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The tryptophan metabolite, kynurenine, is known to be produced
at elevated levels within human cytomegalovirus (HCMV)-infected
fibroblasts. Kynurenine is an endogenous aryl hydrocarbon recep-
tor (AhR) ligand. Here we show that the AhR is activated following
HCMV infection, and pharmacological inhibition of AhR or knock-
down of AhR RNA reduced the accumulation of viral RNAs and
infectious progeny. RNA-seq analysis of infected cells following
AhR knockdown showed that the receptor alters the levels of nu-
merous RNAs, including RNAs related to cell cycle progression. AhR
knockdown alleviated the G1/S cell cycle block that is normally
instituted in HCMV-infected fibroblasts, consistent with its known
ability to regulate cell cycle progression and cell proliferation. In
sum, AhR is activated by kynurenine and perhaps other ligands
produced during HCMV infection, it profoundly alters the infected-
cell transcriptome, and one outcome of its activity is a block to cell
cycle progression, providing mechanistic insight to a long-known
element of the virus–host cell interaction.
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Human cytomegalovirus (HCMV), a β-herpesvirus, is a major
cause of birth defects, a life-threatening opportunistic in-

fection in immunodeficient individuals, and a potential onco-
modulatory agent (1–3). The virus manipulates numerous cellular
processes, including cell metabolism (4, 5), to facilitate its repli-
cation and spread. One metabolite that is markedly elevated fol-
lowing infection of fibroblasts with both laboratory and clinical
HCMV isolates, e.g., ∼25-fold increase for the TB40/E clinical
strain at 24 hours post infection (hpi), is kynurenine (Kyn) (6), a
tryptophan catabolite produced by indoleamine-2,3-dioxygenase
(IDO) 1 and 2 and tryptophan-2,3-dioxygenase (TDO) (7). Kyn
and its metabolite, quinolinic acid, are also elevated in the plasma
of immunosuppressed kidney transplant patients with active
HCMV infections, and their levels correlate with the severity of
viral disease (8).
Kyn is an endogenous aryl hydrocarbon receptor (AhR) ligand

(9). AhR was first described as a sensory component of a
chemical surveillance system that moderates the adverse effects
of xenobiotic toxins via the induction of cellular functions that
transform and eliminate them (10, 11). Subsequent work has
shown that AhR responds to both xenobiotic and endogenous
ligands and functions in numerous biological processes, including
development, homeostasis, immunity, cell proliferation, and ap-
optosis, impacting many disease states, including viral infections
(12–17).
AhR is the only ligand-activated member of the basic helix–

loop–helix/PER-ARNT-SIM (bHLH-PAS) superfamily of tran-
scription factors (18). Inactive AhR resides in the cytoplasm, and
upon ligand binding it translocates to the nucleus (19), where it
partners with different proteins to regulate gene expression. It can
form a heterodimeric complex with the AhR nuclear translocator
(ARNT; also known as HIF1-β) through its N-terminal bHLH and
PAS-A domains, which then binds DNA at so-called xenobiotic

response elements (XREs; also known as dioxin response elements,
DREs) in the vicinity of responsive genes (20, 21). AhR can also
interact with other transcriptional regulatory proteins, such as the
retinoblastoma protein and Kruppel-like factor 6 (22, 23). AhR is
activated by a diverse range of ligands, including xenobiotics and
endogenous molecules, and even closely related ligands may dif-
ferentially affect the nuclear interactome of the transcription factor
(24, 25). Once the liganded receptor leaves the nucleus, it un-
dergoes proteasome-mediated degradation (26, 27).
In addition to its role as a transcription factor, AhR acts as a

ligand-dependent adapter independently of ARNT that directs
the CUL4B E3 ubiquitin ligase to targets (28). Interestingly,
IDO expression is transcriptionally induced by activated AhR,
and it has been proposed that it might be subject to AhR-directed
degradation via CUL4B (29).
The Kyn-AhR axis has been most intensively studied in the

context of cancer. Tumors often express high levels of IDO1 and
TDO, which activate Kyn-AhR signaling and enhance the ma-
lignant phenotype, affecting tumor cell behaviors such as pro-
liferation and motility (30–32). Further, extracellular Kyn in the
tumor microenvironment can suppress T cell activity (9, 33, 34)
and recruit immunosuppressive macrophages (35).
Since aspects of tumor phenotypes arising from Kyn-AhR

signaling might also contribute to HCMV pathogenesis, we ex-
plored the cell-autonomous consequences of Kyn production in
HCMV-infected fibroblasts. AhR is activated following infection,
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and pharmacological inhibition or knockdown of AhR reduced
the accumulation of viral RNAs and virus yield and altered the
levels of numerous cellular RNAs. Of note, knockdown of the
receptor impacted cell cycle progression in infected fibroblasts.
HCMV normally institutes a cell cycle block near the G1/S
boundary in fibroblasts, where viral gene expression and DNA
replication are facilitated, while cellular DNA replication is sup-
pressed (36–42). AhR knockdown antagonized the ability of
HCMV to induce the cell cycle block, consistent with its known
ability to modulate cell growth in a cell-specific context (12) and
arguing that AhR normally contributes to viral subversion of cell
cycle progression.

