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Abstract

Human cytomegalovirus (HCMV) encodes multiple putative G protein-coupled receptors
(GPCRs). US28 functions as a viral chemokine receptor and is expressed during both latent
and lytic phases of virus infection. US28 actively promotes cellular migration, transformation,
and plays a major role in mediating viral latency and reactivation; however, knowledge about
the interaction partners involved in these processes is stillincomplete. Herein, we utilized a
proximity-dependent biotinylating enzyme (TurbolD) to characterize the US28 interactome
when expressed in isolation, and during both latent (CD34* hematopoietic progenitor cells)
and lytic (fibroblasts) HCMV infection. Our analyses indicate that the US28 signalosome con-
verges with RhoA and EGFR signal transduction pathways, sharing multiple mediators that
are major actors in processes such as cellular proliferation and differentiation. Integral mem-
bers of the US28 signaling complex were validated in functional assays by immunoblot and
small-molecule inhibitors. Importantly, we identified RhoGEFs as key US28 signaling
intermediaries. In vitro latency and reactivation assays utilizing primary CD34" hematopoietic
progenitor cells (HPCs) treated with the small-molecule inhibitors Rhosin or Y16 indicated
that US28 —RhoGEF interactions are required for efficient viral reactivation. These findings
were recapitulated in vivo using a humanized mouse model where inhibition of RhoGEFs
resulted in a failure of the virus to reactivate. Together, our data identifies multiple new pro-
teins in the US28 interactome that play major roles in viral latency and reactivation, highlights
the utility of proximity-sensor labeling to characterize protein interactomes, and provides
insight into targets for the development of novel anti-HCMV therapeutics.
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Author summary

Human cytomegalovirus (HCMV), continues to be amongst the most prevalent viral
infections worldwide. Primary infection of HCMYV is often asymptomatic and results in
the establishment of latency within cells of myeloid lineage. Once latency is established,
the virus will persist throughout the host’s lifetime. Subsequent viral reactivation events
can pose life-threatening health complications for the immunocompromised population;
including transplant recipients and AIDS patients. Many factors have been shown to
mediate the switch from latent to Iytic HCMV infection such as signal transduction
through the viral G protein-coupled receptor (vGPCR) US28. In the present report, we
utilize proximity-dependent labeling coupled with mass spectrometry to identify host and
viral proteins proximal to US28. Our analysis indicates significant overlap between US28
and the EGFR and RhoA signaling pathways. We further explored the relationship
between US28 and the RhoA signal transduction pathway to identify RhoGEFs as an
important member of the US28 signalosome. Our data indicates that ablation of RhoGEF
activity significantly attenuates US28 signaling. Furthermore, we show that pharmacologi-
cal inhibition of RhoGEFs results in an inability of the virus to efficiently reactivate in
vitro and in vivo. These findings reveal previously unknown US28 interactors, which play
an integral role in the facilitation of viral reactivation, and provide the first example of spe-
cific cellular factors being implicated in US28 function and viral reactivation in vivo.

Introduction

Human cytomegalovirus (HCMYV) is the largest member of the B-herpesvirus family and
infects the majority of the world population [1,2]. The virus persists as a lifelong infection
through latency establishment in hematopoietic progenitor cells (HPCs) located in the bone
marrow [3]. Latently infected monocytes generated from these HPCs are thought to be the cel-
lular reservoir [4-6] from which the virus disseminates to other tissues of the body. Viral reac-
tivation events pose a major risk during solid organ and bone marrow transplantation and can
lead to CMV-associated disease including organ failure and graft rejection [7-14]. Several cel-
lular signaling pathways have been implicated to be involved with HCMV latency and reactiva-
tion, including EGFR, PI3K/AKT, MAPK, TGEF-B, Src, ERK, Rho, and Wnt pathways [15-22];
however, the exact signaling mechanisms that contribute to the establishment of latency and
potential to reactivate remain unclear. Moreover, current FDA-approved HCMV antivirals
often have toxic effects and primarily target late phases of viral replication when clinical mani-
festations are already present. Therefore, in order to discover additional treatment options for
HCMV, it is crucial that we elucidate the molecular mechanisms mediating viral latency and
reactivation.

HCMYV encodes four putative G protein-coupled receptors (GPCRs) with homology to cel-
lular chemokine receptors; however, US28 has been the most extensively characterized to date.
US28 is expressed in infected human peripheral blood cells during periods of latency [23] and
during reactivation episodes [24, 25]. US28 signaling results in the activation of multiple tran-
scription factors involved in cellular proliferation, differentiation, and migration; including
nuclear factor of activated T cells (NF-AT), cAMP-response element binding protein (CREB),
nuclear factor kappa-light chain enhancer of activated B cells (NF-kB), serum response factor
(SRF), signal transducer and activator of transcription 3 (STAT3), and B-catenin [15-22]. We,
and others, have previously demonstrated that US28 is required for HCMV reactivation in
latently infected CD34" HPCs [26-28] and that US28 drives cellular differentiation down the
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myeloid lineage in HCMV-infected CD34" HPCs [28]. Additionally, our previous studies
show that US28 is required for both the maintenance of viral latency and the capacity to reacti-
vate in vivo utilizing a humanized mouse model [28]. Combined, these data indicate that US28
is required for latency/reactivation in vitro and in vivo; however, the specific cellular signaling
pathways involved have yet to be defined.

US28 uniquely binds both CC chemokines (RANTES, MCP-1, MIP-10) and CX;C-chemo-
kines (Fractalkine) [29-31]. Depending on the ligand stimulus and infected cell type, US28 sig-
naling can result in the activation of multiple signal transduction pathways. For instance,
US28 coupling with Go.j,/;3 proteins, and subsequent activation of RhoA and downstream
effector Rho-associated kinase (ROCK) is critical for promoting actin reorganization and cel-
lular migration in infected smooth muscle cells and monocytes [32,33]. Cell migration, differ-
entiation, and other cellular processes are tightly regulated in part by activation of Rho
GTPases, which are in turn regulated by Rho guanine nucleotide exchange factors (RhoGEFs)
[34,35]. GEFs provide a direct link between the activation of RhoA and the cell-surface recep-
tors for growth factors (i.e., EGFR), cytokines and chemokines (i.e., RANTES, MCP-1, MIP-
lo), and G protein-coupled receptors (i.e., US28). Because cellular differentiation and migra-
tion are essential for the switch from latent to lytic HCMV infection, RhoGEFs may serve as
key regulators of cellular signaling pathways involved in viral latency and reactivation. How-
ever, it is difficult to determine the consequences of US28 signaling without a complete under-
standing of the protein interactions that occur during signal transduction.

In the current study, we utilized an unbiased proximity-dependent labeling enzyme (Tur-
bolD) to characterize proteins that are proximal to US28 in multiple relevant in vitro cell mod-
els. Our proteomic analysis identified multiple novel proteins involved in US28 signal
transduction. We further explored the relationship between US28 and the RhoA signal trans-
duction pathway to identify RhoGEFs as important facilitators of viral reactivation. Our data
indicates that ablation of RhoGEF activity, via pharmacological inhibition, attenuates US28
signaling activity. Furthermore, we show that inhibition of RhoGEFs, via the small-molecule
inhibitors Rhosin and Y16, impedes efficient viral reactivation in primary CD34" HPCs. Uti-
lizing a humanized NSG mouse model, we show that treatment with Rhosin resulted in failure
of the virus to reactivate. Collectively, our data demonstrates that RhoGEFs are integral com-
ponents of the US28 signalosome and are required for efficient viral reactivation.

