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Human cytomegalovirus (HCMV) is the prototypical human β-her-
pes virus. Here we perform a systems analysis of the HCMV host-
cell transcriptome, using gene set enrichment analysis (GSEA) as
an engine to globally map the host–pathogen interaction across
two cell types. Our analysis identified several previously unknown
signatures of infection, such as induction of potassium channels
and amino acid transporters, derepression of genes marked with
histone H3 lysine 27 trimethylation (H3K27me3), and inhibition of
genes related to epithelial-to-mesenchymal transition (EMT). The
repression of EMT genes was dependent on early viral gene ex-
pression and correlated with induction E-cadherin (CDH1) and
mesenchymal-to-epithelial transition (MET) genes. Infection of
transformed breast carcinoma and glioma stem cells similarly
inhibited EMT and induced MET, arguing that HCMV induces an
epithelium-like cellular environment during infection.
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Human cytomegalovirus (HCMV) is a β-herpes virus that la-
tently infects a large proportion of the human population

(1). The HCMV DNA genome encodes ∼200 genes (2), and may
express >700 RNAs and proteins (3). Despite its large genetic
endowment (for a virus), HCMV relies on numerous cellular
functions for efficient replication and spread. A comprehensive
understanding of the fundamental cellular networks modulated
by HCMV will advance our understanding of HCMV infection,
persistence, and pathogenesis.
Theoretically, gene-expression profiling experiments can reveal the

global structure of cellular changes induced by HCMV infection.
Unlike many other viruses, HCMV does not cause host shutoff, a
mechanism whereby viral gene products impede cellular translation.
Rather, changes to the cellular transcriptome transfer to the proteome
in HCMV-infected cells, as the majority of cellular transcripts are
translated with equal efficiency in uninfected and infected cells (4).
Although posttranscriptional mechanisms likely disconnect a pro-
portion of gene-expression signatures from their phenotypes, analysis
of the infected-cell transcriptome should provide a large portion of the
information necessary to globally model HCMV infection.
Cellular functions required for HCMV replication continue to

be discovered, suggesting that our understanding of the pathways
manipulated by infection has not been saturated. For example,
recently HCMV has been shown to require fatty acid synthesis
(5) and histone methylation (6) to replicate efficiently.
We aimed to derive biological insights into HCMV infection by

creating global maps of gene expression structure. Our method used
gene set enrichment analysis (GSEA) and gene set overlap networks
to reduce dimensionality of host-cell transcriptome data generated
by RNA-sequencing (RNA-seq). This analysis identified several
thousand gene sets concordantly altered by HCMV in two different
cell types, at three times following infection. These gene sets self-
organized into <20 functionally related communities at each time
point; defining the core cellular functions modulated during in-
fection. We identified multiple, previously unappreciated, gene ex-
pression signatures induced during infection. Most notably, we
discovered that HCMV inhibits epithelial-to-mesenchymal transition
(EMT) gene expression. EMT inhibition was accompanied by

mesenchymal-to-epithelial transition (MET) gene induction in
primary cells. Infection of mesenchymal cancer cells with HCMV
similarly inhibited EMT gene expression and induced MET. These
data suggest that HCMV induces an epithelial cellular state as part
of its replication program. Further, since HCMV has been found in
multiple tumor samples (7), our data raise the possibility that
HCMV might alter the EMT/MET status of tumor cells, and
thereby influence the progression of human cancers.

Results
A Systems Approach to Identify Pathways Modulated by HCMV
Infection. To filter cell-type-specific responses from general re-
sponses to infection, we collected gene-expression data fromMRC-5
fibroblasts and ARPE-19 retinal epithelial cells; both commonly
used HCMV infection models. Clinical isolates of HCMV readily
accumulate mutations during growth in fibroblasts that limit in-
fection of epithelial cells (8). Therefore, to infect both cell types
with the same virus stock, we propagated the clinical isolate TB40/E
(9) in ARPE-19 cells, which preserved epithelial tropism (SI
Appendix, Fig. S1). We refer to stocks grown in fibroblasts as
“TB40fibro” and those grown in epithelial cells as “TB40epi.” We
then performed RNA-seq analysis of infected MRC-5 and ARPE-
19 cells and devised a systems workflow to analyze the data
(Fig. 1). Both cell types were infected with TB40epi in bi-
ological duplicate, and RNA samples were extracted at 24, 72,
and 120 h postinfection (hpi) (Fig. 1A). To place these times
into context, 24 hpi marks the “early” phase of infection,
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before viral DNA replication has begun; 72 and 120 hpi mark
the “late” phase of infection with active viral DNA replication
and the production of progeny. Mock-infected cell samples were
collected at each time, as mock RNAs can fluctuate over the ex-
tended HCMV infection time course. Fold-change ratios (HCMV/
mock) and significance values were then determined at each time,
for each cell type, using DESeq2 (10), which provides shrunken
ratios by modeling both gene level and biological variance (Fig. 1B).
To identify coregulated pathways and cellular functions, we used a
simplified GSEA procedure allowing for multidimensional, or
“concordant,” gene set testing (Fig. 1C). Our procedure was based
on the observation (11) that simple distribution tests perform sim-
ilarly to the original GSEA method (12). For each cell type, each
gene set distribution was compared with the parent RNA-seq dis-
tribution using a Wilcoxon rank-sum test. Gene sets with adjusted P
values (q-values) ≤0.05 in both cell types and showing the same
directional component were selected as concordant gene sets (Fig.
1D). To reduce dimensionality, gene set overlap matrices were
constructed (Fig. 1E) and converted into force-directed networks.
Lastly, gene set networks were partitioned into functionally related
communities (Fig. 1F) and annotated as described in SI Appendix,

