 42, 43). These motifs comprise A1U-rich elements (ARE motifs
1 to 2E in Table 4) that are based on a pentamer AUUUA core sequence and are known
to promote mRNA decay when present in the 39 UTR (43–45). Other A1U-rich motifs
(MEG, H1 to H3, and B1 to B4) and some G1C-rich motifs are associated with lower stability when present in speciﬁc regions of an mRNA, conversely, the presence of some
G1C-rich motifs (H-1, H-2, B-1, and B-2) correlates with higher mRNA stability in certain
instances (35).
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FIG 11 A1U content of mRNAs regulated in association with RNA2.7. (A) The 99 upregulated CMA mRNAs. (B) All 785 upregulated
mRNAs and all 146 downregulated mRNAs.

TABLE 4 Effects of nucleotide composition and stability-associated motifs on mRNAs regulated in association with RNA2.7a

Feature or motif
%A1U
1
2A
2B
2C
2D
2E
MEG
MEGSHORT
H1
H2
H3
B1
B2
B3
B4
H-1
H-2
B-1
B-2

Motif sequence
–
[AU]AUUUA[AU]
AUUUAUUUAUUUAUUUAUUUA
AUUUAUUUAUUUAUUUA
[AU]AUUUAUUUAUUUA[AU]
[AU](2) AUUUAUUUA[AU](2)
[AU](4) AUUUA[AU](4)
UUAUUUAUU
UAUUUAU
UUUUUUU
UUUUUAAA
UUGUAAAUA
UUUUAAAU
UUUUAAUUU
AAAUAUUUU
AAUAUUUUU
CCGCCUC
CCAGCCUC
GGGCCUGG
CCCAGCCCC

Upregulated CMA genes

Upregulated genes

59 UTR
R
–
–
–
–
–
–
–
–
E
–
–
–
E
–
–
E
–
–
–

59 UTR
R
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
E
–
–
–

CDS
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

39 UTR
–
E
–
–
–
–
–
–
E
E
E
E
E
–
–
–
–
–
–
–

mRNA
E
E
–
–
–
–
–
–
E
E
E
E
E
–
–
–
–
–
–
–

CDS
E
E
–
–
–
–
–
–
E
–
–
–
–
–
–
–
–
–
R
–

39 UTR
E
E
–
–
–
E
–
E
E
E
E
E
E
E
E
E
–
–
–
–

Downregulated genes
mRNA
E
E
–
–
–
E
–
E
E
E
E
E
E
E
E
E
E
–
–
–

59 UTR
R
–
–
–
E
E
–
–
–
–
–
–
–
–
–
–
–
–
E
–

CDS
R
R
–
–
–
–
–
–
R
–
–
–
–
–
–
–
E
E
E
–

39 UTR
R
R
–
–
–
–
–
–
–
R
R
–
R
–
R
–
–
–
E
E

mRNA
R
R
–
–
–
–
–
–
–
R
R
–
R
–
R
–
–
–
E
E

aOccurrence

per regulated mRNA of each sequence motif associated with stability or instability in comparison with an equal number of other human transcripts in 1,000
randomizations. Higher occurrences in regulated mRNAs in .950 comparisons (i.e., P , 0.05) were considered to be enriched (E), and lower occurrences in .950
comparisons were considered to be reduced (R). Motifs enriched in mRNA regions associated with decreased or increased mRNA stability are indicated in boldface or italics,
respectively. The results are shown for the 99 upregulated CMA mRNAs, all 785 upregulated mRNAs and all 146 downregulated mRNAs. [AU], A or U; numbers in
parentheses following [AU] indicates the numbers of such nucleotides when .1. –, motif not enriched or reduced.
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The occurrence of instability motifs in the 99 upregulated CMA mRNAs was compared to that in an equal number of randomly selected mRNAs that are not in this category, with this process being repeated 1,000 times. The A1U content of CMA mRNAs
was higher than the randomly selected mRNAs in the whole mRNA and the 39 UTR but
lower in the 59-untranslated region (59 UTR; Table 4; see also Table S5A). These mRNAs
were also enriched in six A1U-rich motifs located in regions of the mRNA associated
with faster decay, including the ARE motif in the 39 UTR. These results suggest that upregulated CMA genes tend to encode less-stable mRNAs and that RNA2.7 may upregulate them by reducing their rate of decay.
To investigate this further, transcription in infected HFFF2 cells was blocked from
72 h p.i. by using actinomycin D to inhibit RNA polymerase II, so that mRNA levels
thereafter would be affected by decay but not synthesis. The transcript levels of CMA
genes were normalized to that of GAPDH, which encodes a stable transcript having an
A1U content of 41 to 45% (depending on transcript variant) that has been used for
this purpose in similar studies (46–48). For three of the CMA genes analyzed (STX3,
TPM3, and DAG1), the proportion of transcript that persisted in the presence of
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FIG 12 Effects of inhibiting RNA synthesis on persistence of regulated CMA transcripts. HFFF2 cells were infected at an MOI of 5 with WT, D59, D39,
DRNA2.7 or DTATA, and then 12.5 m g/ml actinomycin D (1) or solvent only (2) was added at 72 h p.i. At 120 h p.i., CMA transcript levels were measured
by RT-qPCR, normalizing levels to GAPDH: STX3 (A), TPM3 (B), HEBP1 (C), and DAG1 (D). The NT level for each virus was then normalized to 1, and the level
in actinomycin D-treated samples was calculated relative to the relevant NT sample. Error bars indicate standard deviation values in four independent
experiments.