Results
HCMV Infection Modulates AhR Activity. Since Kyn is induced by
HCMV infection (6, 8) and serves as a ligand for AhR (9), we
tested the impact of infection on AhR levels and activity. To
avoid possible effects of AhR ligands in serum (43), confluent,
serum-starved fibroblasts were mock infected or infected with
the AD169 strain of HCMV prepared in serum-free medium,
and AhR RNA and protein levels were monitored after various
time intervals. AhR RNA was assayed by RT-qPCR analysis
(Fig. 1A). Although AhR transcript levels were reduced in in-
fected versus mock-infected cells at 4 and 12 hpi by as much as
eightfold, there was no significant difference at 24 hpi. AhR
protein was measured by immunoblot assay (Fig. 1B). With the
exception of a modest reduction at 4 h, the level of receptor was
stable at 12, 24, and 48 h after mock infection. In contrast, AhR
protein was reduced in infected cells, especially at 12 hpi.
It’s not clear why AhR RNA is transiently reduced following

infection, but the change is not likely responsible for the fairly
rapid reduction in AhR protein, since AhR has been estimated
to have a half-life of ∼28 h in mouse hepatoma cells (26, 27).
Rather, the loss of AhR protein might result from its proteasomal
degradation, which occurs rapidly following its interaction with an

activating ligand, reducing its half-life to about 3 h (26, 27). Thus,
the reduced level of AhR protein following infection raises the
possibility that the receptor has been activated, possibly by its
endogenous ligand, Kyn, which accumulates following HCMV
infection (6). To test for receptor activation, fibroblasts were
prepared expressing AhR fused to monomeric GFP, and its cel-
lular localization was monitored during the early phase of infec-
tion, at 16 hpi (Fig. 1C). Activated AhR translocates from
cytoplasm to nucleus, and while it was predominantly cytoplasmic
in mock-infected cells, it localized to the nucleus following in-
fection. To further assess AhR activation, expression of cyto-
chrome P450 1A1 (CYP1A1) RNA, an AhR target (44), was
monitored at 24 hpi (Fig. 1D). It was induced by a factor of nearly
500 in infected compared to mock-infected cells, again arguing
that AhR is activated by HCMV.
The rapid effect of infection on AhR levels suggested that a

virion constituent and/or immediate-early/early viral gene ex-
pression might be responsible. To ascertain whether viral gene
expression is required for AhR activation, ultraviolet (UV)-inac-
tivated virus was compared to active HCMV. The viral pUL82
protein was monitored to confirm successful UV treatment (Fig.
2A). Whereas the protein accumulated to increasingly higher
levels with time after infection by active virus, it did not accu-
mulate following infection with the UV-inactivated virus. Rather,
a small amount of the protein, delivered to cells in virions, was
initially evident and then lost. Thus, the UV inactivation allowed
delivery of virion components to cells, but damaged virion DNA to
prevent viral gene expression. In contrast to active virus, the
inactivated virus failed to modulate AhR protein levels (Fig. 2A)
and modulated CYP1A1 RNA expression to a reduced extent
(Fig. 2B).
We conclude that HCMV infection activates AhR, and full

activation requires viral gene expression following cell entry.

A B

C D

Fig. 1. HCMV infection of fibroblasts modulates AhR expression and activity. Confluent HFFs were starved in serum-free medium for 48 h, and then mock
infected or infected at a multiplicity of 3 IU/cell. (A) Modulation of AhR RNA levels by HCMV. Cultures were harvested at the indicated times and AhR RNA was
quantified relative to actin RNA by RT-qPCR assay with infected normalized to mock-infected samples (n = 2, assayed in triplicate). (B) Modulation of AhR
protein levels by HCMV. Cultures were harvested at the indicated times and AhR protein was quantified by immunoblot assay. IE1 was monitored as a marker
of infection and β-tubulin served as a loading control. (C) Accumulation of AhR in the nuclei of HCMV-infected cells. Cells were fixed at 16 hpi and mGFP-
tagged AhR fluorescence was monitored. Infected cells were identified by indirect immunofluorescence assay of the viral IE1 protein, and nuclei were
counterstained using Hoechst 33342 dye (representative of three independent experiments). (D) Induction of AhR-responsive CYP1A1 RNA by HCMV. Cultures
were harvested at the indicated times and CYP1A1 RNA was quantified relative to actin RNA by RT-qPCR assay with infected normalized to mock-infected
samples (n = 2, assayed in triplicate). All RT-qPCR data, normalized to mock-infected samples, are shown as mean ± SD; **P < 0.01; ***P < 0.001; ****P <
0.0001; n.s., not significant (unpaired Student’s t test).
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AhR Supports the Efficient Production of HCMV Progeny. To deter-
mine whether AhR activity influences viral replication, we initially
tested the effect of an AhR antagonist, StemRegenin 1 (SR1)
(45). SR1 (1 μM) was not toxic to serum-starved human fibroblasts

following treatment for 96 h (Fig. 3A), it markedly reduced the
induction of AhR-responsive CYP1A1 RNA following HCMV
infection (Fig. 3B), and it reduced virus yield by a factor of about
400 (Fig. 3C). To confirm the drug effect, AhR RNA was knocked
down in serum-starved fibroblasts by using two different locked
nucleic acid (LNA) RNAs (46). With the knockdown treatment
beginning 48 h before infection, LNA4 (100 nM) or LNA7
(200 nM) reduced AhR RNA by ∼75% and 65%, respectively, at
120 hpi (Fig. 3D). The same LNA4 or LNA7 knockdown treat-
ment reduced the yield of HCMV by about 35- and 34-fold, re-
spectively, at 120 hpi (Fig. 3E). Inhibition of AhR by two different
methods—drug treatment and knockdown—substantially reduced
HCMV yield, demonstrating that the receptor is required for ef-
ficient virus growth. To avoid possible off-target effects of the
drug, further experiments used knockdown by the two different
LNAs to target AhR activity.
The effect of AhR knockdown on viral RNA levels was

quantified by RT-qPCR at 120 hpi by testing expression levels
for representatives of all classes of viral transcripts. The two
AhR-specific LNAs again reduced the yield of extracellular vi-
rus, confirming that they were active (Fig. 4A); and the levels of
all 19 viral RNAs tested were reduced by 25 to 60% at 120 hpi
(Fig. 4B). Fourteen of the viral transcription units tested con-
tained potential XRE/DRE AhR-binding motifs, while five did
not contain an identifiable motif (marked with asterisks in Fig.
4B). There was no difference in their response to AhR knock-
down. This result could be explained by indirect effects of