SI Materials and Methods. We hypothesized that these networks
might reveal unknown processes modulated by HCMV.
To test our ability to rank enriched gene sets, we applied our

procedure to the chemical and genetic perturbations (cgp; C2)
module of the Molecular Signatures Database (MSigDB) (13).
This module contains ∼3,400 gene sets of which 28 are from a
microarray time course of HCMV-infected fibroblasts (14). We
reasoned that the majority of these gene sets should be enriched
at the top of the ranked list of regulated gene sets, and that
microarray signatures obtained at times coinciding with those of
the RNA-seq dataset (24, 72, and 120 hpi) should rank higher
than signatures obtained at times very early after infection, which
were analyzed only in the microarray study. Of the 2,312 gene
sets that passed size filtering (SI Appendix, SI Materials and
Methods), 54%, 43%, and 36% of the HCMV gene sets ranked
within the top 5% of all gene sets at 24, 72, and 120 hpi, re-
spectively (SI Appendix, Table S1). Considering only microarray
time points after 12 hpi, 100%, 86%, and 71% were contained
within the top 5% of all ranked gene sets (SI Appendix, Table
S1), representing enrichment factors of ∼165×, 141×, and 94×,
respectively. Microarray gene sets showed expected trends within

Fig. 1. Concordant gene set and network analysis workflow. (A) Experimental design. MRC-5 or ARPE-19 cells (two independent cultures) were mock in-
fected or infected with TB40epi at a multiplicity of 3 IU/cell. RNA samples were prepared at 24, 72, and 120 hpi. (B) RNA-seq ratio scatterplots demonstrating
moderation of transcript fold-change ratios using DESeq2. (C) Gene set testing using GSEA. Gene sets scored as significant in both cell types were considered
concordantly regulated. (D) Concordantly regulated gene sets can be analyzed temporally or at individual time points. For the time point analysis conducted
here, overlap matrices (E) were used to construct gene set overlap networks, which were analyzed for functionally related communities (F). The communities
represent the core processes modulated during HCMV infection.
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Fig. 2. Concordant gene set analysis of TB40epi infected MRC-5 and ARPE-19 cells at 24, 72, and 120 hpi. (A) Binary heatmap showing all significant gene set
tests (q-values ≤ 0.05 in both cell types). (B) Venn diagram of concordantly regulated gene sets at each time point indicating overlap of detected gene sets.
(C–E ) Heatmaps of overlap matrices used to create gene set networks at 24 (Left), 72 (Middle), and 120 (Right) hpi. (F–H) Gene set networks and detected
functional communities at 24, 72, and 120 h. (I–K ) Gene set networks and communities colored by trend. (L) Gene set community heatmap with anno-
tations, trends, and color key corresponding to F–H. (M) Frequency-rank plots of concordantly regulated communities at all time points showing
enrichment of adhesion-related gene sets at high ranks. Insets show the top 100 gene sets at each time point. Colors are consistent with the key in L, with
the exception that the adhesion#2 community is colored black to increase contrast.