Results
Characterization of US28-TurbolID constructs

Our understanding of US28 signaling pathways and the proteins that act in concert with US28
is still incomplete. To characterize how US28 signaling influences latency, reactivation, and
Iytic infection, we took an unbiased approach to determine interactors within the US28 signa-
losome. By affixing TurbolD to the C terminal tail of US28, we developed a system to assess
the US28 interactome directly in living cells. Expression of the HA-tagged US28-TurbolD pro-
tein (HA-US28-BT), at the expected size, was verified by immunoblot after transfection into
HEK293M cells (Fig 1A). We chose to use HEK293M cells because of their efficient transfect-
ability and prior use in US28 functional assays. Next, we examined the capability of HA-US28
and HA-US28-BT to transcriptionally activate the reporter elements SRE and SRF in tran-
siently transfected HEK293M cells. In the absence of any exogenous ligands, transfected
HA-US28 and HA-US28-BT were able to stimulate Go.y/1; and downstream SRE at levels sev-
eral-fold above transfection with the empty pcDNA3.1 vector alone (Fig 1B). In a similar man-
ner, transfected HA-US28 and HA-US28-BT induced activation of Go.;,,;5 and downstream
RhoA signaling as measured via SRF reporter element activation (Fig 1C). To confirm that
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Fig 1. Expression, Signaling, and Localization of US28 BioID Constructs. (A) HEK293M cells were transfected with pcDNA3.1-HA-US28 (HA-US28),
pcDNA3.1-HA-US28-TurboID (HA-US28-BT), or the empty pcDNA3.1 vector (EV). Lysates were harvested 24 hours post-transfection and expression was
confirmed via immunoblot using an anti-HA antibody (n = 3, representative blot shown). (B & C) HEK293M cells were transfected with HA-US28,
HA-US28-BT, or the empty pcDNA3.1 vector (EV) along with Renilla and luciferase reporter plasmids for (B) SRE or (C) SRF. At 18 hours post-transfection,
media was exchanged with serum-free DMEM. Luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) at 6 hours post-
media exchange. Error bars represent the standard error of the mean between triplicate experiments. Statistical significance was calculated by one-way ANOVA
followed by Tukey’s multiple comparisons test between experimental groups. (D) NHDF cells were seeded onto coverslips and transfected with either HA-US28
or HA-US28-BT. At 48 hours post-transfection, cells were fixed, permeabilized, and stained overnight against HA (green) and phalloidin (actin-red) (n =2,
representative images shown).

https://doi.org/10.1371/journal.ppat.1011682.g001

addition of TurboID does not alter localization of US28, we performed immunofluorescence
imaging analysis on human fibroblasts transfected with HA-US28 and HA-US28-BT. No
discernable difference in localization was observed between the two constructs (Fig 1D).
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Together, these results show that HA-US28-BT is efficiently expressed in HEK293M cells and
that the addition of TurboID to US28 does not impact signaling activity or localization.

Identification of the US28 interactome

Next, we sought to confirm that our system could efficiently label proteins within the US28
interactome, including those with transient or short-lived interactions (Fig 2A). We chose to
use HEK293M cells for initial characterization of the interactome before validating results in
infected cells. To this end, HEK293M cells were transfected with HA-US28 and HA-US28-BT.
At 18 hours post transfection, the culture medium was supplemented with biotin and lysates
harvested six hours thereafter. The resulting tagged proteins were purified via streptavidin
mediated bead-based precipitation. One quarter of the same purified protein lysate used for
mass spectrometry was analyzed to verify input and control conditions. Coomassie staining
verified comparable protein content in HA-US28 and HA-US28-BT transfected whole cell
lysates (Fig 2B, right panel: Whole Lysate). Moreover, appreciable amounts of protein were
only detectable in cells transfected with HA-US28-BT after streptavidin-mediated purification
and pulldown of biotinylated proteins (Fig 2B, left panel: SA-PD). Further analysis by immu-
noblot using HRP-conjugated streptavidin confirms efficient labeling (Fig 2B, left panel:
SA-PD) and specific pulldown (Fig 2B, right panel: Unbound). While transient transfection
in established cell lines is a tractable model for initial studies, the differential cellular signaling
events that occur during the course of infection are not accurately captured in these systems.
To characterize the host and viral proteins that interact with US28 during infection, we engi-
neered a recombinant virus using the TB40/E-GFP backbone and affixing the TurboID
enzyme onto the C’ terminal tail of US28 (TB40/E-GFP-US28-BT). NHDF or human embry-
onic stem cell (hESC) -derived CD34" HPCs were mock infected, or infected with TB40/
E-GFP or TB40/E-GFP-US28-BT at a MOI of 2. In NHDF experiments, the culture medium
was supplemented with biotin at 3-days post infection (dpi) and cell lysates were harvested six
hours thereafter. CD34" HPCs were cultured in conditions that promote latent infection as
previously described [28]. At 14-dpi, the culture medium was supplemented with biotin and
cells were incubated overnight prior to cell lysis. Viral infection and efficient biotin ligation
were confirmed in whole cell lysates derived from NHDFs via immunoblot using HRP-conju-
gated streptavidin and antibodies directed against HCMV pUL44 and TurboID (Fig 2C). Sim-
ilar results were obtained using whole cell lysates derived from CD34" HPCs (Fig 2D). The
resulting interacting proteins for all three in vitro models were purified via streptavidin bead-
based precipitation, and analyzed by liquid chromatography tandem mass spectrometry
(LC-MS/MS).

US28 signals through multiple pathways including RhoGEFs

Hits from our proteomic analysis were refined by excluding proteins that were identified as
likely contaminants based on comparison to the CRAPome database [36]. Our revised list
included 984, 1,054, and 843 host proteins which were in close proximity to US28 in
HEK293M, NHDF, and CD34" HPC datasets, respectively. To examine the cellular signaling
pathways whose components were in close proximity to US28, we used the pathway analysis
tool Reactome [37] to identify significantly enriched signal transduction pathways (Fig 3A-3C
and S1-S3 Tables). Our analysis indicated enrichment of proteins that are members of multi-
ple cellular signaling pathways contributing to membrane trafficking, cellular metabolism, dif-
ferentiation, and cellular migration. Consistent with other studies, our pathway analysis of the
US28 signaling complex in all three cell culture models demonstrates significant overlap
between US28 and the RhoA signaling pathway [32,33,38,39]. While we identified EphA2 in
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Fig 2. Labeling and Purification of Transfected and Infected Lysates. (A) Experimental outline of US28-TurboID labeling in cells.
Interacting or proximal proteins (purple) are tagged with biotin (red) while distal proteins (orange) remain untagged. Tagged proteins
are purified and analyzed by mass spectrometry to identify proteins that are in close proximity to US28. (B) HEK293M cells were
transfected with pcDNA3.1-HA-US28-BT (HA-US28-BT) or pcDNA3.1-HA-US28 (HA-US28). At 18 hours post-transfection the cell
culture medium was supplemented with biotin (50ug/mL) for 6 hrs. Tagged proteins were bound to NeutrAvidin beads and incubated
overnight prior to extensive washing, trypsin digestion, and formic acid treatment. Protein content, purification, and efficient labeling
were confirmed by Coomassie staining and streptavidin-specific immunoblot (n = 2, representative images shown). (C) NHDF cells
or (D) CD34" HPCs were infected with TB40/E-GFP-US28-BT or TB40/E-GFP at a MOI of 2. At 3 dpi, the cell culture medium was
supplemented with biotin (50ug/mL) for 6 hrs. Labeling and infection were confirmed by immunoblot on whole cell lysates using the
indicated primary antibodies. Purified proteins were analyzed by mass spectrometry for protein identification (n = 3, representative
blot shown).

https://doi.org/10.1371/journal.ppat.1011682.9002
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Fig 3. Network Analysis of the US28 Interactome. Proteins within the US28 interactome were identified via LC-MS/MS and analyzed using Reactome and
STRING software tools. (A-C) Proteins identified by LC-MS/MS were analyzed using Reactome for (A) HEK293M cells transfected with
pcDNA3.1-HA-US28-BT, (B) NHDFs infected with TB40/E-GFP-US28-BT, and (C) CD34" HPCs infected with TB40/E-GFP-US28-BT. Significantly enriched
pathways and the number of associated proteins were plotted using GraphPad Prism 9.0 software. (D-F) STRING network analysis of the US28 interactome
identified RhoGEFs as members of the US28 interactome in (D) HEK293M cells transfected with pcDNA3.1-HA-US28-BT, (E) NHDFs infected with TB40/