BA

Fig. 2. HCMV gene expression is required to activate AhR. Confluent HFFs
were starved in serum-free medium for 48 h, and then mock infected or
infected at a multiplicity of 3 IU/cell. (A) Modulation of AhR protein levels by
HCMV but not UV-inactivated HCMV (HCMV-UV). Cultures were harvested at
the indicated times and AhR protein was quantified by immunoblot assay.
pUL82 was monitored as a marker of infection and β-tubulin served as a
loading control. (B) Induction of AhR-responsive CYP1A1 RNA by HCMV
versus HCMV-UV. Cultures were harvested at 24 hpi and CYP1A1 RNA was
quantified relative to actin RNA by RT-qPCR assay with HCMV-UV-infected
normalized to HCMV-infected samples. Data are shown as mean ± SD (n = 3,
assayed in triplicate); *P < 0.05 (unpaired Student’s t test).

A B C

D E

Fig. 3. AhR supports the efficient production of HCMV progeny. Confluent HFFs were starved in serum-free medium for 48 h before the initiation of ex-
periments. (A) Toxicity of the AhR inhibitor, SR1. Serum-starved HFFs were treated with DMSO (1% wt/wt) and increasing concentrations of SR1 in DMSO.
After 96 h, cell viability (orange) and cell proliferation (blue) were monitored (n = 4). (B) SR1 (1 μM) inhibits CYP1A1 RNA accumulation. Serum-starved HFFs
were infected at a multiplicity of 3 IU/cell, drug or solvent was added 2 h post viral absorption, and 24 h later cells were harvested and CYP1A1 RNA was
quantified relative to actin RNA by RT-qPCR assay with drug-treated normalized to DMSO-treated samples (n = 3, assayed in triplicate). (C) SR1 (1 μM) reduces
HCMV yield at 96 hpi. Serum-starved HFFs were infected at a multiplicity of 1 IU/cell, drug or solvent was added at 2 h post viral absorption, and cell-free virus
was assayed (n = 3, assayed in triplicate). (D) LNAs reduce AhR RNA levels. Serum-starved HFFs were treated with nonspecific control NC-LNA (200 nM),
AhR-LNA4 (100 nM, Left) or AhR-LNA7 (200 nM, Right) for 48 h, then infected and harvested for analysis of AhR RNA by RT-qPCR at the times indicated. (E )
AhR-specific LNAs reduce HCMV yield at 120 hpi. Serum-starved HFFs were treated with LNAs at indicated concentrations for 48 h, then infected at a
multiplicity of 1 IU/cell, and cell-free virus was assayed (n = 3, assayed in triplicate). Data are shown as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001; n.s., not significant (unpaired Student’s t test).
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reduced AhR function at viral promoters lacking the motif. It
could also result from a direct or indirect effect on a viral im-
mediate early (IE) transcriptional activator that in turn impacts
downstream viral promoters that depend on the activator.
In sum, AhR activity is required for maximal virus yield, and

loss of activity has a modest effect on the accumulation of the
subset of virus-coded RNAs assayed.

AhR Broadly Impacts the Infected Cell Transcriptome. To gain insight
into the mechanisms underlying the contribution of AhR to the
production of viral progeny, its effect on the infected-cell tran-
scriptome was evaluated. It appeared likely that AhR acts rela-
tively early during the replication cycle, because AhR protein levels
were reduced by 12 hpi (Fig. 1B), which is a marker for its acti-
vation (26, 27). Accordingly, we assayed the effect of AhR
knockdown on the cellular transcriptome at 6 hpi, reasoning that
by assaying during the immediate-early phase, changes would more
likely be a direct consequence of the knockdown than changes
occurring later in the replication cycle. Following a 48-h pretreat-
ment with negative control LNA (NC-LNA) (200 nM), AhR-
specific LNA4 (100 nM) or AhR-specific LNA7 (200 nM),
serum-starved fibroblasts were infected with HCMV, cultures were
harvested at 6 hpi, and poly(A)+ RNA was isolated for RNA-seq
analysis. RNA expression data were compared for the control and
AhR knockdowns. In contrast to the modest reductions observed
at 120 hpi (Fig. 4B), HCMV immediate-early transcripts were not
significantly affected by the knockdown at 6 hpi (Fig. 4C).
Despite nearly normal levels of HCMV immediate-early RNAs

monitored, nearly 15% of the ∼25,000 infected-cell RNAs de-
tected were significantly modulated by AhR knockdown at 6 hpi
(Fig. 5 A and B and Dataset S1), with similar numbers of tran-
scripts increased (∼48.5%) and decreased (∼51.5%) in abun-
dance. Further, the transcriptomic effects observed in cells
receiving the two different AhR-targeting LNAs were significantly
correlated, with Pearson’s r = 0.6217, arguing against off-target
effects (Fig. 5C). The broad effect of AhR knockdown on RNA
levels is consistent with the large number of AhR/ARNT XRE-
binding motifs in the human genome, the interaction of AhR with
other DNA-binding transcription factors, and downstream effects
of AhR targets (13, 20). Since the majority of changes in the
HCMV-infected-cell transcriptome are reflected in the proteome

(47), the RNA-expression data were used to identify functions that
were likely modulated by AhR at this immediate-early time after
infection. Annotation of AhR-LNA-altered RNAs was followed
by biological process gene ontology (GO) and AhR-target gene
enrichment analyses to identify the range of biological processes
impacted by AhR during infection. Representative processes that
illustrate the broad range of infected-cell functions affected by
AhR are presented in Fig. 5D.
Although it is not possible to discriminate between transcripts

directly or indirectly affected by AhR knockdown, the results
nevertheless illustrate the extensive impact of AhR activity
across numerous processes during the very early stage of HCMV
infection.