E8246 | www.pnas.org/cgi/doi/10.1073/pnas.1710799114 Oberstein and Shenk

www.pnas.org/cgi/doi/10.1073/pnas.1710799114


the RNA-seq results (i.e., up-regulated microarray gene sets
were up-regulated by RNA-seq assay; SI Appendix, Fig. S2).
These results validated that our approach could effectively
identify and rank concordantly enriched gene sets.
We then performed gene set tests using a larger gene set library

containing 12,293 size-filtered gene sets from MSigDB (13) and
Harmonizome (15) (Fig. 1C). We identified 1,126, 2,055, and
2,052 concordantly regulated gene sets at 24, 72, and 120 hpi, re-
spectively (Fig. 2A and Dataset S1). More than 50% of the con-
cordant gene sets at 24 hpi were also regulated at 72 and 120 hpi,
suggesting that signaling trends initiated early are sustained
throughout the infection cycle (Fig. 2B). Overlap adjacency matrices
showed considerable substructure (Fig. 2 C–E), suggesting the
presence of interconnected communities. Therefore, gene set net-
works were rendered, partitioned into communities, and annotated
(Fig. 2 F–L). Considering communities containing more than 0.5%
of total nodes per time point, the networks self-organized into 14,
18, and 16 communities at 24, 72, and 120 hpi, respectively (Fig. 2
F–H). Most communities showed polarized directionality, with most
nodes either exclusively up-regulated or down-regulated (Fig. 2 I–K
and SI Appendix, Tables S2–S4). Given this polarization, an overall
community trend was assigned by scoring the most frequent gene
set direction in each community.

Temporal Communities Modulated by HCMV. Approximately half of
the communities at each time point showed “temporal” regula-
tion, with concordant enrichment at one or two, but not all, times
assayed (Fig. 2L). These temporal communities were small and
represented cellular functions known to be modulated by
HCMV, such as apoptosis, stress response, cholesterol bio-
synthesis, ATF/CREB or E2F-mediated transcription, sphingolipid
metabolism, and nucleosome assembly (1). Three temporal com-
munities, “RNA helicase activity,” “intraflagellar transport,” and
“monoamine G-protein-coupled receptor (GPCR) signaling,” rep-
resented functions not yet identified as pathways modulated by
HCMV. Of the three, the monoamine GPCR signaling community
showed the most significant regulation at the RNA level. Gene sets
in this community were concordantly up-regulated (Fig. 3A). Fur-
ther examination of these gene sets using hierarchical clustering
revealed up-regulation of GPCR signaling pathway components like
ADCY-1, -5, -8, GNAL, and GNAO1, as well as a set of upstream
initiating receptors, including seven biogenic amine activated
GPCRs (ADRA1B, ADRA1D, ADRA2C, ADRB1, CHRM4,
HTR1D, and HTR7) (Fig. 3B).

Core Communities Modulated by HCMV. Seven of the ∼15 annotated
communities at each time point were concordantly regulated at all
three times (Fig. 2L). They tended to be the largest communities
and represented 86%, 61%, and 62% of all community gene sets, at
24, 72, and 120 hpi, respectively, suggesting that the changes seen
during infection are dominated by a few “core” functions/pathways.
We analyzed each core community in detail. Three of the seven
core communities represented pathways known to be regulated by
HCMV infection: DNA replication and cell-cycle modulation,
translation, and MYC/mTOR/ESR signaling (1, 16). Two core
communities were related to cell adhesion and were enriched for
gene sets related to EMT, a pathway not known to be modulated by
HCMV. The remaining core communities, “PRC2-mediated
H3K27Me3” and “ion and small molecule transport,” were ad-
ditional previously unidentified pathways modulated during in-
fection. Gene sets from these communities were enriched in the top
100 ranked gene sets (Fig. 2M). Below we describe these commu-
nities, referring to each by its network color as shown in Fig. 2.

Ion and Small Molecule Transport (Light Blue). A large community
related to ion and small molecule transport was up-regulated by
infection at all times tested. The most significantly regulated
gene sets in the community were related to Gene Ontology (GO)
terms such as “transporter activity” and “ion transport.” Gene
sets related to potassium ion channels and amino acid trans-
porters were enriched in this community (Datasets S2–S4).

Inspection of the potassium channel gene sets revealed 10 potassium
transporter RNAs that were up-regulated at 72 and 120 hpi, in-
cluding three subunits of the sodium/potassium ATPase (ATP1A1,
ATP1A3, and ATP1B3), three outward rectifying voltage-gated
potassium channels (KCNC4, KCNH8, and KCNQ5), several
two-pore-domain leak channels (KCNK1 and KCNK12), one
calcium-activated potassium channel (KCNN1), and one phos-
phatidylinositol 4,5-bisphosphate (PIP2) activated, inwardly rec-
tifying, potassium channel (KCNJ12) (Fig. 4 A and B). Eleven
additional potassium channels were up-regulated at 120 hpi (Fig.
4B), highlighting dramatic, coordinated, potassium channel ex-
pression late during infection. Inspection of the amino acid
transport gene sets revealed up-regulation of two surface oligo-
peptide transporters (SLC15A1 and SLC15A2) and eight solute-
carrier family amino acid transporters (SLC1A4, SLC6A20,
SLC7A1, SLC3A2/SLC7A5, SLC17A7, SLC36A1, SLC38A3, and
SLC43A2) during infection (Fig. 4 C and D). As with potassium
channels, up-regulation of RNAs encoding amino acid trans-
porters could be detected at 24 hpi and increased dramatically at
72 and 120 hpi, suggesting that induction of ion and small mol-
ecule transporters is a feature of the early and late phases of
infection. Gene sets for iron/transferrin, sodium, carbohydrate,
calcium, and zinc transport were also partitioned into the ion and
small molecule transport community (Datasets S2–S4).