E-GFP-US28-BT, and (F) CD34" HPCs infected with TB40/E-GFP-US28-BT.
https://doi.org/10.1371/journal.ppat.1011682.9003

the US28 interactome during proximity-dependent labeling in NHDFs, which was consistent
with previous reports [39,40], we did not detect this cellular protein tyrosine signaling mole-
cule in the US28 interactome in CD34" HPCs but we did consistently detect Src (Fig 4A) [41].
Because we have previously shown that US28 signaling stimulates Ga;,/,3 activity [32], we
decided to further explore US28 -RhoA interactions using the STRING database to map iden-
tified interactors and their downstream effectors. Interestingly, Rho-specific guanine nucleo-
tide exchange factors (GEFs) responsible for activation of RhoA, were highly enriched in the
US28 proximity labeling in all three cell types/conditions (Fig 3D-3F). In addition to host pro-
teins, we also identified several viral proteins that are potential interaction partners of US28
during both latent and lytic infection. In cellular lysates obtained from infected NHDFs, we
identified 28 viral proteins that may interact with US28 (Fig 4B and Table 1). Interestingly,
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Fig 4. Comparison of the US28 -Rho GTPase Specific Interactomes During Latent and Lytic Infection. (A) Candidate
host US28 interaction partners specific to Rho GTPase signaling were compared between NHDFs and latently infected
CD34" HPCs. (B) Candidate viral US28 interaction partners were compared between NHDFs and latently infected CD34"

HPCs.

https://doi.org/10.1371/journal.ppat.1011682.9004

several viral GPCRs (UL33, UL78, and US27), glycoproteins (UL55, UL75, UL132, and US9),
and tegument proteins (UL23, UL35, UL47, UL71, UL88, US23, and US24) were shown to be
in close proximity to US28. These data would suggest that, during late lytic replication

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011682 October 2, 2023

8/27


https://doi.org/10.1371/journal.ppat.1011682.g004
https://doi.org/10.1371/journal.ppat.1011682

PLOS PATHOGENS

RhoGEF signaling in HCMV reactivation

Table 1. Viral Proteins Within the US28 Interactome in Infected NHDF cells.

Protein
HCMV RL11
HCMYV UL102
HCMV UL122
HCMV UL13
HCMV UL132
HCMYV UL135
HCMYV UL138
HCMYV UL150
HCMV UL23
HCMV UL32
HCMYV UL33
HCMYV UL35
HCMYV UL37
HCMYV UL47
HCMYV UL55
HCMYV UL56
HCMV UL71
HCMV UL75
HCMV UL78
HCMYV ULS8
HCMV UL95
HCMV UL99
HCMYV US15
HCMYV US23
HCMYV US24
HCMYV US27
HCMYV US28
HCMV US9

Description q-Value PEP Score # Peptides PSMs AAs MW [kDa]

Unknown 0.000 10.46 2 4 234 26.6
Primase-Associated Factor 0.000 46.53 10 50 874 94
Major Immediate-Early Transactivator 0.000 39.93 8 47 564 61
Mitochondria MICOS stabilizer 0.000 93.84 17 84 473 54.5
Glycoprotein; Formation of Assembly Compartment 0.000 183.35 19 278 270 29.7
Viral reactivation 0.000 60.26 11 55 308 333

Viral latency 0.000 18.21 4 16 169 19.3

Viral Entry 0.000 39.99 6 35 328 35.1

Tegument Protein; Particle Infectivity 0.000 9.35 3 5 284 32.9

Tegument Phosphoprotein 0.000 137.07 26 112 1049 112.7
Viral G Protein-Coupled Receptor 0.000 48.70 6 45 411 46
Tegument Protein; Particle Infectivity 0.000 18.93 4 16 641 72.6
Viral Mitochondrion-Localized Inhibitor of Apoptosis 0.000 5.87 2 12 202 23.2
Tegument Protein; Particle Infectivity 0.000 46.53 11 26 983 110

Glycoprotein B (gB); Viral Entry 0.000 77.01 11 62 907 101.9
Viral DNA packaging 0.000 69.53 13 44 850 95.7
Tegument Protein; Particle Infectivity 0.000 191.64 28 252 361 39.8
Glycoprotein H (gH); Viral Infectivity 0.000 26.19 6 19 743 84.4
Viral G Protein-Coupled Receptor 0.000 26.47 5 21 431 47.3
Tegument Protein 0.000 45.67 12 38 429 47.7

Late Gene Expression 0.000 27.94 4 16 531 57.2
Tegument Phosphoprotein 0.000 6.88 2 9 190 20.9
Tegument Protein 0.000 4.72 2 5 262 29.1
Tegument Protein, Viral Transactivator 0.000 8.35 2 9 592 68.9
Unknown 0.000 27.78 7 15 501 58

Viral G Protein-Coupled Receptor 0.001 3.94 2 9 361 41.9
Viral G Protein-Coupled Receptor 0.000 42.58 8 43 354 41
Glycoprotein, blocks IFN signaling 0.000 7.02 3 7 247 28

https://doi.org/10.1371/journal.ppat.1011682.t001

conditions, US28 is associated with the viral assembly compartment. In lysates obtained from
latently infected CD34" HPCs, we identified 24 viral proteins that interact with, or are within
close proximity, to US28 (Fig 4B and Table 2). In contrast to our analysis in infected NHDFs,
proteins within the latency (CD34" HPC) dataset were involved in immune evasion (UL31)
and gene expression (UL34, UL102, UL54, UL69, and UL95). A comparison between US28
interactomes in infected NHDFs and CD34" HPCs yielded 18 shared host and 8 shared viral
proteins (Fig 4). Previous pulldown analyses of the US28 interactome identified 47 HCMV

proteins in lysates from human fibroblasts and of these we detected 28 in NHDFs during lytic
replication [39]. An additional 10 viral proteins were identified in our proximity labeling in
CD34" HPCs that were unique to this cell type but overlapped with those reported previously
[39]. Interestingly, UL69 was the most highly represented viral protein in our CD34" HPC
US28 interactome, we also detected the UL69 interacting protein Suppressor of Ty 6 and other
elongation factors associated with UL69 [42] but not the mRNA export protein U2AF65 [43]
indicating that US28 may form a complex linked with UL69. Thus, our US28 proximity label-
ing results largely overlap with the viral and cellular proteins reported previously, and we dem-
onstrate a consistent intersection of US28 and the Rho signaling pathways during both latent
and lytic phases of the virus lifecycle.
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Table 2. Viral Proteins Within the US28 Interactome in Latently Infected CD34" HPCs.