actinomycin D was consistently higher in cells infected with WT than in cells infected
with DRNA2.7, DTATA, D59, or D39 (Fig. 12A, B, and D). For HEBP1, the same trend was
observed with DRNA2.7- and D59-infected cells, but there was no signiﬁcant difference
between the persistence of transcripts in WT-infected cells and DTATA- or D39-infected
cells (Fig. 12C). These results indicate that RNA2.7 may upregulate CMA genes by inhibiting their decay.
To investigate whether the modulation of CMA mRNA stability involving RNA2.7
extends to other cellular mRNAs, the features associated with mRNA stability were collated for the 931 regulated genes (785 upregulated and 146 downregulated). As for the
upregulated CMA mRNAs, the majority (69.3%) of all upregulated mRNAs had an A1U
content of .49.6% (average, 52.8%; Fig. 11B). Moreover, when the upregulated mRNAs
were compared to an equal number of randomly selected mRNAs that are not in this category, with a total of 1,000 comparisons, they had a higher overall A1U content in all
comparisons (Table 4; see also Table S5A). These mRNAs were also enriched in motifs
associated with lower stability, even more so than the 99 upregulated CMA mRNAs. The
general pattern was one of higher A1U content in the CDS and 39 UTR and a signiﬁcant
enrichment of A1U-rich decay-associated motifs (Table 4; see also Table S5A).
In contrast to the upregulated mRNAs, the majority (75.1%) of the 146 downregulated mRNAs had an A1U content of ,49.6% (average, 44.5%; Fig. 11B), and the A1U
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content was signiﬁcantly lower in all regions of the mRNA in 1,000 comparisons with
other cellular mRNAs (Table 4; see also Table S5A). Also, the downregulated mRNAs
were not enriched in A1U-rich decay-associated motifs, but instead were signiﬁcantly
reduced in six of them while having a higher than average occurrence of two stabilityassociated G1C-rich motifs (Table 4; see also Table S5A). In addition, two G1C-rich
motifs associated with mRNA instability were present in the CDSs of downregulated
mRNAs at above average frequency, although this may reﬂect the general G1C richness of these mRNAs. In summary, these ﬁndings indicate that nucleotide composition
and the presence of motifs affecting RNA stability are prevailing features of the regulated cellular mRNAs, with upregulated transcripts typically comprising less stable
A1U-rich mRNAs and downregulated transcripts comprising more stable G1C-rich
mRNAs. In addition, although upregulated and downregulated mRNAs possess these
opposing features, they share the common characteristic of being relatively G1C-rich
in the 59 UTR compared to other mRNAs.
To investigate whether the modulation of mRNA stability applies to viral genes, the relationship between the A1U content of each viral CDS and the magnitude of its transcriptional dysregulation in RNA2.7 mutant-infected cells were assessed. As for cellular mRNAs,
A1U-rich viral transcripts were associated with greater downregulation in the RNA2.7
mutants (Fig. 13A). This correlation was moderate for all viral genes (excluding RNA2.7)
aggregated (Fig. 13A), and strong for the 22 differentially expressed genes (Fig. 13C). In
contrast, the correlation was weak for all antisense transcripts aggregated (Fig. 13B) and
negligible for the 29 differentially expressed antisense transcripts (Fig. 13D). Overall, antisense transcripts in WT-infected cells accounted for only 9.2% of all viral transcripts (even
excluding RNA2.7) at 72 h p.i.
DISCUSSION
Given the resources that HCMV devotes to producing RNA2.7, this lncRNA is likely to
play important roles during infection. By comparing mutant-infected cells and WTinfected cells, RNA2.7 was shown to be required for broad modulation of gene expression by HCMV, with a large number of mRNAs being regulated late during lytic infection.
The 931 transcripts identiﬁed were consistently dysregulated in three independent
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FIG 13 Effects of nucleotide composition on viral transcripts regulated in association with RNA2.7. HFFF2 cells were infected at an MOI of 5 with WT,
DRNA2.7, or DTATA. Sequence reads generated from polyadenylated RNA isolated at 72 h p.i. were aligned to individual viral CDSs or lncRNA sequences
and counted. Transcript expression in mutants compared to WT was determined as log2-fold change (log2FC) values. Differential expression was plotted for
all sense transcripts (except RNA2.7) (A), all antisense transcripts (B), regulated sense transcripts only (q , 0.05) (C), and regulated antisense transcripts only
(q , 0.05) (D). R and P deﬁne the strength and signiﬁcance of the correlation, respectively.
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transcriptomic experiments by two different RNA2.7 deletion mutants, the more subtle
of which (DTATA) differed from WT only by a 6-nt deletion, thus indicating that the phenotype was unlikely to be due to a genetic element other than the RNA2.7 gene.
Pathway analysis revealed that 108 of the dysregulated cellular transcripts are associated
with cell movement, and 10 of the transcripts in this group were validated in further
experiments. Immunoblotting analysis conﬁrmed that protein expression of two CMA
genes (TPM3 and STX3) by the RNA2.7 mutants followed the trend observed for the transcripts, and a preliminary proteomics analysis implied this may extend to other CMA
genes. The lower proportion of signiﬁcantly dysregulated CMA genes identiﬁed in the
proteomics analysis may have been due to the different approaches taken to analyze
expression and calculate signiﬁcance, and perhaps also to the time taken for transcript
levels to be represented in protein levels. Live cell tracking of RNA2.7 mutant-infected
cells indicated the involvement of RNA2.7 in promoting cell movement late in infection,
and morphological analysis experiments further indicated that RNA2.7 is involved in
stimulating infected cell detachment. RNA2.7 was also observed to enhance cell-to-cell
spread of virus in sparse cell monolayers, probably as a result of its involvement in cell
movement. These ﬁndings suggest that RNA2.7 may boost intrahost viral dissemination
in vivo, as cell-to-cell transmission (as opposed to cell-free transfer) is the main mode of
HCMV spread (49).
Enhancement of infected cell movement has been observed to play a key role in
the spread of other viruses, such as vaccinia virus (50–53). Cell movement is likely to
have complex roles, since HCMV infection has been described to increase the motility
of monocytes, endothelial cells, the chemokine-mediated migration of smooth muscle
cells (54–56) and to modulate the migration of dendritic cells (57), whereas other
reports have suggested that HCMV hampers the movement of monocytes and macrophages (58, 59). The underlying mechanisms also appear to be wide-ranging, with
modulation of motility being chemokine-dependent or -independent (54, 57–59),
mediated through various cellular or viral receptors (54–57), and involving stabilization
or dramatic reorganization of the cytoskeleton (56, 58). Immobilization of infected
immune cells may be advantageous in circumstances in which it impairs the host antiviral response. Other herpesviruses, such as Kaposi’s sarcoma-associated herpesvirus
and Epstein-Barr virus, are also known to promote cell movement, but this has been
observed largely in terms of promoting the invasiveness of infected, transformed cells
during oncogenesis (60, 61).
A preliminary analysis of growth kinetics showed that the RNA2.7 mutants had a
defect when infecting cells that had been glucose-deprived or synchronized by serum
starvation. The former property has been attributed previously to a direct interaction
of the 59 one-third of RNA2.7 with GRIM-19 (25). It is possible that the effects of serum
starvation have the same cause. However, knockdown experiments indicated that the
effects of RNA2.7 on cellular gene regulation are independent of GRIM-19. Analysis of
the D59 and D39 mutants showed that the 59-subdomain, which is sufﬁcient for binding
GRIM-19 (27), cannot replace RNA2.7 in the regulation of CMA genes, but, because of
low levels of transcription of the residual part of RNA2.7 in the D59 mutant, the role of
the 39-subdomain was not determined. Overall, these results imply that a novel mechanism involving RNA2.7 is responsible for the regulation of cellular transcripts observed
in our study. Also, deletion of either subdomain resulted in reduced levels of the residual part of the RNA2.7 transcript, suggesting that sequences within RNA2.7 may stabilize the lncRNA or regulate its transcription. A recent study demonstrated that a
CNGGN pentaloop within the 59-subdomain contributes to RNA2.7 stability (62). This
pentaloop interacts with TENT4-ZCCHC14 complex, leading to TENT4-mediated addition of non-A nucleotides to the polyadenylate tail of RNA2.7, thereby conferring protection from deadenylation by the CCR4-NOT (CNOT) complex. However, TENT4 depletion did not alter the level of RNA2.7, suggesting that RNA2.7 utilizes multiple
redundant mechanisms to prevent its decay. Self-stabilization is also a characteristic of
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other herpesvirus lncRNAs: herpes simplex virus 1 LAT (63–67) and Kaposi’s sarcomaassociated herpesvirus PAN (68).
An important caveat of our work is that experiments aimed at determining whether
RNA2.7 is able to exert its effects alone and whether the phenotypes of the RNA2.7
mutants could be rescued by expressing RNA2.7 exogenously were compromised by
the inability of the expression systems used to match the extremely high levels of
RNA2.7 achieved during lytic infection. The foundational study on RNA2.7 function similarly relied on the phenotypes of an RNA2.7 mutant and did not involve rescue or,
with one exception, expression of RNA2.7 in isolation (25). In that and subsequent
studies (26, 27), RNA2.7 was able to exert its antiapoptotic effect in isolation, whereas
our experiments involving inhibition of viral DNA replication indicated that late viral
gene products may be involved in the regulation of CMA genes. It is possible that the
observed effects of RNA2.7 on ATP production, inhibition of apoptosis and cellular
transcription are functionally interdependent (for example, regulation of energy production and differential control of gene expression might form a nexus operating on
cell movement), but there are insufﬁcient data to determine whether and to what
extent this is the case.
Cellular transcripts upregulated in the presence of RNA2.7, whether associated with
cell movement or not, tend to be A1U-rich, which is a characteristic of unstable
mRNAs. Moreover, they are enriched in the 39 UTR in A1U-rich motifs that are targeted
by mRNA decay pathways (69). The hypothesis arising from these correlations, that
RNA2.7 is required for the upregulation of A1U-rich mRNAs, was supported by the
ﬁnding that, when mRNA production was inhibited, upregulated transcripts persisted
longer in WT-infected cells than RNA2.7 mutant-infected cells. The means by which
RNA2.7 achieves transcript stabilization is not known and will be the subject of future
studies. Various hypotheses are possible, including that it interacts physically with
A1U-rich mRNAs or that it sequesters components of the mRNA decay pathways, perhaps in association with additional viral functions. RNA2.7 is itself A1U-rich and contains ﬁve instability-associated motifs (one copy of motif 1 and three copies of motif
H1 in the 59 region, and one copy of motif H1 in the 39 region), raising the possibility
that it interacts directly with mRNA decay pathway components. Moreover, the data
indicate that the high level of RNA2.7 may be important for its function. First, although
RNA2.7 was readily detectable at 24 h p.i., the transcriptomic analysis did not identify
any dysregulated cellular transcripts at that stage in cells infected by the RNA2.7
mutants. Additional RT-qPCR experiments conﬁrmed this for two CMA genes (TPM3
and STX3). Second, DRNA2.7 was defective in the promotion of cell rounding, whereas
DTATA was not, and this partial phenotype may be attributed to the low level of
RNA2.7 expressed by the latter. It is also important to register that, although the majority of upregulated transcripts were above average in A1U content, 30.7% were not. It
remains to be determined whether these transcripts are also unstable, and whether
RNA2.7 might regulate them indirectly via the moderation of A1U-rich transcripts or
by another mechanism.
In addition to regulating a large number of cellular mRNAs, RNA2.7 also regulated
22 viral transcripts. The genes encoding these transcripts include both early and late
genes and are dispersed throughout the HCMV genome, although 12 occur in clusters
of adjacent, similarly oriented genes (UL7, UL8, UL9, and UL10; US7, US8, and US9;
UL55, UL56, and UL57; and UL144 and UL145), possibly as a result of 39-coterminality
(the sharing of a 39 end by a nested set of transcripts) (70, 71). Of the genes in this category with known functions, these appear to be primarily involved in immunomodulation, but this may be due to grouping of such genes in 39-coterminal families that have
arisen by gene duplication. As for cellular transcripts, the susceptibility of viral transcripts to RNA2.7-associated regulation correlated with A1U-richness, suggesting that
the effects of RNA2.7 are exerted on all transcripts in the cell. However, modulation of
antisense transcription was more modest than that of sense transcription and did not
correlate well with A1U-richness. This may have been due to a reduced sensitivity to
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the relatively low proportion of antisense transcripts or to the perturbation of a complex interdependence between sense and antisense transcription.
Although RNA2.7 generally modulated expression of individual genes with moderate effect, a panoply of cellular and viral genes was targeted. By inﬂuencing multiple
transcripts involved in the same functional pathway, alone or in concert with other viral functions, RNA2.7 exerted a strong cumulative effect, as demonstrated by the
observations on cell motility. Indeed, many HCMV proteins are known to target speciﬁc
cellular processes in a coordinated fashion, particularly those concerned with manipulating the host immune response (72, 73), and this may be a general strategy employed
by HCMV.