Fig. 3. GSEA analysis of the monoamine GPCR temporal community. (A) RNA-
seq ratio scatterplots of representative gene sets partitioned into the mono-
amine GPCR community. Distribution density plots used for significance testing
are displayed Above and to the Right of each scatterplot. Dotted gray lines are
twofold reference guides. RNA-seq transcripts and distributions are shown in
blue, while those from each gene set are shown in green. (B) Heatmap of the
union of gene sets shown in A showing up-regulated and down-regulated
transcripts grouped by hierarchical clustering.
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PRC2-Mediated H3K27Me3 (Orange). A small cluster of gene sets re-
lated to polycomb repressive complex 2 (PRC2) composed the or-
ange core community. The 38%, 36%, and 46% of the gene sets in
this community were present in the top 10% of all concordant gene
sets, at 24, 72, and 120 hpi, respectively; indicating an approximately
fourfold enrichment in the highest ranked gene sets. This community
expanded as infection proceeded, constituting ∼50% of the top
20 ranked gene sets at 120 hpi (Fig. 2M). At 24 hpi, the orange
community exclusively partitioned gene sets from chromatin immu-
noprecipitation sequencing (ChIP-seq) experiments defining genes
marked with H3K27me3 or H3K27me3 + H3K4me3 (Dataset S2).
These gene sets persisted at 72 and 120 hpi, when additional gene
sets composed of targets of the PRC2 enzyme complex, the indi-
vidual subunits SUZ12 and EED1, and the PRC2-recruitment
protein JARID2 were partitioned into the community (Fig. 5A
and Datasets S3 and S4). PRC2 is responsible for methylating
H3K27, a repressive histone mark (17). These gene sets were con-
cordantly up-regulated (Fig. 5B), suggesting that HCMV infection
globally derepresses PRC2 target genes.

Adhesion (Brown and Light Brown).A large community of gene sets
involved in cell adhesion and extracellular matrix composition
(“Adhesion#1”; brown) was observed at all time points (Fig.
2L). A related, smaller, community containing a mixture of cell
adhesion and vesicle transport gene sets (adhesion#2, light
brown) was also observed at 24 and 72 hpi and considered an
extension of adhesion#1. These gene sets were globally down-
regulated (Fig. 2 I–L) and functionally related to production of
matrix components such as collagen, fibronectin, and fibrillin,
and cell–matrix attachment (i.e., “focal adhesion”). HCMV in-
fection decreases focal adhesion (4, 18, 19). However, further
analysis (described below) suggested that loss of cell–matrix
adhesion was part of a larger cellular response centered around
induction of epithelial characteristics.

HCMV Infection Inhibits EMT and Induces an MET Signature. A dis-
proportionate number of highly ranked gene sets were parti-
tioned into the brown community, representing 45%, 50%, and
25% of the top 20 gene sets at 24, 72, and 120 hpi, respectively
(Fig. 2M). This suggested that they played a dominant role
during infection. To our surprise, the majority of highly ranked
gene sets in this community were related to epithelial-to-
mesenchymal transition (EMT), such as gene sets relating to
breast cancer aggressiveness, matrix protein synthesis, and cadherin
signaling (Datasets S2–S4). Several highly ranked gene sets impli-
cated EMT as a pathway inhibited during infection. For example,
the MSigDB gene sets “hallmark epithelial mesenchymal transi-
tion” and “Anastassiou cancer mesenchymal transition signature”
were ranked numbers 12 and 51, out of 12,293 at 72 hpi. These gene
sets were inhibited in a coordinated manner (Fig. 6A) and revealed
the majority of EMTmarkers were down-regulated during infection
(Fig. 6B). For example, the mesenchymal markers vimentin (VIM)
and fibronectin (FN1), as well as several collagens (e.g., COL1A1,
COL4A1, COL5A1, and COL12A1), fibrillins (FBN1 and FBN2),
matrix metalloproteinases (MMP2 and MMP14), and throm-
bospondins (THBS1 and THBS2) were all concordantly down-
regulated. Additionally, several gene sets in the adhesion
community suggested activation of E-cadherin signaling, such as the
down-regulation of genes from “Onder CDH1 targets 2 up” (Fig.
6A), a set of genes up-regulated upon knockdown of CDH1. Using
quantitative real-time PCR (qRT-PCR) we confirmed EMT gene
inhibition and found that CDH1 was induced during infection (SI
Appendix, Fig. S3). We also confirmed EMT down-regulation by
performing GSEA on a previously analyzed RNA-seq dataset from
fibroblasts infected with HCMV (4) (SI Appendix, Fig. S4). The
induction of CDH1, as well as the inhibition of several EMTmarker
genes (FN1 and COL8A1), was dependent on de novo immediate-
early or early viral gene expression, as it was abrogated upon in-
fection with UV-inactivated HCMV, but not treatment with the