AhR Facilitates the HCMV-Induced G1/S Block to Cell Cycle
Progression. Two GO categories directly related to cell cycle
progression were altered by AhR knockdown in the context of
infected cells (Fig. 5D, bold): GO:2000134, negative regulation
of G1/S transition of mitotic cell cycle, was enriched within the
group of transcripts negatively affected by AhR knockdown; and
GO:0000082, G1/S transition of mitotic cell cycle, was enriched
within the group of transcripts up-regulated in AhR knockdown
cells. These changes in cellular gene expression are consistent
with the known modulatory effects of AhR on cell cycle regu-
lation and cell proliferation (12, 48). Since HCMV manipulates
the fibroblast cell cycle, instituting a block near the G1/S boundary
and preventing cellular DNA replication (36–42), we tested for a
role of AhR in the process.
The protocol used to assess the role of AhR in the HCMV cell

cycle block is diagrammed in Fig. 6A. In a control experiment,
confluent, serum-starved fibroblasts were treated with NC-LNA
or AhR-specific LNAs for 48 h and then stained with propidium
iodide for the analysis of DNA content by flow cytometry (Fig.
6B). The cell cycle distribution was very similar for cultures
subjected to knockdown with nonspecific versus AhR-specific
LNAs with the majority of cells in the G0/G1 compartment and
relatively few in the S phase. We can conclude that AhR knock-
down doesn’t influence the cell cycle status of confluent, serum-
starved fibroblasts. Next, the knockdowns were repeated and, after
48 h, cells were mock infected for an additional 48 h before
assaying their DNA content (Fig. 6C). To facilitate potential cell

B CA

Fig. 4. AhR supports efficient accumulation of HCMV RNAs during the late but not immediate-early phase of infection. (A) Treatment with AhR-specific
(LNA4 and LNA7), but not nonspecific control (NC) LNAs, reduce HCMV yield at 120 hpi. Serum-starved HFFs were treated with NC-LNA and LNA7 at 200 nM
and LNA4 at 100 nM for 48 h, then infected at a multiplicity of 3 IU/cell, and cell-free virus was assayed (n = 3, assayed in triplicate). (B) Treatment with AhR-
specific LNAs reduce the accumulation of HCMV RNAs at 120 hpi. Serum-starved HFFs were infected at a multiplicity of 3 IU/cell, and viral RNAs were
quantified relative to peptidylprolyl isomerase A (PPIA) RNA by RT-qPCR assay with AhR-specific LNA normalized to nonspecific LNA samples (n = 2, assayed in
triplicate). Kinetic classes of viral RNAs are designated: IE, immediate early; E, early; DE, delayed early; L, late; TL, true late; U, unclassified. RNAs marked with
an asterisk are coded by genes that do not contain a potential XRE/DRE motif in their known regulatory regions. (C) Treatment with AhR-specific LNAs does
not perturb the accumulation of HCMV immediate-early RNAs at 6 hpi. Serum-starved HFFs were infected at a multiplicity of 3 IU/cell, and viral RNAs were
quantified by RNA-seq analysis. Data are shown as mean ± SD; ****P < 0.0001 (unpaired Student’s t test).
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A B C

D

Fig. 5. AhR modulates the HCMV infected-cell transcriptome. (A and B) Volcano plots showing the effect of AhR KD with two different AhR-specific LNAs.
Fibroblasts were transfected with an AhR-specific LNA (A, LNA4 or B, LNA7) or a nonspecific control LNA (NC), and maintained in serum-free medium for 48 h,
after which cultures were infected with HCMV at a multiplicity of 3 IU/cell. At 6 hpi, poly(A)+ RNA was prepared from infected cells and subjected to RNA-seq
analysis (n = 2). Fold-change ratios (AhR-LNA/NC-LNA) and P values were determined. RNAs with a significant (P < 0.01) change of ≥ 2-fold in their expression
levels are depicted by red (elevated) and green (lowered) dots; RNAs that did not meet these criteria are gray. (C) Fold change of cell-coded transcripts with
significantly altered expression levels (q < 0.01) were plotted for LNA4- versus LNA7-treated cultures. RNAs with a significant (q < 0.01) change in their
expression levels are depicted by red (elevated in response to both LNAs), green (lowered in response to both LNAs) and gray dots (LNAs generated opposing
changes). The dotted (light blue) and dashed (dark blue) lines show the thresholds for two- and threefold variance between the AhR-KD LNA treatments,
respectively. (D) Bar graph showing enriched biological process gene ontology terms of differentially expressed genes following treatment with AhR-specific
LNAs. Green bars show GOs enriched within the group of transcripts negatively affected by AhR knockdown and red bars show GOs enriched within the
group of transcripts up-regulated in AhR knockdown cells. The numbers within bars report the AhR target gene fold-enrichment values. Data are derived
from the RNA-seq results presented in A–C.
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cycle progression following AhR knockdown and mock or HCMV
infection, cells received medium with 10% serum for the last 36 h
before analysis (Fig. 6A). Mock-infected cells subjected to the
knockdown treatments were substantially diploid (2n) in DNA
content, indicative of the G0/G1 compartment and, again, many
fewer cells were in the S phase. Although the primary fibroblast
cultures were stimulated with serum, they were confluent, so they
did not progress into the S phase in response to serum. Infected
cells (Fig. 6D) that received the nonspecific knockdown treatment
also remained substantially diploid (NC-LNA = 75.8 ± 0.6%),

consistent with the ability of the virus to institute a block in late
G1. In contrast, a much smaller portion of infected cell populations
subjected to AhR-specific knockdown treatments exhibited diploid
DNA content, indicative of the G0/G1 compartment (LNA4 =
46.9 ± 2.8%; LNA7 = 43.3 ± 8.5%). Rather, AhR knockdown
generated markedly increased numbers of cells in the S phase.
Whereas 19.1 ± 0.4% of infected cells receiving the control LNA
contained 2n+ DNA, 45.1 ± 3.6% of LNA4-treated and 49.7 ±
7.8% of LNA7-treated cultures contained 2n+ DNA, character-
istic of the S phase.