Cells and viruses. Human embryonic kidney cells (293T cells; American Type Culture Collection,
ATCC CRL-3216), HFFF2 cells (European Collection of Authenticated Cell Cultures, obtained from Sigma,
catalog no. 86031405) and HF-Tet cells (74, 75) were maintained at 37°C in Dulbecco modiﬁed Eagle medium supplemented with 10% (vol/vol) fetal bovine serum (FBS), 100 U/ml penicillin, and 100 m g/ml
streptomycin and were passaged as monolayers every 3 to 4 days. HFT cells (76) were cultured as monolayers in the same manner with the addition of 50 m g/ml hygromycin B to maintain transduced cells. All
cells were tested routinely for the absence of mycoplasma using the MycoAlert mycoplasma detection
kit (Lonza).
BACs containing the complete HCMV strain Merlin genome (Merlin-BAC; pAL1111; GenBank accession GU179001.1 [74]) or the Merlin genome with the GFP CDS fused to the 39-end of the UL36 coding
region (UL36-GFP-BAC [34]) were used as parental viruses for constructing RNA2.7 deletion mutants.
Two genes (RL13 and UL128) are mutated in Merlin-BAC in order to avoid selecting mutants when virus
is reconstituted by transfection into ﬁbroblasts (77). In contrast, viruses reconstituted from UL36-GFPBAC contain a repaired UL128 and have UL131A under the control of the Tet operator, so that they may
be grown stably in repressing HF-Tet cells; the UL128, UL130 and UL131A proteins act as a complex
involved in viral entry into nonﬁbroblast cells, and therefore viruses reconstituted from Merlin-BAC and
UL36-GFP-BAC lack this complex. Each deletion mutant was constructed in both Merlin-BAC and UL36GFP-BAC using BAC recombineering technology (74, 77–79). Brieﬂy, a kanR/rpsL/lacZ selectable cassette
ﬂanked by sequences directly adjacent to the region to be deleted was created. This cassette was transfected into Escherichia coli SW102 containing Merlin-BAC or UL36-GFP-BAC, allowing it to replace the
sequence to be deleted by homologous recombination. Positive clones were selected using kanamycin.
A second round of recombineering was then carried out in which the cassette was removed using negative selection with streptomycin, resulting in markerless deletion of the target sequence.
Parental and mutant viruses were reconstituted by transfecting Merlin-BAC-derived BACs into HFFF2
cells or UL36-GFP-BAC-derived BACs into HF-Tet cells using the basic Nucleofector kit for primary mammalian ﬁbroblasts (VPI-1002; Lonza) and electroporation program T-16. Working stocks of virus were prepared and titrated by plaque assay on the appropriate cell line. The complete genome sequence of each
virus was determined by Illumina sequencing as described previously (75) and conﬁrmed as being precisely as designed. The sequence data were also shown to contain no mycoplasma sequence
contamination.
The parental virus (termed wild-type, WT) and four RNA2.7 deletion mutants (DRNA2.7, DTATA, D59,
and D39) were generated from Merlin-BAC and its derivative BACs. Similarly, the parental virus (termed
UL36-GFP-WT) and the four RNA2.7 deletion mutants (UL36-GFP-DRNA2.7, UL36-GFP-DTATA, UL36-GFPD59, and UL36-GFP-D39) were generated from UL36-GFP-BAC and its derivative BACs. The coordinates of
the deletions in the Merlin genome (GenBank accession AY446894.2) were as follows: DRNA2.7 and
UL36-GFP-DRNA2.7, 2560 to 5050; DTATA and UL36-GFP-DTATA, 4995 to 5000; D59 and UL36-GFP-D59,
4179 to 4923; and D39 and UL36-GFP-D39, 2560 to 4178.
Analysis of growth kinetics. For analysis under standard culture conditions, HFFF2 cells in 6-well
plates were infected for 2 h with WT, DRNA2.7, or DTATA at the speciﬁed MOI (quantiﬁed in PFU/cell).
The medium was then replaced with fresh medium after the cells were washed once with fresh medium.
Duplicate 450-m l aliquots of supernatant were harvested every 2 to 3 days and stored at 270°C after pelleting suspended cells and debris by low-speed centrifugation. The pelleted material was added back
into the originating well with 1 ml of fresh medium. The stored aliquots of cell-free virus were thawed
and titrated on HFFF2 cells. For analysis under conditions of glucose deprivation, HFFF2 cells were incubated in low-glucose (1 g/liter) medium for 48 h prior to infection (MOI of 5), and low-glucose medium
was used throughout infection. For analysis under conditions of cell synchronization, HFFF2 cells were
synchronized to the G0 phase of the cell cycle by incubation in medium lacking serum for 48 h prior to
infection (MOI of 5), and the cells were then incubated under standard culture conditions.
Transcriptomic analysis. HFFF2 cells in 12-well plates were incubated for 2 h with WT, DRNA2.7, or
DTATA (MOI of 5). The medium was then replaced with fresh medium after washing the cells once with
fresh medium. Total cell RNA was harvested at 4, 24, or 72 h p.i. using TRIzol (Invitrogen) and extracted
using a Direct-zol kit (Zymo Research) according to the manufacturer’s instructions, including the on-column DNase digestion step. Three independent experiments were performed. Sequencing libraries were
prepared from each RNA sample using 500 ng of RNA and a TruSeq stranded mRNA library preparation
kit (Illumina, catalog no. 20020594). The libraries were multiplexed and sequenced using a NextSeq500
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with 1  75-nt high-output kits (Illumina). Each library generated a read data set of about 40 million single-end reads with .91.2% being high quality (.Q30). After demultiplexing, the reads were ﬁltered for
quality (.Q20) and trimmed of adapter sequences using Trim Galore v0.4.2.0 (https://github.com/
FelixKrueger/TrimGalore).
To analyze the overall viral transcriptome, Bowtie2 v2.3.5 (80) was used to align the reads to the
Merlin genome sequence (GenBank accession AY446894.2) lacking the RNA2.7 sequence (nt 2489 to
4969). These results permitted the proportion of viral reads (excluding RNA2.7) to be determined in comparison with the total number of reads. The trimmed reads were also aligned to the complete Merlin genome sequence, and the difference between the number of aligned reads and that in the alignment
lacking the RNA2.7 sequence was taken to be the number of RNA2.7 reads. To analyze the transcript levels of individual viral genes, the reads were aligned to the sequences of each of the 170 Merlin CDSs and
the four major lncRNA-encoding regions (22) using Bowtie2. The reads in each alignment were sorted
into those originating from sense and antisense transcripts, using an in-house script (SamSplit [81]), and
realigned with the relevant sequence. The alignments were visualized using Tablet v1.14.11.07 (82).
Reads per kilobase per million mapped reads (RPKM) values were determined as described previously
(83), thus normalizing the number of mapped reads to CDS length. RNA2.7 reads were again omitted
from all transcriptome calculations to facilitate comparison between the WT and RNA2.7 mutant data.
Signiﬁcant changes in viral gene expression (calculated as the log2fold change) were determined from
the three independent experiments using the R software Limma (q , 0.05) (84).
To analyze the cellular transcriptome, data set quality was conﬁrmed using FastQC (http://www
.bioinformatics.babraham.ac.uk/projects/fastqc). The reads were aligned to the human genome
sequence (hg19; https://genome.ucsc.edu) using Tophat2 v2.1.1 (85). Genes in RNA2.7 mutant-infected
cells that were differentially expressed compared to WT-infected cells were identiﬁed using Cufﬂinks/
Cuffdiff v2.2.1 (http://cole-trapnell-lab.github.io/cufﬂinks/install/) (86). The false discovery rate of differentially expressed transcripts was determined using the Benjamini-Hochberg method, which produced
a q value for each gene that was considered statistically signiﬁcant at ,0.05. Pathway analysis was performed using Ingenuity Pathway Analysis software (IPA; Qiagen, 2016 release).
Proteomic analysis. Conﬂuent HFFF2 cells in 175-cm2 ﬂasks were infected for 2 h with WT,
DRNA2.7, or DTATA (MOI of 5). The medium was then replaced with fresh medium after washing the
cells once with fresh medium. At 72 h p.i., the cells were washed twice with phosphate-buffered saline
(PBS), after which lysis buffer (6 M guanidine and 50 mM HEPES [pH 7]) was added, and the lysed cells
were harvested by scraping. The samples were sonicated (30 s on and 30 s off for 10 cycles), and the debris was pelleted by low-speed centrifugation. The cell lysate samples were processed for multistage
MS3-based mass spectrometry using isobaric 10-plex tandem-mass tags, and the data were analyzed as
described previously (34, 87). A single experiment was conducted, in which 7961 infected cell proteins
were identiﬁed, including 115 speciﬁed by HCMV. Proteins that were differentially expressed in RNA2.7
mutant-infected cells compared to WT-infected cells were identiﬁed by calculating Benjamini-Hochberg
corrected Signiﬁcance B values (88), and those with P , 0.05 were considered to be signiﬁcant.