Fig. 4. GSEA analysis of the ion and small molecule transport community. (A and B) RNA-seq ratio scatterplots and up-regulated transcripts (as in Fig. 3) of
GO biological process gene set “potassium ion transport.” This gene set is a representative potassium transport gene set from the ion and small molecule
transport community. (C and D) RNA-seq ratio scatterplots and up-regulated transcripts (as in Fig. 3) of reactome gene set “amino acid and oligopeptide SLC
transporters.” This gene set is a representative amino acid transport gene set from the ion and small molecule transport community.
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viral polymerase inhibitor, ganciclovir (GCV) (Fig. 6C), which
blocks progression to the late phase of infection. Both treatments
were shown to be efficacious by monitoring HCMV late gene ex-
pression using qRT-PCR (Fig. 6C, UL99) and monitoring GFP
expression from a TB40epi strain marked at the UL83 locus (Fig.
6D). Steady-state E-cadherin protein expression was induced by
HCMV in both MRC-5 and ARPE-19 cells starting at 48 hpi (Fig.
6E), precisely when its RNA levels increased (SI Appendix, Fig. S3).
Vimentin and fibronectin showed little change at the protein level,
with the exception of fibronectin in MRC-5 cells, which was
repressed during infection. HCMV-induced E-cadherin showed
plasma membrane localization (Fig. 6F), suggesting it might

be incorporated into adherens junctions, a hallmark of the
epithelial state.
Mesenchymal gene expression is coupled to opposing changes in

epithelial gene expression during development, wound repair, and
carcinogenesis (20). Given the observed inhibition of EMT and
induction of E-cadherin, we hypothesized that infection might cause
an MET phenotype. RNA-seq ratios showed that levels of addi-
tional epithelial genes were induced late during infection, such as
CLDN6, EPCAM (confirmed at the protein level; Fig. 6E), PKP1,
CRB3, and the gap junction proteins GJB2 and GJB3. However,
others, such as KRT8, KRT18, TJP1, PARD6A, and CTNNB1, were
not (SI Appendix, Table S5). Therefore, some, but not all, canonical
epithelial features were induced during infection. Therefore, we
sought a broader metric for determining whether an MET was in-
duced during infection. Three MET gene expression signatures
(gene sets) were generated by extracting up-regulated genes from
recent MET studies (SI Appendix, SI Materials and Methods), one
examining cholera toxin (CTx)-induced MET in NAMEC8 (N8)
mammary epithelial cells (21), and two comparing OVOL2-induced
MET in PC3EMT14 prostate cancer cells (22) and MDA-MB-
231 breast cancer cells (23). We then used GSEA to test whether
these signatures were modulated during HCMV infection. All three
gene sets were strongly (P << 0.01) up-regulated at 72 and 120 hpi
(Fig. 6G), precisely when EMT was inhibited and E-cadherin was
expressed. Thus, HCMV infection induces a gene expression profile
similar to experimental METs observed in cancer cell models.
To facilitate monitoring of HCMV-induced MET, we generated a

14-gene, HCMV-specific, MET signature from our RNA-seq data by
extracting genes that intersected the three cancer MET gene sets
(Fig. 7A, Top), and clustering the resulting 72 genes based upon their
expression during infection (Fig. 7A, Bottom). This signature was
primarily composed of epithelial genes such as CDH1, EPCAM,
and GJB3; the tight-junction component MARVELD3; the
hemidesmosomal structural protein, COL17A1; and the epithelial serine
protease ST14. We monitored 12 of the 14 genes in this signature by
qRT-PCR late during infection and all 12 correlated perfectly with in-
fection in both MRC-5 and ARPE-19 cells (SI Appendix, Fig. S5A).