Protein
HCMYV UL102
HCMV UL114

HCMYV UL13
HCMYV UL148
HCMYV UL24
HCMYV UL26
HCMYV UL31
HCMV UL32
HCMYV UL34
HCMYV UL35
HCMYV UL36
HCMYV UL45
HCMYV UL47
HCMYV UL49
HCMYV UL50
HCMYV UL52
HCMYV UL53
HCMYV UL54
HCMV UL69
HCMV UL8O
HCMYV UL88
HCMYV UL9%4
HCMV UL95
HCMYV US24

Description

Primase-Associated Factor
DNA Repair
Mitochondria MICOS Stabilizer
Chaperone Protein
Unknown
Tegument Protein
Innate Immune Evasion
Tegument Phosphoprotein
Transcriptional Repressor
Tegument Protein; Particle Infectivity
Tegument Protein
Unknown
Tegument Protein; Particle Infectivity
Viral Pre-Initiation Complex
Viral Egress
Capsid Localization
Viral Egress
Viral Polymerase
Transcriptional Activator
Scaffold Protein
Tegument Protein
Viral Egress
Late Gene Expression

Tegument Protein

https://doi.org/10.1371/journal.ppat.1011682.t1002

q-Value PEP Score # Peptides PSMs AAs MW [kDa]

0.000 15.977 6 11 874 94
0.000 18.776 4 6 250 28.3
0.000 3.643 2 2 473 54.5
0.000 11.065 5 14 316 36.4
0.000 10.054 3 5 300 34.2
0.000 10.021 4 8 222 24.9
0.000 32.035 11 17 595 65.6
0.000 24.99 8 12 1049 112.7
0.000 32.069 7 19 407 454
0.000 43.213 12 20 641 72.6
0.000 19.365 6 13 453 52.2
0.000 30.066 12 16 906 101.7
0.000 15.556 4 6 983 110
0.000 4.307 2 3 570 63.7
0.000 39.422 12 22 400 43.2
0.000 11.506 4 8 667 74.1
0.000 3.265 2 2 376 42.3
0.000 7.739 3 4 1242 137.1
0.000 21.081 6 13 741 82.3
0.000 13.709 5 10 708 73.7
0.000 8.695 3 6 429 47.7
0.000 17.437 5 16 345 38.2
0.000 8.086 3 5 531 57.2
0.000 12.056 4 4 501 58

Inhibition of RhoGEFs attenuates US28 signaling

To validate our analyses, we took a multifaceted approach to confirm select cellular interaction
partners of US28, and to examine the effects of these interactions on US28 signaling. First, we
confirmed the association of previously identified host proteins that interact with US28. Our
group, and others, have shown that US28 interacts with Src and ERK mediating several signal
transduction events [33,38,41,44]. The presence of newly identified interactors PDZ-RhoGEF,
p115-RhoGEF, and ROCK]1, as well as the known interactors (Src and ERK), were validated by
traditional immunoblot following streptavidin pulldown on lysates harvested from NHDF
cells infected with TB40/E-GFP-US28-BT (Fig 5A). Next, to examine the effects of RhnoGEF
interactions on US28 signaling, we identified two small-molecule compounds inhibiting vari-
ous aspects of RhoGEF signaling. The small molecule inhibitors, Rhosin and Y16, sterically
block RhoA interactions with associated GEFs [45,46], and inhibited RhoA activation in a
dose-dependent manner (S1A Fig). In US28 signaling assays, treatment with either Rhosin or
Y16 lead to a 70-72% and 53-60% reduction in US28-mediated activation of the SRF reporter
element, respectively (Fig 5B). Taken together, these results indicate a robust association
between US28 and the RhoA signaling pathway during both lytic and latent phases of the viral
lifecycle.

RhoGEFs are required for efficient reactivation of HCMYV from latency

Because we identified and validated RhoGEFs in all of our US28 interactome models, we
examined the extent of RhoGEF involvement in viral latency and reactivation. To this end, we
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Fig 5. Validation of US28 Interactome Analysis. (A) NHDF cells were mock infected, or infected with TB40/E-GFP-US28-BT or
TB40/E-GFP at a MOI of 2. At 3 DP], the cell culture medium was supplemented with biotin (50pg/mL) for 6 hrs. Lysates were
harvested and tagged proteins were bound to NeutrAvidin beads and incubated overnight prior to extensive washing. The presence of
indicated proteins was confirmed via traditional immunoblot using the indicated primary antibodies (n = 3, representative blots
shown). (B) HEK293M cells were transfected with pcDNA3.1-HA-US28 (HA-US28) or the empty pcDNA3.1 vector along with Renilla
and SRF reporter plasmids. At 18 hours post-transfection, media was changed to serum-free DMEM supplemented with Rhosin (5pM)
or Y16 (5uM). Luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) 6 hours post-media
replacement. Error bars represent the standard error of the mean between triplicate experiments and statistical significance was
calculated by one-way ANOVA followed by Tukey’s multiple comparisons test between experimental groups. P values are listed for
significant comparisons where *** P < 0.001.

https://doi.org/10.1371/journal.ppat.1011682.9g005

further characterized the pharmacological inhibitors Rhosin and Y16. In vitro cytotoxicity
experiments for both compounds showed limited to no deleterious effects on cell survival at 72
hours post-treatment in NHDFs and CD34" HPCs (S1B and S1C Fig). In addition to cytotox-
icity experiments, we confirmed that neither Rhosin nor Y16 influenced viral replication in
fibroblasts using the reporter virus TB40/E-GFP-gHnLuc, which expresses nano-luciferase
under the rhesus cytomegalovirus gH viral promoter. Results from this experiment showed no
significant effect on viral replication at concentrations as high as 40uM when compared to
untreated control cells and cells treated with the HCMV antiviral Foscarnet, which demon-
strated robust antiviral activity (S1D Fig).

To determine if RhoGEF activity is required for reactivation of HCMYV in progenitor cells,
CD34" HPCs were isolated from four independent primary donors, infected with TB40/
E-GFP, and cultured to establish latency as previously described [28]. Confirmation that Rho-
GEFs targeted by Rhosin and Y16 were sufficiently expressed in our CD34" HPC system was
accomplished by RT-qPCR in uninfected cells (S2 Fig). To block RhoGEF interactions during
reactivation, latently infected HPCs were plated on a fibroblast layer in reactivation supportive
media containing either Rhosin or Y16. The establishment of latency was confirmed in each
donor by virus production under conditions that promote reactivation combined with the
absence of infectious virus particles in latently infected cells (pre-reactivation). Treatment with
Rhosin, to block RhoA interaction with upstream GEFs, results in a 36-49% decrease in the
amount of virus produced during reactivation (Figs 6 and S3). Using Y16 to target RhoA-
LARG, p115-RhoGEF, and PDZ-RhoGEF interactions, results in a comparable (31-47%)
decrease in the amount of virus produced during reactivation (Figs 6 and S3). Together, these
data show that RhoGEF activity is required for efficient viral reactivation in CD34" HPCs.
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Fig 6. RhoGEF Interactions Contribute to HCMV Reactivation. Primary CD34"* hematopoietic progenitor cells
(HPCs) isolated from four independent donors were infected with TB40/E-GFP (WT-HCMYV), and then FACS
isolated for viable, CD34", GFP* HPCs at 2 dpi as previously described [28]. Infected HPCs were cultured on stromal
cell support for 12 days to establish latency and equivalent populations of HPCs were co-cultured in supportive media
on a fibroblast layer to reactivate virus as previously described [28]. Samples were treated with the RhoGEF inhibitors
Rhosin (10nM) or Y16 (10nM) at the time of reactivation, and the reactivation frequency was compared to untreated
controls (reactivation). Reactivation was measured as the frequency of infectious centers determined at 3 weeks post-
plating for all groups. Data is shown as the average fold change in infectious centers, as compared to the reactivation
group, for four independent donors. Samples were compared by two-way ANOVA followed by Tukey’s multiple
comparisons test between experimental groups. P values are listed for significant comparisons where ** P < 0.005 and
¥ P < 0.0001.

https://doi.org/10.1371/journal.ppat.1011682.9006

RhoGEFs contribute to viral reactivation in vivo

To confirm that US28-mediated activation of RhoGEFs influences viral reactivation in vivo,
we employed a humanized NSG (huNSG) mouse model previously developed by our group
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[47]. In this experiment, huNSG mice were engrafted with human CD34" HPCs and infected
via intraperitoneal injection of TB40/E-GFP-infected fibroblasts as previously described [28].
Because the efficacy of Rhosin was greater than that of Y16 in multiple in vitro models, we
decided to proceed with only Rhosin for in vivo experiments. At 8 weeks post-infection,
latently-infected huNSG mice were treated with 40mg/kg Rhosin (N = 5) or DMSO (N = 10).
To stimulate viral reactivation, animals in the experimental group were treated with granulo-
cyte-colony-stimulating factor (G-CSF) and AMD3100 (N = 5 Rhosin treated, and N =5
DMSO treated) while the remaining mice (N = 5 DMSO treated) were left untreated as a con-
trol for latency maintenance. One-week post mobilization, spleen tissues were harvested and
HCMYV viral load was determined by gPCR. Treatment with Rhosin during reactivation
resulted in a 73% decrease in viral load, as measured by copies of HCMYV viral genomes, when
compared with the reactivated but untreated animals (Fig 7). Additionally, huNSG mice
receiving Rhosin showed comparable viral loads to latently infected animals (Fig 7). This data
demonstrates that US28-RhoGEF interactions contribute to viral reactivation in an in vivo set-
ting in the background of complex-multicellular interaction partners, and highlights the
potential of Rhosin to block HCMYV reactivation.