Transcript quantiﬁcation by PCR. Conﬂuent HFFF2 or HF-Tet cells in 12-well plates were serumstarved by incubation in the absence of FBS for 48 h prior to infection, in order to synchronize the cell
cycle to the G0 phase. The cells were then infected for 2 h with WT, DRNA2.7, DTATA, D59, or D39, or with
UL36-GFP-WT, UL36-GFP-DRNA2.7, UL36-GFP-DTATA, UL36-GFP-D59, or UL36-GFP-D39 (MOI of 5). The
medium was then replaced with fresh medium after the cells were washed once with fresh medium.
Where appropriate, infected cells were treated with 300 m g/ml PFA (a viral DNA polymerase inhibitor)
immediately following the 2-h adsorption period. The infected cells were harvested at 72 h p.i. using
TRIzol, and total cellular RNA was isolated using Direct-zol, including the on-column DNase digestion
step.
For RT-PCR, reverse transcription was performed using GoScript (Promega) with Oligo-d(T) as the
primer, and the resulting cDNA was used as the template for PCRs to amplify speciﬁc transcripts along
with the GAPDH and G6PD transcripts, which were used to conﬁrm equal loading. Either the Advantage
2 system (Clontech) or the Phusion system (New England Biolabs) was used for PCR (primers are listed in
Table S6). For quantitative RT-PCR (RT-qPCR), the one-step RT-qPCR system QuantiTect Virus 1 ROX Vial
kit (Qiagen) was used to quantify the levels of the TPM3, STX3, RNA2.7 and GAPDH transcripts (primers
and probes are listed in Table S6), and data were collected using the Applied Biosystems 7500 real-time
PCR system (Thermo Fisher). Relative transcript concentrations were determined by comparison to a
standard curve and normalized to the level of GAPDH transcript.
Immunoblotting analysis. Conﬂuent HFFF2 cells in 12-well plates were serum-starved for 48 h and
infected for 2 h with WT, DRNA2.7, or DTATA (MOI of 5). The medium was then replaced with fresh medium after washing the cells once with fresh medium. At 72 h p.i., cell lysates were harvested using
Laemmli sample buffer (89). The proteins were resolved on 4 to 20% (wt/vol) precast TGX polyacrylamide gels (Bio-Rad) using the Mini-PROTEAN Tetra system (Bio-Rad), and transferred to polyvinylidene
diﬂuoride membranes (Thermo Scientiﬁc). The membranes were blocked with PBS containing 5% (vol/
vol) FBS on a roller machine for 1 h, and incubated in PBS containing 5% (vol/vol) FBS, 0.1% (vol/vol)
Tween 20 and primary antibodies targeting TPM3 (0.4 m g/ml, HPA009066 [Human Protein Atlas]), STX3
(0.4 m g/ml, HPA002191 [Human Protein Atlas]), GRIM-19 (0.4 m g/ml, HPA041213 [Human Protein Atlas]),
or actin (1:4,000 dilution, A1978, clone AC-15; Sigma). The target proteins were visualized by incubating
with ﬂuorophore-conjugated secondary antibodies against rabbit (1:10,000, catalog no. 35568; Thermo
Fisher) or mouse (1:10,000, SA5-35521; Invitrogen) immunoglobulin in PBS containing 5% (vol/vol) FBS
and 0.1% (vol/vol) Tween 20. The signal was detected using an Odyssey CLx instrument (Li-Cor).
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Live cell ﬂuorescence imaging analysis. Conﬂuent HF-Tet cells in 12-well plates were serumstarved for 48 h prior to infection for 2 h with UL36-GFP-WT, UL36-GFP-DRNA2.7, UL36-GFP-DTATA,
UL36-GFP-D59, or UL36-GFP-D39 (MOI of 5). The medium was then replaced with fresh medium after
washing the cells once with fresh medium. Where appropriate, infected cells were treated with 300 m g/
ml PFA immediately after the 2-h viral adsorption period. The medium was then replaced with fresh medium immediately before carrying out automated time-lapse, multiposition, dual-channel microscopy at
48 to 120 h p.i. at 20 magniﬁcation using the Cell Observer live cell imaging system (Zeiss) ﬁtted with
the CO2 module, Temp module S and Incubator XLmulti S1. Images of ﬁve random ﬁelds of view per
well with duplicate wells per condition were obtained every 10 min using both the brightﬁeld and GFP
channels. GFP expression was conﬁrmed in all cells and tracked using the Fiji plug-in TrackMate v3.4.2
(90). GFP-expressing cells were identiﬁed by the LoG detector; the estimated cell diameter was set at
0.002 cm. Only spots of quality .0.3 were accepted. The Linear Assignment Problem (LAP) algorithm
was used to create the cell movement tracks, for which the maximum frame-to-frame linking distance
was 0.002 cm, the maximum track distance for gap-closing was 0.003 cm, the maximum gap was 2
frames, and the maximum distance permitted for track segment splitting was 0.002 cm. Only tracks with
at least 15 successful detections of the same cells and a quality standard deviation of .0.1 were
included in the analysis. An average of 756 tracks per condition were examined in each experiment.
Analysis of infected cells in individual plaques. Conﬂuent HF-Tet cells in 12-well plates were serum-starved for 48 h prior to infection for 2 h with UL36-GFP-WT, UL36-GFP-DRNA2.7, or UL36-GFPDTATA (MOI of 5). The medium was then replaced with fresh medium after washing the cells once with
fresh medium. The infected cells were trypsinized at 72 to 96 h p.i. and resuspended in medium.
Dispersal into isolated cells was conﬁrmed microscopically, and cell density was determined twice using
a hemocytometer. About 60 cells were used to seed plaques in partially (25%) or fully conﬂuent HF-Tet
cells in 6-well plates in the presence of 50 m g/ml Cytotect anti-HCMV antibody (Biotest) (91). The number
of infected (GFP-expressing) cells in each of the plaques in duplicate wells was counted after 48 h had
elapsed, resulting in the assessment of 70 to 100 plaques per virus in each experiment.
Generation of GRIM-19 knockdown cell lines. Derivatives of the TRC lentiviral cloning vector (92)
encoding shRNAs against three different regions of the GRIM-19 gene (TRCN000006492, TRCN0000064929,
and TRCN0000236379; Sigma) or a nontargeting control shRNA (SHC002; Sigma) were transfected using
Lipofectamine 3000 (Sigma) into 293T cells with the D8.9 and pVSV-g plasmids to produce infectious lentiviruses (93). The lentiviruses were used to transduce HFT cells, and successfully transduced cells were selected
and maintained by incubation with medium containing 1 or 0.5 m g/ml puromycin.
Analysis of RNA stability motifs and nucleotide composition. Enrichment of RNA stability motifs
in query data sets of human mRNAs was tested using a randomization approach. The query data set was
either the 146 downregulated genes, the 785 upregulated genes, or the subset of 99 upregulated CMA
genes. Human genome annotation hg19 was used. No genes were excluded from the CMA gene query
data set, but ﬁve downregulated transcripts and eight upregulated transcripts (see Table S5B) were
excluded from the total query data set because the genes lacked protein identities in the human genome database. Nonetheless, nearly all regulated cellular genes (98.6%) were included in the analysis.
The total number of motifs in all sequences was counted in each query data set using a sliding window of a size equal to that of the motif, shifted in 1-nt increments. For genes with multiple transcript
variants, the longest variant was used. The mean number of each motif per sequence in a query data set
was calculated for the entire mRNA and also for separate regions: the 59 UTR, the 39 UTR, and the CDS.
This analysis was repeated with 1,000 data sets containing a number of sequences equal to that in the
query data set, each randomly sampled from the human genome database (GRCh38.p12 [https://www
.ensembl.org/info/data/ftp/index.html]). The mean number of each motif per sequence in each randomly sampled data set was compared with that from the query data set. The difference was considered
to be signiﬁcant if this number was higher or lower in .950/1000 comparisons (i.e., P , 0.05). All A1U
analyses were performed in the same manner by determining the mean values for the longest transcript
variant.
Data availability. Transcriptomic sequence read data sets were deposited in the NCBI Sequence Read
Archive under the following accession numbers: WT 4 h, SRX8009962, SRX8009951, and SRX8009950;
DRNA2.7 4 h, SRR12424745, SRR12424744, and SRR12424753; DTATA 4 h, SRR12424752, SRR12424751, and
SRR12424750; WT 24 h, SRX8009953, SRX8009952, and SRX8009976; DRNA2.7 24 h, SRR12424747,
SRR12424749, and SRR12424748; DTATA 24 h, SRR12424746, SRR12424743, and SRR12424742; WT 72 h,
SRX8009963, SRX8009961, and SRX8009960; DRNA2.7 72 h, SRR12424759, SRR12424757, and SRR12424758;
and DTATA 72 h, SRR12424756, SRR12424755, and SRR12424754. Proteomic data sets were deposited in the
ProteomeXchange with identiﬁer PXD022277. The Python script for analyzing stability motif enrichment is
available in Github (https://github.com/salvocamiolo/stabilityMotifs.git).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX ﬁle, 0.3 MB.
ACKNOWLEDGMENTS
We thank the Viral Genomics Group at the MRC-University of Glasgow Centre for
Virus Research for support with Illumina DNA sequencing.
October 2021 Volume 95 Issue 20 e00698-21