A

B C

D E F

Fig. 6. AhR facilitates the HCMV-induced cell cycle block in fibroblasts. (A) Experimental plan. After treatment with AhR-specific LNA (LNA4 or LNA7) or a
nonspecific control LNA (NC) for 48 h in serum-free medium, HFFs were mock-infected or HCMV-infected at a multiplicity of 3 IU/cell and fed with serum-free
medium. At 12 hpi, cultures were refed with medium containing 10% serum. Cell cycle distributions were determined at 48 h after mock- or HCMV-infection
by staining DNA with propidium iodide and flow cytometry. (B) Cell cycle analysis of uninfected fibroblasts following treatment with LNAs for 48 h in serum-
free medium (n = 1). Flow cytometry data (Upper) and pie charts showing the percentages of cells in different cell cycle compartments (Lower) are displayed.
(C) Cell cycle analysis of LNA-treated fibroblasts that were mock infected in serum-free medium and maintained in medium with 10% serum from 12 to 48 h
after mock infection (n = 1). (D) Cell cycle analysis of LNA-treated fibroblasts that were infected with HCMV in serum-free medium and maintained in medium
with 10% serum from 12 to 48 hpi (n = 3). The pie charts report the averages of three determinations; n.d., not detected. (E) Control experiment monitoring the
relative amounts of cell versus viral DNA in infected cells following knockdown of AhR. Cells harvested at 48 hpi were infected and fed with serum-free medium,
refed with medium containing 10% serum at 12 hpi. Viral UL44 and host GAPDH DNA copy numbers were quantified by qPCR (n = 3). (F) Control experiment
monitoring HCMV yield following knockdown of AhR. Cells were infected and fed with serum-free medium, refed with medium containing 10% serum at 12 hpi
and cell-free virus was assayed at 120 hpi (n = 3). **P < 0.01; ****P < 0.0001. Unpaired Welch and Student’s t test were used in E and F, respectively.
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The increase in cells with 2n+ DNA content is not due to
increased viral DNA accumulation, because knockdown of AhR
reduced viral DNA accumulation by a factor of about 4 (LNA7)
to 10 (LNA4) in cells receiving medium with 10% serum for the
last 36 h before analysis (Fig. 6E). As a further control for their
activity, the AhR-specific LNAs were confirmed to substantially
reduce the production of extracellular infectious progeny (Fig. 6F).
Knockdown of AhR with two independent LNAs compro-

mised the G1/S block that is normally instituted by HCMV. We
conclude that AhR function is required to efficiently prevent
progression of infected fibroblasts into the S compartment.

Discussion
In 1996, rat CMV was reported to grow to higher titers than
normal in the salivary glands of animals that were fed herrings
contaminated with the AhR activator, 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD; dioxin), providing the first indication that AhR
might influence the growth of a cytomegalovirus (49). Subsequent
work showed that dioxin increased HCMV DNA replication and
yield following infection of human MRC5 fibroblasts (50);
whereas certain flavonoids, known to act as AhR ligands (51),
inhibited HCMV growth (52, 53). Although any of these AhR
modulators could have off-target effects that influence viral growth,
the opposite effects of different ligands on HCMV yield might be
explained by known ligand-specific effects, including persistent
versus transient AhR responses, as well as cell-type- and context-
dependent AhR activity (24, 54–56).
AhR is activated following HCMV infection, as evidenced

by its nuclear localization (Fig. 1C) and the accumulation of
CYP1A1 RNA (Fig. 1D), a known target of AhR transcriptional
activation (44). Viral gene expression is required for full AhR
activation, because UV-irradiated virus particles activate CYP1A1
RNA expression to a significantly reduced extent (Fig. 2B). There
is, however, a partial activation by UV-irradiated virus, raising the
possibility that multiple viral gene products contribute to the in-
duction of AhR activity. The drop in AhR protein levels that
becomes most pronounced at 12 hpi (Figs. 1B and 2A) is consis-
tent with its activation, since AhR is known to be rapidly degraded
following persistent activation (24, 26, 27).
Kyn is an endogenous AhR ligand (9), it is produced following