Discussion

The HCMV-encoded chemokine receptor US28 influences several phases of the HCMYV life-
cycle, including latency and reactivation; however, the exact mechanisms through which US28
functions remains unclear. In the present report, we utilized a proximity-dependent biotinylat-
ing enzyme (TurbolID) to characterize the US28 interactome under latent and lytic infection
modes and focused our study on exploring the role of RhoA and RhoGEFs as an important
US28 signaling intermediary. We further explored the relationship between US28 and Rho-
GEFs in vitro where inhibition of RhoGEFs, via the small-molecule compounds Rhosin and
Y16, resulted in a substantial decrease in US28-mediated activation of RhoA. Viral latency and
reactivation assays utilizing CD34" HPCs indicated that blocking US28 ~RhoGEF signaling
pathway results in a significant reduction in infectious virus after exposure to conditions that
induce viral reactivation. These findings were recapitulated in a humanized NSG mouse
model where treatment with Rhosin prevented the virus from efficiently reactivating. Collec-
tively, our findings indicate that the US28-RhoGEF signaling pathway is required for efficient
viral reactivation and provides insight into targets for the development of novel anti-HCMV
therapeutics (Fig 8).

Classical approaches for the identification of protein-protein interactions have several limi-
tations including altering the cell state or disturbing protein secondary structure [48-50].
Herein, we circumvent these issues by making use of an unbiased biotin ligase system to exam-
ine the proteins which directly bind or are in close proximity to US28. Fusing the TurboID
enzyme to the C terminal tail of US28 did not negatively impact signaling in transfected
HEK293M cells as measured by SRE and SRF luciferase reporter assays, nor did it appear to
alter US28 localization. Our results highlight the utility of BioID-based systems as an effica-
cious method for characterizing the complete US28 interactome including weak, transient,
and indirect interactions. While our findings are consistent with other published US28 prox-
imity labeling studies [39-41], they represent a significant advancement by comparing US28
interactomes between three unique models including transiently transfected cells, lytically
infected fibroblasts, and latently infected CD34" HPCs.

Our group, and others, have previously shown that US28 regulates several cellular processes
by binding unique host chemokines (CC vs. CX;C) and activating a number of signaling inter-
mediates (Src, FAK, Pyk2, PLC, IP;, Ras, ERK, PKC, Calmodulin, and RhoA) [15-
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Fig 7. Rhosin Inhibits HCMV Reactivation In Vivo. Humanized NSG (huNSG) mice were infected with TB40/
E-GFP as previously described [28, 47]. After human cell engraftment and viral infection, animals were placed into one
of three treatment groups (N = 5 each). At 8 weeks post-infection, one group of huNSG mice (N = 5) was treated with
40mg/kg Rhosin, and the remaining two groups were treated with a comparable volume of DMSO diluent. In parallel,
two-thirds of the mice were treated with G-CSF to induce viral reactivation (N = 5 Rhosin treated and N = 5 DMSO
treated). Control, latently-infected mice were treated with DMSO but not G-CSF. At 1-week post-treatment (post-
reactivation), mice were euthanized and spleen tissues were harvested. Total DNA was extracted using DNAzol, and
HCMV viral load was determined by qPCR from two tissue sections per mouse. Error bars represent the standard
error of the mean between the average DNA copies per huNSG mouse (N = 5 mice per group). All samples were
compared by two-way ANOVA followed by Tukey’s multiple comparisons test between experimental groups. P values
are listed for significant comparisons where ** P < 0.005 and *** P <0.001.

https://doi.org/10.1371/journal.ppat.1011682.9007

22,32,38,41,44]. Consistent with our previous findings, proteomic analyses performed here
identified several of these signaling intermediates emphasizing the validity of our BioID sys-
tem. Interestingly, RhoGEFs were enriched in all three cell culture models. GEFs are responsi-
ble for catalyzing the dissociation of GDP from GTPases and provide a direct link between
US28 signaling and the downstream RhoA activation cascade. Several studies have implicated
RhoA in aspects of the HCMV lifecycle with differential effects dependent on the infected cell
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Fig 8. Model of the US28 -RhoA specific signaling complex depicting RhoGEF interactions and pharmacological
small-molecule inhibitors.
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type and chemokine stimulus. For instance, in latently infected CD34™ HPCs, HCMV
miR-US25-1 targets RhoA for downregulation to inhibit cytokinesis and assist in maintaining
the viral genome [51]. However, during lytic infection, US28-mediated RhoA signaling facili-
tates smooth muscle cell migration in response to RANTES [33]. Given these differential
effects, we chose to further investigate the role that US28-mediated RhoGEF signaling has on
viral reactivation.

We confirmed the physical interaction between US28 and several proteins from our proteo-
mic analysis using a streptavidin bead-based pulldown procedure and traditional immunoblot.
To further validate the association between US28 signaling and RhoGEFs, we identified two
pharmacological inhibitors of RhoGEFs. Treatment with the small-molecules Rhosin or Y16,
both of which target RhoGEF-RhoA interactions, resulted in a significant decrease in US28
signaling in HEK293M cells. Surprisingly, the inhibitory effects of Rhosin treatment were
greater than that of Y16 despite targeting similar protein-protein interactions. We hypothesize
that this differential effect is largely due to the mechanistic differences between how the two
compounds function. Y16 directly blocks the activation of LARG (ARHGEF12), p115-Rho-
GEF (ARHGEF1), and PDZ-RhoGEF (ARHGEF11) but not any additional activators of RhoA
[45]. Alternatively, Rhosin blocks the entirety of RhoGEF-RhoA interactions by directly bind-
ing to two adjacent shallow grooves on the surface of RhoA required for GEF interaction [46].
Therefore, it may be possible that US28 facilitates activation of the RhoA signaling pathway
through multiple GEF-RhoA interactions and that greater inhibition of US28 activation of
RhoGEFs may be achieved using both compounds synergistically.

Primary CD34" HPC:s are the gold standard for in vitro modeling of HCMV latency and
reactivation [52]. Furthermore, huNSG mice represent the only animal model capable of
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supporting HCMYV infection and we have shown that huNSG mice engrafted with human
CD34" HPCs to be a reliable and robust model of both latent and lytic infection [47]. Similar
to results obtained utilizing a recombinant virus lacking US28 [28], pharmacological inhibi-
tion of US28-mediated RhoGEF signaling resulted in a failure of the virus to efficiently reacti-
vate in vitro and in vivo. We hypothesize that the observed reduction in infectious virus and
viral load is due to inhibition of reactivation pathways or an inability of progenitor cells to effi-
ciently traffic out of the bone marrow. This hypothesis is not without precedent as multiple
studies have shown RhoGEFs to be required for cellular migration and differentiation in bone
marrow-derived cells and macrophages [53-55]. Therefore, these findings provide a direct
link to US28-mediated viral reactivation through the RhoA signaling pathway. It is also possi-
ble that RhoGEFs interact with other viral proteins such as UL33 and UL78 during viral reacti-
vation. However, these viral GPCRs have not yet been shown to mediate signaling through the
RhoA pathway.