jvi.asm.org

21

Downloaded from https://journals.asm.org/journal/jvi on 29 September 2021 by 82.16.166.249.

HCMV RNA2.7

Lau et al.

Journal of Virology

This project was funded by Medical Research Council (https://mrc.ukri.org) grants
MC_UU_12014/3 (A.J.D.), MC_UU_12014/12 (A.J.D.), and MR/S00971X/1 (R.J.S.) and
Wellcome Trust (https://wellcome.org) grants 204870/Z/16/Z (A.J.D.) and 108070/Z/15/Z
(M.P.W.). The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.
The contributions of authors were as follows: conceptualization, project administration,
supervision—B.L. and A.J.D.; data curation and formal analysis—led by B.L., supported
by K.N., S.C., and Q.G.; funding acquisition and resources—A.J.D., M.P.W., and R.J.S.;
investigation—B.L., K.K., K.N., N.M.S., R.A., and C.L.; software—S.C. and Q.G.; validation—
B.L., K.K., and K.N.; visualization—B.L.; writing (original draft)—B.L. and A.J.D.; methodology
and writing (review and editing)—B.L., S.C., A.J.D., R.J.S., and M.P.W.

1. Chen G, Wang Z, Wang D, Qiu C, Liu M, Chen X, Zhang Q, Yan G, Cui Q. 2013.
LncRNADisease: a database for long-noncoding RNA-associated diseases.
Nucleic Acids Res 41:D983–D986. https://doi.org/10.1093/nar/gks1099.
2. Fatica A, Bozzoni I. 2014. Long noncoding RNAs: new players in cell differentiation and development. Nat Rev Genet 15:7–21. https://doi.org/10
.1038/nrg3606.
3. DiStefano JK. 2018. The emerging role of long noncoding RNAs in human
disease. Methods Mol Biol 1706:91–110. https://doi.org/10.1007/978-1-49397471-9_6.
4. Hu G, Niu F, Humburg BA, Liao K, Bendi S, Callen S, Fox HS, Buch S. 2018.
Molecular mechanisms of long noncoding RNAs and their role in disease
pathogenesis. Oncotarget 9:18648–18663. https://doi.org/10.18632/
oncotarget.24307.
5. Font-Cunill B, Arnes L, Ferrer J, Sussel L, Beucher A. 2018. Long noncoding
RNAs as local regulators of pancreatic islet transcription factor genes.
Front Genet 9:524. https://doi.org/10.3389/fgene.2018.00524.
6. Borah S, Darricarrere N, Darnell A, Myoung J, Steitz JA. 2011. A viral nuclear noncoding RNA binds re-localized poly(A) binding protein and is
required for late KSHV gene expression. PLoS Pathog 7:e1002300. https://
doi.org/10.1371/journal.ppat.1002300.
7. Campbell M, Kim KY, Chang PC, Huerta S, Shevchenko B, Wang DH,
Izumiya C, Kung HJ, Izumiya Y. 2014. A lytic viral long noncoding RNA
modulates the function of a latent protein. J Virol 88:1843–1848. https://
doi.org/10.1128/JVI.03251-13.
8. Rossetto CC, Pari GS. 2014. PAN’s Labyrinth: molecular biology of Kaposi’s
sarcoma-associated herpesvirus (KSHV) PAN RNA, a multifunctional long
noncoding RNA. Viruses 6:4212–4226. https://doi.org/10.3390/v6114212.
9. Nicoll MP, Proenca JT, Efstathiou S. 2012. The molecular basis of herpes
simplex virus latency. FEMS Microbiol Rev 36:684–705. https://doi.org/10
.1111/j.1574-6976.2011.00320.x.
10. Dolan A, Cunningham C, Hector RD, Hassan-Walker AF, Lee L, Addison C,
Dargan DJ, McGeoch DJ, Gatherer D, Emery VC, Grifﬁths PD, Sinzger C,
McSharry BP, Wilkinson GW, Davison AJ. 2004. Genetic content of wildtype human cytomegalovirus. J Gen Virol 85:1301–1312. https://doi.org/
10.1099/vir.0.79888-0.
11. Davison AJ, Holton M, Dolan A, Dargan DJ, Gatherer D, Hayward GS. 2013.
Comparative genomics of primate cytomegalovirus, p 1–22. In Reddehase
MJ, Lemmermann NAW (ed), Cytomegalovirus, vol I. Caister Academic
Press, Norfolk, UK.
12. Sijmons S, Van Ranst M, Maes P. 2014. Genomic and functional characteristics of human cytomegalovirus revealed by next-generation sequencing. Viruses 6:1049–1072. https://doi.org/10.3390/v6031049.
13. Suárez NM, Lau B, Kemble GM, Lee R, Mocarski ES, Wilkinson GWG, Adler
SP, McVoy MA, Davison AJ. 2017. Genomic analysis of chimeric human cytomegalovirus vaccine candidates derived from strains Towne and Toledo. Virus Genes 53:650–655. https://doi.org/10.1007/s11262-017-1452-0.
14. Lau B, Kerr K, Gu Q, Nightingale K, Antrobus R, Suarez NM, Stanton RJ,
Wang ECY, Weekes MP, Davison AJ. 2020. Human cytomegalovirus long
noncoding RNA1.2 suppresses extracellular release of the proinﬂammatory cytokine IL-6 by blocking NF-k B activation. Front Cell Infect Microbiol 10:361. https://doi.org/10.3389/fcimb.2020.00361.
15. Rossetto CC, Tarrant-Elorza M, Pari GS. 2013. Cis and trans acting factors
involved in human cytomegalovirus experimental and natural latent
infection of CD141 monocytes and CD341 cells. PLoS Pathog 9:e1003366.
https://doi.org/10.1371/journal.ppat.1003366.
October 2021 Volume 95 Issue 20 e00698-21