HCMV Induction of MET in Mesenchymal Cancer Cells. METs are
most well characterized in cancer cells, such as metastatic breast
cancer cells, which transition between mesenchymal and epithelial
states (24). Therefore, we tested whether HCMV could induce
MET in two mesenchymal breast cancer lines, MDA-MB-231
(MDA-231) and SUM1315MO2 (SUM1315). Both lines were in-
fected at low confluency with either TB40epi or an epithelial cell-
grown stock of the HCMV clinical isolate Merlin (25). At 120 hpi,
cells were analyzed for viability and viral immediate-early (IE1)
protein expression. Nearly all SUM1315 cells, and ∼65% of MDA-
231 cells, were infected with HCMV, as judged by the number of
cells expressing IE1 at 120 hpi (Fig. 7B). However, only a fraction of
the infected cells expressed a late gene reporter and infection did
not induce cell death at 120 hpi (Fig. 7B), suggestive of a stalled or
significantly delayed replication cycle. Both HCMV strains induced
a flattened, cobblestone morphology in MDA-231 cells, which
typically appear elongated and spindle-like (Fig. 7C). Infected
SUM1315 cells grew to confluency over the 120-h infection period
and their morphology appeared similar to mock-infected cells (Fig.
7C). Nonetheless, nearly all genes from the HCMV-MET signature
were induced in both cell types in a multiplicity-dependent manner,
and the mesenchymal markers FN1 and VIM (SUM1315 only) were
down-regulated (Fig. 7D). Since induction of MET in mesenchymal
breast cancer cells inhibits migration (21), we next assayed their
migratory capacity after infection. Cells were infected for 120 h and
then equal numbers were seeded into Transwell dishes, or standard
tissue culture plates, for another 16 h. Infection with HCMV de-
creased Transwell migration in MDA-231 cells modestly, but had a
dramatic inhibitory effect on SUM1315 migration (Fig. 7 E and F).
Examination of the infected SUM1315 cultures reseeded onto
standard plates revealed an altered morphology. Mock-infected cells
showed prominent lamellipodia with phase-dense membrane ruffles
at the leading edge of the majority of cells. In contrast, infected

Fig. 5. Derepression of PRC2 target genes during HCMV infection.
(A) Subnetwork displaying all concordantly regulated gene sets in the PRC2-
mediated H3K27Me3 community at 72 hpi (colored orange as in Fig. 2).
Node size is proportional to its significance or inverse product of MRC-5 and
ARPE-19 q values. (B) RNA-seq ratio scatterplots of select PRC2-related gene
sets (green nodes in A) showing derepression of PRC2 target genes.
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Fig. 6. Inhibition of EMT and induction of MET during HCMV infection. (A) RNA-seq ratio scatterplots of representative EMT-related gene sets from the
adhesion#1 community. (B) Heatmap and down-regulated clusters of hallmark epithelial mesenchymal transition gene set. (C) Effect of UV and ganciclovir
(GCV; 100 μM) treatment on CDH1, COL8A1, FN1, and UL99 at 72 hpi. Samples were calibrated to mock, except for UL99, which was calibrated to TB40epi (**),
since the mock (*) sample was not assayed. Data are mean ± SD from three separate infections, each assayed in technical triplicate. (D) Phase-contrast and
fluorescence images of cell populations from C, showing inhibition of late gene expression due to UV and GCV treatment. (E) Western analysis of EMT and
MET markers during HCMV infection in MRC-5 and ARPE-19 cells. M, marker (kDa). (F) Immunostaining of E-cadherin (red) in mock and infected ARPE-19 cells.
Infected cells are marked with GFP expressed from the virus-encoded GFP:P2A:UL83 reporter. (G) RNA-seq ratio scatterplots of MET gene sets during HCMV
infection. (Scale bars, 100 μm.)
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Fig. 7. Induction of MET in HCMV-infected mesenchymal breast cancer cell lines. (A) Venn diagram and heatmaps showing intersection of MET gene
sets and extraction of an HCMV-specific gene expression signature by hierarchical clustering. (B) Flow-cytometry analysis of infected MDA-231 and
SUM1315 cells at 120 hpi. Viability was assessed using a fixable live/dead (L/D) blue stain, infection efficiency by intracellular staining for viral
IE1 protein and late gene expression using the virus-encoded GFP:P2A:UL83 reporter. (C ) Phase-contrast images of infected breast cancer cells at
120 hpi. (D) qRT-PCR analysis of HCMV-specific MET signature genes in infected breast cancer cells at 120 hpi. (E ) Representative images from
Transwell migration assays using mock- and TB40epi-infected [10 multiplicity of infection (MOI)] breast cancer cells. (F ) Quantification of Transwell
migration assays shown in E. Data are mean ± SD of 15 fields taken at 40× magnification, from three separate infections. Significance was determined
by two-tailed t test (**P = 1.63e-04; ***P = 1.37e-08). (G) Morphology of SUM1315 cells replated for an additional 16 h after an initial 120-h infection
period. (Scale bars, 100 μm.)
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SUM1315 cells displayed straight, triangular edges, with few, if any,
lamellipodia (Fig. 7G), consistent with reduced migratory capacity.
These data provide functional evidence that HCMV can induce a
bona fide MET in mesenchymal breast cancer cells. We also ob-
served MET gene expression upon infection of two glioma stem cell
lines (SI Appendix, Fig. S5B). Our observations in fibroblasts, epi-
thelial cells, breast cancer cells, and glioma stem cells provide strong
evidence that MET induction is a general feature of HCMV
infection.