The viral GPCR US28 plays an integral role in the pathogenesis of HCMYV, establishing dif-
ferential signaling networks dependent on the presence or absence of bound ligand and the
infected cell type. The findings of this study reveal previously unknown US28 interactors
which play a crucial role in the facilitation of viral reactivation. To our knowledge, this is the
first time specific cellular factors have been implicated in US28-mediated viral reactivation in
vivo. Additional studies characterizing the US28 interactome in multiple cell types will be
required to gain a more comprehensive understanding of the multi-faceted ways in which
US28 influences viral latency and reactivation.

Materials and methods
Plasmids

Turbo ID was kindly provided by Dr. Alice Ting [56]. US28 and US28-TurbolD, containing
an in-frame C’ terminal fusion with TurbolID, were PCR amplified and cloned into pcDNA3.1
(-) (Invitrogen). The PCR fragments were flanked by 5 EcoRI and a 3’ HindIII restriction
enzyme sites. All clones were transformed into TOP10 Escherichia coli cells (Invitrogen) and
confirmed by sequencing. Reporter plasmids pRL-SV40 Renilla luciferase (Rluc), pGL4.33
[luc2P/SRE/Hygro] and pGL4.34[luc2P/SRF-RE/Hygro] containing SRE and SRF responsive
elements driving luciferase expression were purchased from Promega.

Cells and virus

Normal human dermal fibroblasts (ATCC No. PCS-201-010) and human embryonic kidney
(HEK) 293M cells (Microbix) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin, streptomycin, and
glutamine and maintained at 37°C and 5% CO,. The HCMV strain TB40/E-GFP that con-
stitutively expresses green fluorescent protein under the SV40 promoter [57] was amplified
in NHDFs. Infectious virus was determined by limiting dilution plaque assays. The HCMV
TB40/E-GFP bacterial artificial chromosome (BAC) was used in a two-step recombination
protocol to either replace UL13 with a gH-nLuc reporter cassette (TB40/E-GFP-gHnLuc) or
to add an in-frame fusion of TurboID with the C’terminal tail of US28 (TB40/
E-GFP-US28-BT) [28]. Following the rescue and expansion of HCMV recombinants, virus
preparations were aliquoted and stored at -80°C. Viral manipulations were confirmed by
sequencing. Nano Luciferase activity under the rhesus CMV gH promoter was confirmed
and shown to be sensitive to Foscarnet treatment. TurboID expression and activity was con-
firmed by immunoblotting and biotin labeling.
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Signaling reporter assays

HEK293M cells were plated at 3x10* cells per well in 96-well, white-walled culture dishes. Cells
were co-transfected with 50ng pcDNA3.1(-) control, or pcDNA3.1-US28-HA or US28-Tur-
boID along with 10ng of pRL-SV40 (Rluc) and 50ng pGL4 firefly luciferase reporter vectors
(SRE and SRF) using Fugene4K (Promega). At 18 hours post transfection growth medium was
replaced with serum-free DMEM with or without small-molecule inhibitors at the indicated
concentrations. Luciferase activity was measured in triplicate wells using the Dual Luciferase
Reporter Assay System (Promega) at 6 hours post media replacement. Briefly, cell medium
was removed and 20uL of passive lysis buffer was added to each well. The 96-well plate was
placed at -20° C for 30 minutes followed by a 15-minute agitation at room temperature. Lucif-
erase assay reagent was reconstituted and 50uL was injected per well in a Promega GloMax
Navigator luminometer for luminescence detection. Assay results were transferred to an Excel
spreadsheet, normalized to Renilla expression, set relative to the empty vector, and analyzed
using GraphPad Prism 9.0 software.

US28 BiolD experiment

For HEK293M experiments, three 10cm cell culture dishes containing 70-80% confluent
monolayers of cells were transiently transfected with pcDNA3.1-US28-HA and
pcDNA3.1-US28-TurboID-HA. At 18 hours post transfection, HEK293M cells were incubated
for 6h in complete media supplemented with 50ug/mL biotin. For NHDF experiments, three
10cm cell culture dishes containing 70-80% confluent monolayers of cells were infected at an
MOTI of 1 with either HCMV TB40/E-GFP-US28-TurboID, WT HCMV TB40/E-GFP, or
mock infected. Three days post infection, cells were incubated for 6h in complete media sup-
plemented with 50pg/mL biotin. In both experiments, cells were scraped, pelleted at 4°C and
washed three times with PBS. Cells were lysed in RIPA buffer (50mM Tris pH 8, 150mM
NacCl, 1% triton x-100, 0.1% SDS) and 1x Halt protease inhibitor cocktail (ThermoFisher) and
centrifuged at 10,000 relative centrifugal force at 4°C. Supernatants were incubated with
250uL Pierce NeutrAvidin Agarose beads (ThermoFisher) overnight at 4°C while rotating.
Beads were collected and washed twice for 5 min at 25°C (all subsequent steps at 25°C) in
500uL urea wash buffer (PBS pH 7.4, 4M urea). This was repeated three times with wash buffer
2 (PBS pH 7.4, 1% triton x-100), two times with 50mM fresh ammonium bicarbonate and
twice with PBS. Bound proteins were removed from the agarose beads with 50uL Laemmli
SDS-sample buffer at 42°C. Twenty-five percent of the sample was reserved for visualizing sep-
arated proteins by colloidal Coomassie blue staining and standard immunoblotting. The
remaining 75% of the sample (for analysis by mass spectrometry) was washed an additional
two times in 50mM ammonium bicarbonate and then resuspended in 268uL 50mM ammo-
nium bicarbonate and incubated on a 70°C heat block for 10 min with agitation. The samples
were immediately treated with 132uL 6M urea and then cooled to room temperature before
adding 2.5pL of fresh 0.5M TCEP (Tris(2-carboxyethyl) phosphine hydrochloride; Sigma) and
incubated for 30min at room temperature, followed by adding 9uL of fresh 0.5M iodoaceta-
mide and incubating in the dark for another 30 min at room temperature. The samples were
then subjected to tryptic digestion by adding 3.7uL 10mM CaCl, followed by 20uL of 0.1pg/pL
sequencing grade trypsin and incubated overnight at 37°C with rotation. Twenty microliters
of formic acid were then added to the eluate and stored at -80°C until LC-MS/MS analysis.
Samples were desalted using ZipTip C18 (Millipore, Billerica, MA) and eluted with 70% aceto-
nitrile/0.1% TFA (Trifluoracetic acid; Sigma) and the desalted material dried in a speed vac.
On bead tryptic digests were analyzed by the Fred Hutchinson Proteomics Core Facility (Seat-
tle, WA).
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Orbitrap fusion LC/MS/MS

Desalted samples were brought up in 2% acetonitrile in 0.1% formic acid (12puL) and 10pL of
sample analyzed by LC/ESI MS/MS with a ThermoScientific Easy-nLC II nano HPLC system
(Thermo Scientific, Waltham, MA) coupled to a tribrid Orbitrap Fusion mass spectrometer
(Thermo Scientific, Waltham, MA). Peptide separations were performed on a reversed-phase
column (75 pum x 400 mm) packed with Magic C18AQ (5-um 100A resin; Michrom Biore-
sources, Bruker, Billerica, MA) directly mounted on the electrospray ion source. A 90-minute
gradient from 7% to 28% acetonitrile in 0.1% formic acid at a flow rate of 300nL/minute was
used for chromatographic separations. The heated capillary temperature was set to 300°C and
a static spray voltage of 2100 V was applied to the electrospray tip. The Orbitrap Fusion instru-
ment was operated in the data-dependent mode, switching automatically between MS survey
scans in the Orbitrap (AGC target value 500,000, resolution 120,000, and maximum injection
time 50 milliseconds) with MS/MS spectra acquisition in the linear ion trap using quadrupole
isolation. A 2 second cycle time was selected between master full scans in the Fourier-trans-
form (FT) and the ions selected for fragmentation in the HCD cell by higher-energy collisional
dissociation with a normalized collision energy of 27%. Selected ions were dynamically
excluded for 30 seconds and exclusion mass by mass width +/- 10 ppm.