16. Tai-Schmiedel J, Karniely S, Lau B, Ezra A, Eliyahu E, Nachshon A, Kerr K,
Suárez N, Schwartz M, Davison AJ, Stern-Ginossar N. 2020. Human cytomegalovirus long noncoding RNA4.9 regulates viral DNA replication.
PLoS Pathog 16:e1008390. https://doi.org/10.1371/journal.ppat.1008390.
17. Klucher KM, Rabert DK, Spector DH. 1989. Sequences in the human cytomegalovirus 2.7-kilobase RNA promoter which mediate its regulation as
an early gene. J Virol 63:5334–5343. https://doi.org/10.1128/JVI.63.12
.5334-5343.1989.
18. McDonough SH, Spector DH. 1983. Transcription in human ﬁbroblasts
permissively infected by human cytomegalovirus strain AD169. Virology
125:31–46. https://doi.org/10.1016/0042-6822(83)90061-2.
19. McDonough SH, Staprans SI, Spector DH. 1985. Analysis of the major transcripts encoded by the long repeat of human cytomegalovirus strain
AD169. J Virol 53:711–718. https://doi.org/10.1128/JVI.53.3.711-718.1985.
20. Greenaway PJ, Wilkinson GW. 1987. Nucleotide sequence of the most
abundantly transcribed early gene of human cytomegalovirus strain
AD169. Virus Res 7:17–31. https://doi.org/10.1016/0168-1702(87)90055-4.
21. Wathen MW, Stinski MF. 1982. Temporal patterns of human cytomegalovirus transcription: mapping the viral RNAs synthesized at immediate
early, early, and late times after infection. J Virol 41:462–477. https://doi
.org/10.1128/JVI.41.2.462-477.1982.
22. Gatherer D, Seiraﬁan S, Cunningham C, Holton M, Dargan DJ, Baluchova
K, Hector RD, Galbraith J, Herzyk P, Wilkinson GW, Davison AJ. 2011. Highresolution human cytomegalovirus transcriptome. Proc Natl Acad Sci
U S A 108:19755–19760. https://doi.org/10.1073/pnas.1115861108.
23. Van Damme E, Thys K, Tuefferd M, Van Hove C, Aerssens J, Van Loock M.
2016. HCMV displays a unique transcriptome of immunomodulatory
genes in primary monocyte-derived cell types. PLoS One 11:e0164843.
https://doi.org/10.1371/journal.pone.0164843.
24. Shnayder M, Nachshon A, Krishna B, Poole E, Boshkov A, Binyamin A, Maza
I, Sinclair J, Schwartz M, Stern-Ginossar N. 2018. Deﬁning the transcriptional
landscape during cytomegalovirus latency with single-cell RNA sequencing. mBio 9:e00013-18. https://doi.org/10.1128/mBio.00013-18.
25. Reeves MB, Davies AA, McSharry BP, Wilkinson GW, Sinclair JH. 2007.
Complex I binding by a virally encoded RNA regulates mitochondrioninduced cell death. Science 316:1345–1348. https://doi.org/10.1126/
science.1142984.
26. Zhao J, Sinclair J, Houghton J, Bolton E, Bradley A, Lever A. 2010. Cytomegalovirus b 2.7 RNA transcript protects endothelial cells against apoptosis during ischemia/reperfusion injury. J Heart Lung Transplant 29:
342–345. https://doi.org/10.1016/j.healun.2009.09.006.
27. Kuan WL, Poole E, Fletcher M, Karniely S, Tyers P, Wills M, Barker RA,
Sinclair JH. 2012. A novel neuroprotective therapy for Parkinson’s disease
using a viral noncoding RNA that protects mitochondrial complex I activity. J Exp Med 209:1–10. https://doi.org/10.1084/jem.20111126.
28. Wu TC, Lee WA, Pizzorno MC, Au WC, Chan YJ, Hruban RH, Hutchins GM,
Hayward GS. 1992. Localization of the human cytomegalovirus 2.7-kb
major early beta-gene transcripts by RNA in situ hybridization in permissive and nonpermissive infections. Am J Pathol 141:1247–1254.
29. McSharry BP, Tomasec P, Neale ML, Wilkinson GW. 2003. The most abundantly transcribed human cytomegalovirus gene (beta 2.7) is nonessential for growth in vitro. J Gen Virol 84:2511–2516. https://doi.org/10.1099/
vir.0.19298-0.
jvi.asm.org

22

Downloaded from https://journals.asm.org/journal/jvi on 29 September 2021 by 82.16.166.249.

REFERENCES

30. Terhune SS, Schroer J, Shenk T. 2004. RNAs are packaged into human
cytomegalovirus virions in proportion to their intracellular concentration. J
Virol 78:10390–10398. https://doi.org/10.1128/JVI.78.19.10390-10398.2004.
31. Balázs Z, Tombácz D, Szu
† cs A, Snyder M, Boldogko†i Z. 2018. Dual platform
long-read RNA-sequencing dataset of the human cytomegalovirus lytic
transcriptome. Front Genet 9:432. https://doi.org/10.3389/fgene.2018
.00432.
32. Zhang G, Raghavan B, Kotur M, Cheatham J, Sedmak D, Cook C, Waldman
J, Trgovcich J. 2007. Antisense transcription in the human cytomegalovirus transcriptome. J Virol 81:11267–11281. https://doi.org/10.1128/JVI
.00007-07.
33. Stern-Ginossar N, Weisburd B, Michalski A, Le VT, Hein MY, Huang SX, Ma
M, Shen B, Qian SB, Hengel H, Mann M, Ingolia NT, Weissman JS. 2012.
Decoding human cytomegalovirus. Science 338:1088–1093. https://doi
.org/10.1126/science.1227919.
34. Nightingale K, Lin KM, Ravenhill BJ, Davies C, Nobre L, Fielding CA,
Ruckova E, Fletcher-Etherington A, Soday L, Nichols H, Sugrue D, Wang
ECY, Moreno P, Umrania Y, Huttlin EL, Antrobus R, Davison AJ, Wilkinson
GWG, Stanton RJ, Tomasec P, Weekes MP. 2018. High-deﬁnition analysis
of host protein stability during human cytomegalovirus infection reveals
antiviral factors and viral evasion mechanisms. Cell Host Microbe 24:
447–460. https://doi.org/10.1016/j.chom.2018.07.011.
35. Yang E, van Nimwegen E, Zavolan M, Rajewsky N, Schroeder M,
Magnasco M, Darnell JE, Jr. 2003. Decay rates of human mRNAs: correlation with functional characteristics and sequence attributes. Genome Res
13:1863–1872.
36. Kudla G, Lipinski L, Cafﬁn F, Helwak A, Zylicz M. 2006. High guanine and
cytosine content increases mRNA levels in mammalian cells. PLoS Biol 4:
e180. https://doi.org/10.1371/journal.pbio.0040180.
37. Hia F, Yang SF, Shichino Y, Yoshinaga M, Murakawa Y, Vandenbon A,
Fukao A, Fujiwara T, Landthaler M, Natsume T, Adachi S, Iwasaki S,
Takeuchi O. 2019. Codon optimality confers GC-rich-induced stability to
mRNAs in humans. bioRxiv https://doi.org/10.1101/585992:585992.
38. Courel M, Clement Y, Bossevain C, Foretek D, Vidal Cruchez O, Yi Z,
Benard M, Benassy MN, Kress M, Vindry C, Ernoult-Lange M, Antoniewski
C, Morillon A, Brest P, Hubstenberger A, Roest Crollius H, Standart N, Weil
D. 2019. GC content shapes mRNA storage and decay in human cells. Elife
8:e49708. https://doi.org/10.7554/eLife.49708.
39. Lam LT, Pickeral OK, Peng AC, Rosenwald A, Hurt EM, Giltnane JM, Averett
LM, Zhao H, Davis RE, Sathyamoorthy M, Wahl LM, Harris ED, Mikovits JA,
Monks AP, Hollingshead MG, Sausville EA, Staudt LM. 2001. Genomicscale measurement of mRNA turnover and the mechanisms of action of
the anti-cancer drug ﬂavopiridol. Genome Biol 2:RESEARCH0041. https://
doi.org/10.1186/gb-2001-2-10-research0041.
40. Raghavan A, Ogilvie RL, Reilly C, Abelson ML, Raghavan S, Vasdewani J,
Krathwohl M, Bohjanen PR. 2002. Genome-wide analysis of mRNA decay
in resting and activated primary human T lymphocytes. Nucleic Acids Res
30:5529–5538. https://doi.org/10.1093/nar/gkf682.
41. Frevel MA, Bakheet T, Silva AM, Hissong JG, Khabar KS, Williams BR. 2003.
p38 Mitogen-activated protein kinase-dependent and -independent signaling of mRNA stability of AU-rich element-containing transcripts. Mol
Cell Biol 23:425–436. https://doi.org/10.1128/MCB.23.2.425-436.2003.
42. Zubiaga AM, Belasco JG, Greenberg ME. 1995. The nonamer UUAUUUAUU
is the key AU-rich sequence motif that mediates mRNA degradation. Mol
Cell Biol 15:2219–2230. https://doi.org/10.1128/MCB.15.4.2219.
43. Bakheet T, Frevel M, Williams BR, Greer W, Khabar KS. 2001. ARED: human
AU-rich element-containing mRNA database reveals an unexpectedly
diverse functional repertoire of encoded proteins. Nucleic Acids Res 29:
246–254. https://doi.org/10.1093/nar/29.1.246.
44. Sharova LV, Sharov AA, Nedorezov T, Piao Y, Shaik N, Ko MS. 2009. Database for mRNA half-life of 19 977 genes obtained by DNA microarray
analysis of pluripotent and differentiating mouse embryonic stem cells.
DNA Res 16:45–58. https://doi.org/10.1093/dnares/dsn030.
45. Spasic M, Friedel CC, Schott J, Kreth J, Leppek K, Hofmann S, Ozgur S,
Stoecklin G. 2012. Genome-wide assessment of AU-rich elements by the
AREScore algorithm. PLoS Genet 8:e1002433. https://doi.org/10.1371/
journal.pgen.1002433.
46. Billstrom Schroeder M, Worthen GS. 2001. Viral regulation of RANTES
expression during human cytomegalovirus infection of endothelial cells.
J Virol 75:3383–3390. https://doi.org/10.1128/JVI.75.7.3383-3390.2001.
47. Oduro JD, Uecker R, Hagemeier C, Wiebusch L. 2012. Inhibition of human
cytomegalovirus immediate-early gene expression by cyclin A2-dependent kinase activity. J Virol 86:9369–9383. https://doi.org/10.1128/JVI
.07181-11.
October 2021 Volume 95 Issue 20 e00698-21