HCMV infection (6, 8) and is likely responsible for AhR activity
in infected cells. IDO1, IDO2, and TDO oxidize tryptophan to
generate N-formylkynurenine, which is hydrolyzed to produce
Kyn (7). Ectopically expressed HCMV IE1 protein induces IDO1
RNA accumulation in fibroblasts (57) and decreases kynureninase
RNA accumulation in fibroblasts (58). Kynureninase converts Kyn
to anthranilic acid. Thus, IE1 could drive elevated Kyn levels by
increasing its synthesis and/or reducing its consumption. However,
HCMV infection has been reported to block accumulation of
IDO1 RNA and protein in response to interferon-γ treatment in
fibroblasts (59). This would suggest that another viral or induced
cellular protein supersedes the IE1 IDO-1-inducing function, and
perhaps IE1-reduced kynureninase levels are sufficient to elevate
Kyn. It is also possible that IDO2 or TDO are induced and acti-
vated by infection to increase Kyn levels. Likewise, the L-amino
acid oxidase, interleukin-4-induced-1, could be induced and gen-
erate the AhR ligands kynurenic acid and indole-3-aldehyde (60);
and additional Trp metabolites that serve as AhR ligands, such as
2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester
(61), might also contribute.
AhR inhibition or knockdown revealed that the receptor

supports viral replication in fibroblasts, significantly increasing
the yield of infectious progeny (Figs. 3 C and E and 6F), con-
sistent with an earlier report that dioxin increases HCMV DNA
yield (50). Although it is not clear which of the myriad AhR
activities influence viral growth, it is very likely that transcrip-
tional activation plays a major role. AhR knockdown reduced the
level of RNAs encoded by all temporal classes of viral genes, but

to a limited extent (Fig. 4B). The 19 viral RNAs tested were each
reduced by 25 to 60% at 120 hpi. As noted earlier, the viral
genome contains multiple XRE/DRE AhR-binding motifs. So, it
is possible that AhR directly activates transcription of some viral
genes while indirectly influencing others.
RNA-seq analysis demonstrated that AhR broadly impacts the

HCMV-infected-cell transcriptome during the immediate-early
phase of the replication cycle (Fig. 5 A and B and Dataset S1).
Knockdown of AhR with two different LNAs generated very
similar changes to the transcriptome (Fig. 5C), arguing against
extensive contributions from off-target effects. Although the
consequences of compromised AhR activity are likely modulated
by viral products within infected cells, knockdown of AhR im-
pacted many functions known to be influenced by the receptor
(Fig. 5D), including cell growth and cell cycle regulation, NF-κB-
driven immune functions, and cell-extracellular matrix interac-
tions (12, 13). Given the role of AhR in cell cycle progression,
the G1/S block in HCMV-infected fibroblasts and the observa-
tion that cell cycle-related RNAs are modulated following AhR
knockdown in infected cells, we tested the cell cycle status of
HCMV-infected, AhR-deficient fibroblasts. AhR knockdown mark-
edly compromised the virus-induced cell cycle block (Fig. 6).
HCMV infection has long been known to block cell cycle pro-

gression in fibroblasts, within G1, near the S boundary (36–42).
G1, S, and M phase cell products are expressed in blocked cells, so
the cell cycle position has been referred to as pseudo-G1 (37).
Knockdown of AhR relieves the G1/S block in infected cells
allowing progression into the S phase of the cycle (Fig. 6D).
However, the mechanism by which the receptor contributes to the
block remains uncertain and may be multifactorial.
Different HCMV proteins have been shown to stimulate or

antagonize cell cycle progression. This makes sense, because the
virus generally infects quiescent, G0 cells, first inducing pro-
gression from G0 and through G1 and then instituting the G1/S
block. pUL82 (pp71) targets hypophosphorylated retinoblas-
toma protein (pRB) for degradation (62) and pUL97 stimulates
phosphorylation of pRB (63), supporting cell cycle progression.
In contrast, pUL69 (64, 65) and pUL122 (IE2) (66, 67) each
induces a block at G1/S. Knockdown of AhR had modest effects
on the levels of all viral RNAs tested, so it is possible that AhR
influences cell cycle progression in part via effects on viral gene
expression.
Since it modulates cell cycle progression in uninfected cells, it

is very likely that AhR also supports the infection-induced G1/S
block through additional mechanisms. There are seemingly con-
tradictory reports describing both proliferative and antiproliferative
AhR effects, which likely reflect ligand status and cell-type-specific
effects. For example, in the absence of ligand, AhR has been
reported to interact with cyclin D1/cyclin-dependent kinase 4
(CDK4) to enhance phosphorylation of the retinoblastoma protein
(pRB) and favor cell cycle progression, whereas ligand-bound AhR
did not interact with the complex (68). Sustained versus transient
AhR activation might influence the effect on cell cycle progression
(54), and multiple antiproliferative mechanisms have been detailed
for the activated receptor (69). The AhR signaling pathway me-
diates the transcriptional induction of the cyclin-dependent ki-
nase inhibitors, p21Cip1 and p27Kip1, reducing pRB phosphorylation
and blocking cell cycle progression at the G1/S boundary (70–72).
AhR also interacts directly with pRB (73), preventing its hyper-
phosphorylation (74), again enforcing a block at the G1/S boundary.
The failure to institute a G1/S block likely contributes to the

reduction in viral RNA accumulation in AhR-deficient cells dur-
ing the late phase of infection (Fig. 4B), because HCMV RNA
and protein accumulation are reduced when cells are infected in
the S phase (39, 75, 76). This provides a second mechanism, be-
yond action at viral promoters through XRE/DRE motifs, by
which AhR deficiency potentially influences HCMV gene ex-
pression, i.e., via a failure to block progression into the S phase.
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In addition to cell cycle progression, AhR regulates numerous
aspects of immune responses, integrating the immune response
with the levels of its endogenous ligands as well as xenobiotic
toxins (13, 77–79). For example, Kyn- or dioxin-activated AhR
can inhibit the activity of effector T cells and increase numbers of
regulatory T (Treg) cells directly by modifying the transcriptional
program and differentiation of T cells and indirectly by modu-
lating the activity of dendritic cells. This can suppress antitumor
and antiviral cell immune responses. AhR also profoundly im-
pacts innate immune mechanisms. As a case in point, AhR
modulates Toll-like receptor signaling (80). AhR has also been
shown to constrain the type I interferon response to both RNA
and DNA viruses by inducing expression of the TCDD-inducible
poly (ADP ribose) polymerase, which then blocks the pathway
favoring the production of IFN-β (17). As predicted by this
earlier work, AhR knockdown elevated IFN-β RNA expression
in HCMV-infected fibroblasts (Dataset S1); and, assuming that
IFN-β protein expression correlates with the levels of its RNA,
suppression of this interferon response is likely one mechanism
by which AhR supports the production of viral progeny (Figs. 3 C
and E and 6F). Of note, AhR is induced in some cell types by
type I interferons (81), so the residual levels of IFN-β normally
expressed in HCMV-infected cells might serve to sustain AhR
levels, further enforcing an AhR/IFN-β inhibitory loop.
Active AhR has been shown to increase IDO1 expression via