Data analysis was performed using Proteome Discoverer 2.2 (Thermo Scientific, San Jose,
CA). The data were searched against Uniprot Human and CRAPome [36] data repositories
(>25% cutoft). Trypsin was set as the enzyme with maximum missed cleavages set to 2. The
precursor ion tolerance was set to 10 ppm and the fragment ion tolerance was set to 0.6 Da. Var-
iable modifications included oxidation on methionine (+15.995 Da), carbamidomethyl on cys-
teine (+57.021 Da), and acetylation on protein N-terminus (+42.011 Da). Data were searched
using Sequest HT [58]. All search results were run through Percolator for scoring [59].

Pathway analysis

Reactome pathway analysis software was used to evaluate proteomic data and identify signifi-
cantly enriched pathways using the default analysis settings [37]. Significantly impacted canon-
ical pathways were also explored using STRING pathway mapping web browser tools to
identify and predict additional interactors [60].

Immunoblot

Cell lysates were harvested in RIPA buffer supplemented with HALT protease inhibitor and
stored at -20°C. Proteins were separated on a 4-12% SDS-PAGE gel and blotted on PVDF
membranes. Immunoblots were performed using antibodies directed against HA (sc-7392,
Santa Cruz Biotechnology), p115 RhoGEF (sc-74565, Santa Cruz Biotechnology), ROCK1 (sc-
5562, Santa Cruz Biotechnology), c-Src (sc18, Santa Cruz Biotechnology), B-actin-HRP (sc-
47778, Santa Cruz Biotechnology), endothelial cell growth factor receptor (EGFR; Cell Signal-
ing; D3881), Streptavidin-HRP (Thermo Scientific; 21130), UL44 (CA006-100, Virusys), and
TurboID (AS204440, Agrisera) and if required, with the appropriate HRP conjugated second-
ary antibodies (anti-mouse sc-25409 and anti-rabbit sc-2357).

Microscopy

NHDFs (1.0x10%) were added to each microscope coverslip and maintained at 37°C and 5%
CO,. NHDFs were transfected with 1ug of either HA-US28 or HA-US28-BT using Lipofecta-
mine 2000 according to manufacturer’s instructions. At 16 hours, cells were fixed with 4%
paraformaldehyde in PBS, permeabilized in 0.25% Triton-X100 in PBS, and blocked with 2%
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bovine serum albumin 0.1% Triton-X100 in PBS. Cells were stained with HA tag monoclonal
antibody coupled with Alexa Fluor 488 (1:1,000 dilution; ThermoFisher) and Phalloidin-Alex
Fluor 647 (1:1,000 dilution; ThermoFisher) in blocking buffer. Coverslips were washed with
PBS and mounted using Fluoromount-G. Images were captured with a Leica Stellaris 8 confo-
cal microscope using Leica Application Suite X software version 4.5.0 (Leica Microsystems).

Quantitative RT-PCR

RhoGEEF gene expression was confirmed by real-time RT-PCR using primer and probe sets for
ARHGEF1 (4448892; Hs00180327_m1), ARHGEF11 (4448892; Hs01064532_m1), and ARH-
GEF12 (4448892; Hs00209661_m1) available from Thermo Fisher Scientific. Total RNA was
isolated using Trizol (Thermo Fisher Scientific) from normal human dermal fibroblasts
(NHDF) and CD34" hemopoietic progenitor cells (HPCs). The RNA was treated with EZ-D-
NAse (Thermo Fisher Scientific). cDNA was generated using Superscript IV (Invitrogen) and
analyzed by RT-PCR using TagMan Fast Advanced Master Mix and a QuantStudio 7 Flex
Real-Time PCR system. Cycle threshold values were calculated using QuantStudio Design soft-
ware [61].

Limiting dilution HCMYV latency and reactivation assay

Latency and reactivation was monitored in long-term cultures of CD34" HPCs using methods
as previously detailed [52,62]. Primary CD34" hematopoietic progenitor cells (HPCs) were iso-
lated using magnetic bead separation (Miltenyi Biotech) and viably frozen as previously
described [62]. CD34" HPCs were thawed and recovered overnight in stem cell media, and
infected with HCMV TB40/E-GFP at a multiplicity of infection (MOI) equal to 3 for 48 hours
prior to isolation by fluorescence activated cell sorting (FACS) using a FACSAria (BD FACS
Aria equipped with 488, 633 and 405nm lasers, running FACS DIVA software) in order to
obtain a pure population of viable GFP* CD34" HPCs as previously described [52, 62]. The
cells were then co-cultured in transwell culture dishes above monolayers of irradiated M2-
10B4 and S1/S1 stromal cells. At 14 days post infection (dpi), HPCs were serially diluted in
RPMI-1640 medium containing 20% FBS, 2mM L-glutamine, 100U/mL penicillin, 100ug/mL
streptomycin, 15ng/mL granulocyte-colony stimulating factor (G-CSF), and 15ng/mL granu-
locyte-macrophage colony stimulating factor (GM-CSF) and overlaid onto confluent mono-
layers of NHDFs cultured in 96-well plates. To quantify the levels of pre-reactivation infectious
virus, a fraction of the HPC cultures were mechanically disrupted and lysates were serially
diluted and then added to NHDFs cultured in 96-well plates. Cell cultures were microscopi-
cally visualized for the presence of GFP* weekly, for up to 4 weeks, to assess the reactivation
frequency from latently infected cells and the presence of preformed infectious virus by
extreme limiting dilution assay (ELDA) [52].

Cellular cytotoxicity assay

Compound cytotoxicity was measured following the CellTiter-Glo luminescent cell viability
assay (Promega). Briefly, one day prior to the assay, black walled 96-well plates (Corning) were
seeded with NHDFs at 1.5x10* cells per well in 50uL. Compounds, starting at a concentration
of 40uM, were diluted 1:2 with DMEM supplemented with 5% FBS and 1X PSG. A total of
50uL of diluted compound was added to triplicate wells of the 96-well plate. At 72h following
compound addition, 50uL of CellTiter-Glo substrate was added to each well, followed by 2
min on an orbital rocker and a 10 min incubation. The luminescence of each well was mea-
sured using a Promega GloMax Navigator luminometer. Well luminescence, indicative of the
number of living cells per well, was converted to percent cell viability in Microsoft excel, by
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dividing luminescence values in experimental wells by the value in control wells containing
untreated cells and multiplying by 100. These values used to calculate compound 50% cellular
cytotoxicity (CCsg) values by nonlinear regression analysis of graphs with compound concen-
tration in log plotted versus cell viability, using GraphPad Prism 9.0 Software.

CD34" HPCs were differentiated from WAO1 human embryonic stem cells using a com-
mercial feeder-free hematopoietic differentiation kit (STEMdiff Heme, Stem Cell Technolo-
gies) according to the manufacturer’s directions. HPCs were cultured in SFEMII with 10% BIT
serum replacement, stem cell cytokines (stem cell factor, FLT3L, IL-3, and IL-6 [PeproTech]),
and penicillin/streptomycin, along with increasing concentrations of Rhosin, Y16, or DMSO
(control) in triplicate for 5 days. Colorimetric assay (WST-1 based, Roche) was used to per-
form the cytotoxicity assay according to the manufacturer’s directions. Absorbance (A420) val-
ues were background subtracted from media alone and normalized to DMSO control.

HCMYV nLuc assay

The antiviral activity of Rhosin (Tocris Bioscience) and Y16 (Calbiochem) was measured
using the reporter virus HCMV TB40/E-GFP gHnLuc that expresses nanoluciferase under the
gH late viral promoter. NHDF cells (1.5x10* cells/well) were plated in 96-well plates 24 hours
prior to start of the assay. Compounds, starting at a concentration of 40uM, were diluted 1:2
with DMEM supplemented with 5% FBS and 1X PSG. Cells were treated with Rhosin, Y16,
Foscarnet (positive antiviral control) or DMSO in triplicate and infected with HCMV TB40/E
gHnLuc (MOI = 0.3 PFU/cell). At 72 hpi, 50uL Nano-Glo Luciferase Assay reagent (Promega)
was added to each well, followed by 2 min on an orbital rocker and a 10 min incubation. Lumi-
nescence was measured using a GloMax Navigator Luminometer. Results were graphed using
Graphpad Prism 9.0 software.