Journal of Virology

48. Mahmoud L, Al-Enezi F, Al-Saif M, Warsy A, Khabar KS, Hitti EG. 2014. Sustained stabilization of interleukin-8 mRNA in human macrophages. RNA
Biol 11:124–133. https://doi.org/10.4161/rna.27863.
49. Murrell I, Bedford C, Ladell K, Miners KL, Price DA, Tomasec P, Wilkinson
GWG, Stanton RJ. 2017. The pentameric complex drives immunologically
covert cell-cell transmission of wild-type human cytomegalovirus. Proc
Natl Acad Sci U S A 114:6104–6109. https://doi.org/10.1073/pnas
.1704809114.
50. Beerli C, Yakimovich A, Kilcher S, Reynoso GV, Flaschner G, Muller DJ,
Hickman HD, Mercer J. 2019. Vaccinia virus hijacks EGFR signaling to
enhance virus spread through rapid and directed infected cell motility.
Nat Microbiol 4:216–225. https://doi.org/10.1038/s41564-018-0288-2.
51. Sanderson CM, Way M, Smith GL. 1998. Virus-induced cell motility. J Virol
72:1235–1243. https://doi.org/10.1128/JVI.72.2.1235-1243.1998.
52. Sanderson CM, Smith GL. 1998. Vaccinia virus induces Ca21-independent
cell-matrix adhesion during the motile phase of infection. J Virol 72:
9924–9933. https://doi.org/10.1128/JVI.72.12.9924-9933.1998.
53. Valderrama F, Cordeiro JV, Schleich S, Frischknecht F, Way M. 2006. Vaccinia virus-induced cell motility requires F11L-mediated inhibition of RhoA
signaling. Science 311:377–381. https://doi.org/10.1126/science.1122411.
54. Streblow DN, Soderberg-Naucler C, Vieira J, Smith P, Wakabayashi E, Ruchti
F, Mattison K, Altschuler Y, Nelson JA. 1999. The human cytomegalovirus
chemokine receptor US28 mediates vascular smooth muscle cell migration.
Cell 99:511–520. https://doi.org/10.1016/s0092-8674(00)81539-1.
55. Chen S, Shenk T, Nogalski MT. 2019. P2Y2 purinergic receptor modulates
virus yield, calcium homeostasis, and cell motility in human cytomegalovirus-infected cells. Proc Natl Acad Sci U S A 116:18971–18982. https://doi
.org/10.1073/pnas.1907562116.
56. Aslam Y, Williamson J, Romashova V, Elder E, Krishna B, Wills M, Lehner P,
Sinclair J, Poole E. 2019. Human cytomegalovirus upregulates expression
of HCLS1 resulting in increased cell motility and transendothelial migration during latency. iScience 20:60–72. https://doi.org/10.1016/j.isci.2019
.09.016.
57. Grosche L, Drassner C, Mühl-Zürbes P, Kamm L, Le-Trilling VTK, Trilling M,
Steinkasserer A, Heilingloh CS. 2017. Human cytomegalovirus-induced
degradation of CYTIP modulates dendritic cell adhesion and migration.
Front Immunol 8:461. https://doi.org/10.3389/ﬁmmu.2017.00461.
58. Frascaroli G, Varani S, Blankenhorn N, Pretsch R, Bacher M, Leng L, Bucala R,
Landini MP, Mertens T. 2009. Human cytomegalovirus paralyzes macrophage motility through down-regulation of chemokine receptors, reorganization of the cytoskeleton, and release of macrophage migration inhibitory
factor. J Immunol 182:477–488. https://doi.org/10.4049/jimmunol.182.1.477.
59. Straschewski S, Patrone M, Walther P, Gallina A, Mertens T, Frascaroli G.
2011. Protein pUL128 of human cytomegalovirus is necessary for monocyte infection and blocking of migration. J Virol 85:5150–5158. https://doi
.org/10.1128/JVI.02100-10.
60. Gramolelli S, Ojala PM. 2017. Kaposi’s sarcoma herpesvirus-induced endothelial cell reprogramming supports viral persistence and contributes to
Kaposi’s sarcoma tumorigenesis. Curr Opin Virol 26:156–162. https://doi
.org/10.1016/j.coviro.2017.09.002.
61. Dawson CW, Laverick L, Morris MA, Tramoutanis G, Young LS. 2008.
Epstein-Barr virus-encoded LMP1 regulates epithelial cell motility and
invasion via the ERK-MAPK pathway. J Virol 82:3654–3664. https://doi
.org/10.1128/JVI.01888-07.
62. Kim D, Lee YS, Jung SJ, Yeo J, Seo JJ, Lee YY, Lim J, Chang H, Song J, Yang
J, Kim JS, Jung G, Ahn K, Kim VN. 2020. Viral hijacking of the TENT4ZCCHC14 complex protects viral RNAs via mixed tailing. Nat Struct Mol
Biol 27:581–588. https://doi.org/10.1038/s41594-020-0427-3.
63. Farrell MJ, Dobson AT, Feldman LT. 1991. Herpes simplex virus latencyassociated transcript is a stable intron. Proc Natl Acad Sci U S A 88:
790–794. https://doi.org/10.1073/pnas.88.3.790.
64. Brinkman KK, Mishra P, Fraser NW. 2013. The half-life of the HSV-1 1.5-kb
LAT intron is similar to the half-life of the 2.0-kb LAT intron. J Neurovirol
19:102–108. https://doi.org/10.1007/s13365-012-0146-6.
65. Zabolotny JM, Krummenacher C, Fraser NW. 1997. The herpes simplex virus type 1 2.0-kilobase latency-associated transcript is a stable intron
which branches at a guanosine. J Virol 71:4199–4208. https://doi.org/10
.1128/JVI.71.6.4199-4208.1997.
66. Krummenacher C, Zabolotny JM, Fraser NW. 1997. Selection of a nonconsensus branch point is inﬂuenced by an RNA stem-loop structure and is
important to confer stability to the herpes simplex virus 2-kilobase latency-associated transcript. J Virol 71:5849–5860. https://doi.org/10
.1128/JVI.71.8.5849-5860.1997.
jvi.asm.org

23

Downloaded from https://journals.asm.org/journal/jvi on 29 September 2021 by 82.16.166.249.