Discussion
Gene set databases are inherently biased toward known path-
ways, and experimentally derived gene sets can be biased toward
more “popular” pathways or cell types. Nonetheless, GSEA en-
abled us to identify at least four unidentified pathways modu-
lated during productive HCMV infection: biogenic amine GPCR
signaling, potassium and amino acid transport, PRC2-mediated
histone methylation, and EMT/MET.

Biogenic Amine GPCR, Potassium Channel and Amino Acid Transporter
Signatures. The amine GPCRs we observed to be up-regulated
during infection typically function in neurons or skeletal muscle,
such as the acetylcholine receptor CHRM4; the serotonin receptors
HTR1D and HTR7; or adrenergic receptors ADRA1B, ADRA2C,
and ADRB1. Further experiments will be required to clarify the role
of biogenic amine signaling during infection and whether their ac-
tivities converge on MET, which can be modulated by cyclic-AMP
production (21).
Most up-regulated potassium transport proteins, were outward

rectifying channels, which repolarize neurons after an action
potential. Patch clamp experiments have shown increases in
outward rectifying potassium currents late during HCMV in-
fection (26). The function of these currents, potentially caused by
the up-regulated channels we identified, is not presently clear.
However, some viruses require potassium channel function for
virus release (27). Given the late kinetics of the HCMV-induced
potassium channels, a role in virion release is feasible.
The increase in amino acid transporters suggests that HCMV

requires exogenous amino acids to maintain protein synthesis.
Metabolomic studies of HCMV infection did not observe
changes in steady-state amino acid pools, with the exception of
an increase in alanine. However, this work monitored only 5 of
the 20 amino acids. We observed up-regulation of the trans-
porters SLC1A4/ASCT-1, SLC38A3, and SLC3A2/4F2 during
infection, starting between 24 and 72 hpi, a time aligned with
peak metabolic changes induced by HCMV (∼48 hpi) (16).
SLC1A4 has specificity for alanine, SLC38A3 for glutamine, and
SLC3A2 modulates surface expression of LAT-1, which can
exchange intracellular arginine for extracellular glutamine
(28). These transporters could be responsible for the in-
creased alanine levels and glutamine anaplerosis observed
during infection (16).

EMT/MET and PRC2 Signatures. The MET signature was one of the
most dominant cellular responses we observed. MET succinctly
explains the modulation of focal adhesion, extracellular organi-
zation, and adhesion junction complexes previously noted during
HCMV infection (4, 18, 19, 29).
Why does HCMV induce a MET phenotype? EMT and MET

are essential for development, wound healing, and cancer me-
tastasis (20). Little is known about these transitions during viral
replication, so the functional relevance of MET to HCMV
pathogenesis is not presently clear. An important question to be
resolved is whether the activation of MET is beneficial to the
virus, part of the cellular antiviral response, or a collateral dis-
ruption induced by infection that is of no consequence to the
virus. Conceivably, the MET environment causes expression of a
constellation of cellular genes that modulate viral growth in a
cell autonomous manner. Alternatively, MET induction might
control the choice between active HCMV growth versus latency.
In Epstein-Barr virus (EBV)-transformed B cells, expression of

miR-200 RNAs, which directly induces MET in cancer models
(30), causes a switch from latency to lytic replication (31). Sim-
ilarly, during Kaposi’s sarcoma-associated herpesvirus (KSHV)
infection of B cells, the latency-associated nuclear antigen
(LANA) induces mesenchymal features by up-regulating SNAIL
(32). Suppression of LANA breaks latency (33), inhibits SNAIL,
and induces epithelial genes including CDH1 (32), features
consistent with MET. Thus, there is a correlation between the
mesenchymal state and latency and the epithelial state and
productive replication in this family of viruses. It will be in-
teresting to see if the EMT/MET switch is functionally coupled
to the HCMV lytic/latency switch. It is also possible that the
MET supports viral spread by enforcing an epithelial phenotype
where cells establish zones of tight cell–cell contact. This could
allow the virus to spread from cell to cell without being exposed
to the external environment and possible neutralization by an-
tiviral antibodies. It has been proposed that herpes simplex virus
and measles virus use epithelial adherens junctions to pass di-
rectly from cell to cell (34).
How does HCMV induce an MET phenotype? The PRC2