an autocrine feedback loop in tumor cells (82). AhR induces
production of IL-6 that activates STAT3, which then induces
expression of IDO1, which in turn generates Kyn that activates
AhR. IL-6 is one of the most abundant components of the
HCMV secretome (83), and, not surprisingly, STAT3 is activated
in HCMV-infected cells (84). Thus, it is likely that an AhR-
sponsored autocrine feedback loop is activated by infection to
increase IDO expression following infection. However, AhR
knockdown increased the level of IDO1 RNA in HCMV-infected
cells (Dataset S1), suggesting that a negative feedback loop pre-
dominates following infection. It has been proposed that activated
AhR might also negatively regulate IDO1 at the level of protein
stability through its interaction with the CUL4B ubiquitin ligase
(28); but, to our knowledge, this possibility has not been proven.
In conclusion, our study demonstrates a profound effect of

AhR activity on the HCMV-infected-cell transcriptome, impacting
multiple functions fundamental to the virus–host interaction, in-
cluding cell cycle regulation. This work sets the stage for further
dissection of the roles of AhR in the HCMV replication cycle and
pathogenesis.

Materials and Methods
Cells, Virus, and Reagents. Primary human foreskin fibroblasts (HFFs) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich)
supplemented with 10% fetal bovine serum. HFFs stably expressing mono-
meric GFP (mGFP) (85)-tagged AhR were generated by transduction with the
pHR-MCS lentivirus vector expressing AhR (86), using full-length AhR cDNA
(Dharmacon Clone ID 30342582). The fusion protein was generated by using
overlap PCR positioning mGFP at the N terminus with the following primers:
mGFP forward 5′-GCGCAGATCTATGGTGAGCAAGGGCGAGGAG, mGFP reverse
5′-TGCCGCAGCACTCCCTGAGCCGGATCCGCTCTTGTACAGCTCGTCCATGCCG; AhR
forward, 5′-AGCGGATCCGGCTCAGGGAGTGCTGCGGCAATGAACAGCAGCAGCGCC,
AhR reverse 5′-GAACGCGGCCGCTTACAGGAATCCACTGGATGTCAAATC.

The AD169 laboratory strain of HCMVwas derived from a BAC clone, pAD/
Cre (87). Virus stocks were prepared from the supernatant of infected HFFs.
Virus was partially purified and concentrated by centrifugation through a
sorbitol cushion (20% sorbitol, 1 mM MgCl2, 50 mM Tris·HCl, pH 7.2), resus-
pended in serum-free DMEM containing 3% bovine serum albumin (BSA),
stored at −80 °C and used as inoculum in experiments without the addition of
serum. Virus titers were determined by end-point dilution assay (TCID50) on
HFFs. UV inactivation was performed by exposing virus in DMEMwith 3% BSA
to three 25-s exposures at 120 mJ/cm2 of 254 nM light using auto cross link
settings on a Stratalinker 2400 (Strategene).

For knockdown ofAhR, antisense LNAswith a phosphorothioate backbone
were obtained from Qiagen, and their sequences are as follows: NC-LNA,

5′-AACACGTCTATACGC; AhR-LNA-4, 5′-ACGGATGATGAAGTGG; AhR-LNA-7,
5′-GCTGTGGACAATTGAA. LNAs were used to transfect HFFs following the
manufacturer’s protocols in the Lipofectamine RNAiMax Transfection Reagent
(Thermo Fisher Scientific). The AhR antagonist, StemRegenin 1 (SR1; Sigma-
Aldrich) (45), was dissolved in DMSO to produce a stock solution that was
stored at −20 °C.

RNA and Protein Analysis. For RT-qPCR analysis, cells were lysed in TRIzol, and
total RNA was extracted using either a Direct-zol RNA MiniPrep kit (Zymo
Research) or miRNeasy Mini kit (Qiagen). Genomic DNA was eliminated us-
ing TURBO DNase (Invitrogen) according to the manufacturer’s protocol.
cDNA was prepared by reverse transcription, using either TaqMan Reverse
Transcription Reagents or SuperScript III Reverse Transcriptase (Thermo
Fisher Scientfic). SYBR Green PCR Mastermix (Applied Biosystems) and ap-
propriate primers (Dataset S2) were used for assaying RNA levels, and results
were normalized to beta-actin (ACTB) or peptidylprolyl isomerase A (PPIA).