HCMV RNA2.7

67. Ng AK, Block TM, Aiamkitsumrit B, Wang M, Clementi E, Wu TT, Taylor JM,
Su YH. 2004. Construction of a herpes simplex virus type 1 mutant with
only a three-nucleotide change in the branchpoint region of the latencyassociated transcript (LAT) and the stability of its two-kilobase LAT intron.
J Virol 78:12097–12106. https://doi.org/10.1128/JVI.78.22.12097-12106
.2004.
68. Conrad NK, Steitz JA. 2005. A Kaposi’s sarcoma virus RNA element that
increases the nuclear abundance of intronless transcripts. EMBO J 24:
1831–1841. https://doi.org/10.1038/sj.emboj.7600662.
69. Khabar KS, Bakheet T, Williams BR. 2005. AU-rich transient response transcripts in the human genome: expressed sequence tag clustering and
gene discovery approach. Genomics 85:165–175. https://doi.org/10.1016/
j.ygeno.2004.10.004.
70. Smuda C, Bogner E, Radsak K. 1997. The human cytomegalovirus glycoprotein B gene (ORF UL55) is expressed early in the infectious cycle. J Gen
Virol 78(Pt 8):1981–1992. https://doi.org/10.1099/0022-1317-78-8-1981.
71. He R, Ma Y, Qi Y, Wang N, Li M, Ji Y, Sun Z, Jiang S, Ruan Q. 2011. Characterization of the transcripts of human cytomegalovirus UL144. Virol J 8:
299. https://doi.org/10.1186/1743-422X-8-299.
72. Wilkinson GW, Davison AJ, Tomasec P, Fielding CA, Aicheler R, Murrell I,
Seiraﬁan S, Wang EC, Weekes M, Lehner PJ, Wilkie GS, Stanton RJ. 2015.
Human cytomegalovirus: taking the strain. Med Microbiol Immunol 204:
273–284. https://doi.org/10.1007/s00430-015-0411-4.
73. Patro ARK. 2019. Subversion of immune response by human cytomegalovirus. Front Immunol 10:1155. https://doi.org/10.3389/ﬁmmu.2019.01155.
74. Stanton RJ, Baluchova K, Dargan DJ, Cunningham C, Sheehy O, Seiraﬁan
S, McSharry BP, Neale ML, Davies JA, Tomasec P, Davison AJ, Wilkinson
GW. 2010. Reconstruction of the complete human cytomegalovirus genome in a BAC reveals RL13 to be a potent inhibitor of replication. J Clin
Invest 120:3191–3208. https://doi.org/10.1172/JCI42955.
75. Murrell I, Wilkie GS, Davison AJ, Statkute E, Fielding CA, Tomasec P,
Wilkinson GW, Stanton RJ. 2016. Genetic stability of bacterial artiﬁcial
chromosome-derived human cytomegalovirus during culture in vitro. J
Virol 90:3929–3943. https://doi.org/10.1128/JVI.02858-15.
76. Lu Y, Everett RD. 2015. Analysis of the functional interchange between the
IE1 and pp71 proteins of human cytomegalovirus and ICP0 of herpes simplex virus 1. J Virol 89:3062–3075. https://doi.org/10.1128/JVI.03480-14.
77. Murrell I, Tomasec P, Wilkie GS, Dargan DJ, Davison AJ, Stanton RJ. 2013.
Impact of sequence variation in the UL128 locus on production of human
cytomegalovirus in ﬁbroblast and epithelial cells. J Virol 87:10489–10500.
https://doi.org/10.1128/JVI.01546-13.
78. Stanton RJ, McSharry BP, Armstrong M, Tomasec P, Wilkinson GW. 2008.
Re-engineering adenovirus vector systems to enable high-throughput
analyses of gene function. Biotechniques 45:659–662, 664–8. https://doi
.org/10.2144/000112993.
79. Warming S, Costantino N, Court DL, Jenkins NA, Copeland NG. 2005. Simple and highly efﬁcient BAC recombineering using galK selection. Nucleic
Acids Res 33:e36. https://doi.org/10.1093/nar/gni035.
80. Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie
2. Nat Methods 9:357–359. https://doi.org/10.1038/nmeth.1923.
81. Wignall-Fleming EB, Hughes DJ, Vattipally S, Modha S, Goodbourn S,
Davison AJ, Randall RE. 2019. Analysis of paramyxovirus transcription and

October 2021 Volume 95 Issue 20 e00698-21

Journal of Virology

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

replication by high-throughput sequencing. J Virol 93:e00571-19. https://
doi.org/10.1128/JVI.00571-19.
Milne I, Bayer M, Cardle L, Shaw P, Stephen G, Wright F, Marshall D. 2010.
Tablet–next generation sequence assembly visualization. Bioinformatics
26:401–402. https://doi.org/10.1093/bioinformatics/btp666.
Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. 2008. Mapping
and quantifying mammalian transcriptomes by RNA-Seq. Nat Methods 5:
621–628. https://doi.org/10.1038/nmeth.1226.
Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. 2015. limma
powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res 43:e47. https://doi.org/10.1093/nar/gkv007.
Arlt A, Schafer H. 2011. Role of the immediate early response 3 (IER3)
gene in cellular stress response, inﬂammation and tumorigenesis. Eur J
Cell Biol 90:545–552. https://doi.org/10.1016/j.ejcb.2010.10.002.
Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimentel H,
Salzberg SL, Rinn JL, Pachter L. 2012. Differential gene and transcript
expression analysis of RNA-seq experiments with TopHat and Cufﬂinks.
Nat Protoc 7:562–578. https://doi.org/10.1038/nprot.2012.016.
Weekes MP, Tomasec P, Huttlin EL, Fielding CA, Nusinow D, Stanton RJ,
Wang EC, Aicheler R, Murrell I, Wilkinson GW, Lehner PJ, Gygi SP. 2014.
Quantitative temporal viromics: an approach to investigate host-pathogen interaction. Cell 157:1460–1472. https://doi.org/10.1016/j.cell.2014
.04.028.
Cox J, Mann M. 2008. MaxQuant enables high peptide identiﬁcation rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantiﬁcation. Nat Biotechnol 26:1367–1372. https://doi.org/10.1038/nbt
.1511.
Laemmli UK. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227:680–685. https://doi.org/10
.1038/227680a0.
Tinevez JY, Perry N, Schindelin J, Hoopes GM, Reynolds GD, Laplantine E,
Bednarek SY, Shorte SL, Eliceiri KW. 2017. TrackMate: an open and extensible platform for single-particle tracking. Methods 115:80–90. https://doi
.org/10.1016/j.ymeth.2016.09.016.
Wang ECY, Pjechova M, Nightingale K, Vlahava VM, Patel M, Ruckova E,
Forbes SK, Nobre L, Antrobus R, Roberts D, Fielding CA, Seiraﬁan S, Davies
J, Murrell I, Lau B, Wilkie GS, Suárez NM, Stanton RJ, Vojtesek B, Davison A,
Lehner PJ, Weekes MP, Wilkinson GWG, Tomasec P. 2018. Suppression of
costimulation by human cytomegalovirus promotes evasion of cellular
immune defenses. Proc Natl Acad Sci U S A 115:4998–5003. https://doi
.org/10.1073/pnas.1720950115.
Moffat J, Grueneberg DA, Yang X, Kim SY, Kloepfer AM, Hinkle G, Piqani B,
Eisenhaure TM, Luo B, Grenier JK, Carpenter AE, Foo SY, Stewart SA,
Stockwell BR, Hacohen N, Hahn WC, Lander ES, Sabatini DM, Root DE.
2006. A lentiviral RNAi library for human and mouse genes applied to an
arrayed viral high-content screen. Cell 124:1283–1298. https://doi.org/10
.1016/j.cell.2006.01.040.
Dull T, Zufferey R, Kelly M, Mandel RJ, Nguyen M, Trono D, Naldini L. 1998.
A third-generation lentivirus vector with a conditional packaging system.
J Virol 72:8463–8471. https://doi.org/10.1128/JVI.72.11.8463-8471.1998.

jvi.asm.org

24

Downloaded from https://journals.asm.org/journal/jvi on 29 September 2021 by 82.16.166.249.

Lau et al.