signature may provide a clue to the mechanism. A group of
PRC2 targets, including CDH1, was derepressed during in-
fection. The EMT transcription factor SNAIL1 can recruit
PRC2 to the CDH1 promoter and mediate its silencing, and
inhibition of PRC2 derepresses CDH1 (35). During develop-
ment, displacement of PRC2 from promoters is mediated
by transcriptional activator binding and/or demethylase re-
cruitment (17). Therefore, a putative mechanism driving MET
during HCMV infection might involve the displacement of
PRC2 or recruitment of a demethylase by cellular or viral
transcription factors at the CDH1 promoter. The HCMV
immediate-early transcription factors IE1 and IE2, which ac-
tivate viral and cellular promoters (36), are prime candidates
for this activity. IE1/IE2-mediated derepression at one or
more master MET genes, perhaps CDH1, would provide a
simple mechanism for MET induction during infection. In
addition to its role in the HCMV-induced MET, many con-
cordantly regulated genes in other novel infection signatures,
appear to be putative PRC2 derepressed genes. For example,
nine monoamine GPCR signaling components, all 10 potas-
sium transporters mentioned above, and five amino acid
transporters were found in PRC2-related gene sets. This
suggests that epigenetic alteration is an apical event driving
remodeling of the host cell during infection.

HCMV-Induced MET as a Potential Oncomodulatory Mechanism. Our
identification of an HCMV-induced MET has important impli-
cations regarding the possible role of HCMV in oncogenesis.
Numerous studies have confirmed the presence of HCMV
nucleic acids and in some cases proteins in multiple cancers,
including glioblastoma (GBM) (7), breast (37–39), and ovarian
(40) cancers. However, HCMV infection does not transform
cells, leading many to suspect that HCMV does not contribute to
oncogenesis. However, enforced expression of the viral GPCR
US28 can transform cells (41), as can coexpression of IE1 and
IE2 with adenovirus E1A (42). Furthermore, autologous den-
dritic cells pulsed with HCMV RNAs can recognize and kill
GBM tumors in vivo (43), indicating that GBM cells are exposed
to HCMV during their development. Although MET can inhibit
the migratory phase of metastasis, it encourages metastatic col-
onization during secondary tumor formation (44). Primary cells
infected with HCMV induce MET with early-late kinetics, but
the virus eventually kills the cells. However, HCMV can induce a
functional MET in at least some mesenchymal tumor cells
without affecting their viability (Fig. 7). This scenario might
encourage tumor colonization.

Conclusion.Our results demonstrate that a virus can induce MET,
possibly by relief of PRC2-mediated repression. Further de-
lineation of the mechanism by which HCMV represses EMT and
induces MET may reveal new insights into the normal and

E8252 | www.pnas.org/cgi/doi/10.1073/pnas.1710799114 Oberstein and Shenk

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710799114/-/DCSupplemental/pnas.1710799114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1710799114


aberrant activation cellular MET, the role of cellularity transi-
tions in the HCMV latency switch, and the potential impact of
HCMV infection on tumor cell behavior. Additionally, this work
provides a framework for further investigation into the roles of
monoamine GPCR signaling, potassium transport, and amino
acid transport during HCMV replication.

Materials and Methods
Systems Analysis. RNA-seq reads were aligned to the human and HCMV
genomes using HISAT2 (45) and converted to gene counts using featur-
eCounts (46). HCMV/mock ratios were determined using DESeq2 (10). The
modified GSEA procedure was performed using gene sets from the MSigDB
(13) and Harmonizome (15) databases, and comparing each gene set’s ratio
distribution to its parental RNA-seq ratio distribution using the Wilcoxon
rank-sum test. Concordantly regulated gene sets (MRC-5 q-value ≤0.05 and
ARPE-19 q-values ≤0.05) were organized into gene set overlap net-
works essentially as describe in the “enrichment map” technique (47); by

representing each gene set as a network node and connecting all node pairs
with edges weighted by the overlap of their underlying gene memberships.
Networks were rendered and analyzed using igraph (48) and Gephi (49).
Network communities were detected using the Louvain modularity maxi-
mization algorithm (50). Additional methods and computational details are
provided in SI Appendix, SI Materials and Methods.

Data Availability. RNA-seq data have been deposited in the National Center
for Biotechnology Information Gene Expression Omnibus (GEO) under ac-
cession no. GSE99454.
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