For RNA-seq analysis, total RNA was isolated from TRIzol-lysed HFFs using
the above-mentioned miRNeasy Mini Kit. DNA was removed from samples
using TURBO DNase and RNA quality was analyzed using the Bioanalyzer
2100 (Agilent Technologies). The cDNA libraries were prepared using the
NEXTflex Illumina Rapid Directional RNA-Seq Library Prep Kit (BioO Scien-
tific) according to the manufacturer’s instructions. Briefly, polyadenylated
RNA was purified from 200 ng of total RNA using oligo (dT) beads. The
extracted mRNA fraction was subjected to fragmentation, reverse tran-
scription, end repair, 3′-end adenylation, and adaptor ligation, followed by
PCR amplification and SPRI bead purification (Beckman Coulter). The unique
index sequences were incorporated in the adaptors for multiplexed high-
throughput sequencing. The final product was assessed for its size distri-
bution and concentration using BioAnalyzer High Sensitivity DNA Kit (Agi-
lent Technologies). cDNA sequencing libraries were prepared at the Penn
State College of Medicine Genome Sciences Facility and subjected to mul-
tiplexed sequencing (RNA-seq) using a Rapid HiSeq2500 sequencer (Illumina)
for 100 cycles in single-read (1 × 100 bp), rapid mode. To calculate the an-
notated ratios for the sequenced libraries, data analysis was performed
substantially as described previously (88). Human and HCMV fasta and an-
notation (.gtf) files were created for mapping and feature counting by
combining sequences and annotations from gencode human genome
(GRCh38.5) and AD169 (FJ5275630). Quality-filtered reads were mapped to
that concatenated human-virus genome using HISAT2 (89), requiring a
minimum mapping quality score of 10. Fragment counts were generated at
the gene level using featureCounts (90). AhR-LNA-4/NC-LNA and AhR-LNA-7/
NC-LNA ratio determinations and significance calling was determined using
DESeq2 (91). Fold changes in gene expression were considered significant
when q-value for multiple testing with the Benjamini–Hochberg procedure
was <0.01. Data were then analyzed using DAVID (92) and REVIGO (93)
software. Statistical significance analysis for the enrichment of AhR-target
genes was performed using the hypergeometric test.

To assay proteins by immunoblotting, cells were harvested in radio-
immunoprecipitation assay (RIPA) buffer supplemented with protease
inhibitors [150 mM NaCl; 1% Nonidet P-40; 0.5% sodium deoxycholate;
0.1% sodium dodecyl sulfate (SDS); 50 mM Tris, pH 8.0; 5 μg/mL aprotinin;
10 μg/mL leupeptin; 50 mM Hepes, pH 7.4], freeze-thawed once or twice,
sonicated, and clarified by centrifugation. Protein concentrations were
assessed by bicinchoninic acid (BCA) assay (Thermo Fisher Scientific), and an
equal amount of total protein, i.e., 10 to 20 μg per sample, was separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were trans-
ferred to nitrocellulose membranes (120 mA, overnight) and blocked with
5% BSA in PBST (0.1% Tween-20, Dulbecco’s phosphate buffered saline, pH
7.4) overnight. Primary antibodies were as follows: anti-HCMV pUL123 (IE1)
(Clone 1B12) (94), anti-HCMV pUL82 (Clone 10G11) (62), anti-AhR (sc-5579,
Santa Cruz Biotechnology), and anti-β-tubulin (E7, Developmental Studies
Hybridoma Bank). Secondary horseradish peroxidase (HRP)-conjugated
goat anti-mouse and goat anti-rabbit antibodies were from Jackson
ImmunoResearch.

Protein localization was evaluated by direct and indirect immunofluo-
rescence assay for mGFP-AhR and IE1, respectively. For IE1, the 1B12 primary
antibody was used, followed by a secondary goat anti-mouse antibody
conjugated with Alexa Fluor-568 (A-11031, Invitrogen). Nuclei were coun-
terstained with Hoechst 33342. Images were acquired using a TCS SP5 con-
focal laser scanning microscope (Leica Microsystems).

Cell Cycle Analysis. At 0 or 48 hpi, cells were collected by trypsinization,
washed twice with cold PBS (4 °C), fixed with 70% ethanol (−20 °C), and
stored at 4 °C overnight. Cellular DNA was stained by treatment with pro-
pidium iodide (Sigma-Aldrich) and RNase A (200 μg/mL, FEREN0531, Thermo
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Fisher Scientific) 1 to 2 h before analysis. At least 20,000 cells per sample
were assayed on a Bio-Rad S3 Cell Sorter and classified into four categories
based on DNA content: G0/G1, S, G2/M, and sub-G0 (95).

Statistical Analysis. Quantitative results are shown as mean ± SD of at
least two independent experiments assayed in triplicate, unless otherwise
noted. Statistical significance was evaluated using GraphPad Prism 8 (Graph-
Pad Software), except for RNA-seq analysis with previously described
methods (88).

Data Availability. RNA-seq data have been deposited in the National Center
for Biotechnology Information Gene Expression Omnibus (GEO), https://
www.ncbi.nlm.nih.gov/geo, under accession number GSE159375 (96). All
study data are included in the article and/or supporting information.
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93. F. Supek, M. Bošnjak, N. Škunca, T. Šmuc, REVIGO summarizes and visualizes long lists
of gene ontology terms. PLoS One 6, e21800 (2011).

94. H. Zhu, Y. Shen, T. Shenk, Human cytomegalovirus IE1 and IE2 proteins block apo-
ptosis. J. Virol. 69, 7960–7970 (1995).

95. A. Krishan, Rapid flow cytofluorometric analysis of mammalian cell cycle by propi-
dium iodide staining. J. Cell Biol. 66, 188–193 (1975).

96. T. Shenk, P. Naseri-Nosar, Differential genome expression in AhR-KD and control
HCMV-infected fibroblasts. National Center for Biotechnology Information Gene
Expression Omnibus. https://ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159375. De-
posited 12 October 2020.

10 of 10 | PNAS Naseri-Nosar et al.
https://doi.org/10.1073/pnas.2026336118 The aryl hydrocarbon receptor facilitates the human cytomegalovirus-mediated G1/S

block to cell cycle progression

https://ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159375
https://doi.org/10.1073/pnas.2026336118