RhoA activation assay

NHDFs were plated in 10-cm dishes (2.0x10° per well) 24 hours prior to treatment with the
indicated concentrations of Rhosin, Y16, or an equivalent amount of DMSO (untreated con-
trol), diluted in serum-free DMEM for 24 hours. The cells were subsequently stimulated with
media containing 10% fetal bovine serum for 15 minutes. Cells were washed once with PBS
and lysed in a buffer containing 25 mM Tris-HCI, 150 mM NaCl, 5 mM MgCl,, 1% NP-40,
and 5% glycerol. Lysates were clarified by centrifugation at 4°C and protein concentrations
were normalized using the Qubit Protein BR Assay Kit (Invitrogen). Proteins were isolated
using the Active Rho Pulldown and Detection kit (Thermo Scientific) according to the manu-
facturer’s recommendations. The total amount of active RhoA was assessed via immunoblot
using the indicated primary antibodies. Quantification shows the relative expression of RhoA
bound to GTP compared to untreated lysates and normalized to levels of beta actin.

HCMY infection of humanized mice

Mouse procedures were performed in accordance with approved Institutional Animal Care
and Use Committee (IACUC) protocols under the recommendations of the American Associ-
ation for Accreditation of Laboratory Animal Care (AAALAC). Mice were housed in the Vac-
cine & Gene Therapy Institute at Oregon Health & Science University vivarium using
microisolator cages and fed sterile food and water ad litem. For this experiment, humanized
mice were generated by irradiating NOD.Cg-Prkdc*“IL2Ry"™"'/SzJ (NSG) mice (Jackson
Laboratories) by sublethal irradiation of 0- to 3-day-old neonates at 75 cGy using a '*’Cs
gamma irradiation source. The irradiated animals were reconstituted by intrahepatic injection
of 1x10° human CD34" HPCs as described previously [28]. Peripheral blood was collected

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011682 October 2, 2023 20/27


https://doi.org/10.1371/journal.ppat.1011682

PLOS PATHOGENS

RhoGEF signaling in HCMV reactivation

every 4 weeks beginning at week 8 post-injection to assess human cell engraftment using flow
cytometry. 16 weeks post engraftment, mice were distributed to experimental groups normal-
ized for engraftment success as determined by percentage human CD45" lymphocytes in the
periphery. Humanized mice were dosed with 1 ml of 4% thioglycolate (Brewer’s medium; BD)
by intraperitoneal (i.p.) injection and then injected i.p. with two T150 flasks of HCMV TB40/
E-GFP-infected NHDFs. At 8 weeks post-infection, the animals were divided into three
groups. Two groups of latently infected mice were treated with 100 ul of Neupogen (G-CSF;
300 mg/ml; Amgen) by subcutaneous pump and 125ug of AMD3100 administered by i.p.
injection to mobilize progenitor cells and promote HCMYV reactivation [28,63]. One of the
reactivation groups received 40mg/kg Rhosin HCI resuspended in a final volume of 100uL
DMSO and the other group was treated with an equivalent amount of DMSO for 7 days by IP
injection. The third group of latently infected mice did not receive the reactivation cocktail but
was treated with DMSO to serve as comparators for viral levels during latency. At 1-week post
mobilization, the mice were euthanized via CO, administration according to AAALAC eutha-
nasia guidelines, and then blood, bone marrow, spleen, and liver tissues were collected for fur-
ther analysis.

Quantitative detection of HCMYV viral DNA

Total DNA was extracted from portions of mouse spleen using DNAzol (ThermoFisher) and
primers and probe recognizing HCMV UL141 were used to quantify viral genomes by quanti-
tative real-time PCR as previously described [28]. Dilutions of purified HCMV BAC DNA
were used to create a standard curve. A 1 pg sample of total DNA was added to each reaction
well of TagMan FastAdvance PCR master mix (Applied Biosystems) and samples were ana-
lyzed in triplicate on a StepOnePlus TagMan PCR machine (Applied Biosystems) with an ini-
tial activation at 50°C for 2 min and 95°C for 20 s, followed by 40 cycles of 1 s at 95°C and 20 s
at 60°C. TagMan results were analyzed using ABI StepOne software and graphed using Prism
9.0 software.

Supporting information

S1 Fig. Characterization of RhoGEF Inhibitors Rhosin and Y16. (A) NHDF cells were
treated at the indicated concentrations of Rhosin and Y16 for 24 hours in serum-free media.
24 hours post addition, cells were stimulated with 10% fetal calf serum for 15 minutes. Lysates
were harvested and subjected to GST-Rhotekin pulldown according to the manufacturer’s rec-
ommendations (Thermo Fisher). RhoA activation was assessed via immunoblot using the
indicated primary antibodies. Quantification shows the relative expression of RhoA bound to
GTP compared to B-actin and normalized to untreated lysates (n = 3, representative blot
shown). (B) To measure the cytotoxic effects of Foscarnet, Rhosin, and Y16, NHDF cells were
treated with dilutions of inhibitors ranging from 40 to 0.078uM or DMSO alone. At 72 hours
post-treatment the cells were analyzed using the CellTiter-Glo luminescent cell viability assay
according to the manufacturer’s (Promega) recommendation. Data is plotted as cell viability
relative to the DMSO-treated control cells. Concentrations of the indicated compounds were
Log;, transformed, and error bars are representative of the standard error of the mean between
triplicate experiments. (C) CD34" HPCs were cultured in SFEMII with 10% BIT serum
replacement, stem cell cytokines (stem cell factor [SCF], FLT3L, IL-3, IL-6 [PeproTech]), and
penicillin/streptomycin, along with increasing concentrations of Rhosin, Y16, or DMSO (con-
trol) in triplicate for 5 days. Colorimetric assay (WST-1 based, Roche) was used to perform the
cytotoxicity assay according to the manufacturer’s directions. Absorbance (A420) values were
background subtracted from media alone and normalized to DMSO control. Error bars
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represent the standard deviation from two separate experiments. Statistical significance was
determined using two-way ANOVA followed by Tukey’s multiple comparisons test between
experimental groups. (D) To investigate the potential antiviral activity of Rhosin and Y16,
NHDF cells were pretreated for one hour with 2-fold serial dilutions of inhibitor, ranging
from 40 to 0.078uM or DMSO. Treated cells were infected with TB40/E-GFP-gHnLuc at a
MOI equal to 0.3. Foscarnet-treated cells were used as a positive control. After 72 hrs incuba-
tion, luminescence was quantified using the Nano-Glo Luciferase assay system and measured
on a GloMax Navigator microplate reader according to the manufacturer’s (Promega) recom-
mendations. Data is plotted as percent inhibition relative to the cells treated with DMSO. Con-
centrations of the indicated compounds were Log;, transformed, and error bars are
representative of the standard error of the mean between triplicate experiments.

(EPS)

S2 Fig. RhoGEF Expression in NHDF and CD34" HPCs. Total RNA from uninfected pri-
mary CD34" HPCs (n = 5) and NHDF (n = 3) was obtained using a phenol-chloroform extrac-
tion method. Relative expression of (A) ARHGEF1 (p115-RhoGEF), (B) ARHGEF11
(PDZ-RhoGEF), and (C) ARHGEFI12 (LARG) was calculated via RT-qPCR relative to B-Actin
using the delta-delta CT method.

(EPS)

S3 Fig. RhoGEF Interactions Contribute to HCMV Reactivation. (A-D) Representative rep-
licates for experiments performed in Fig 6. Primary CD34" HPCs isolated from four indepen-
dent donors infected with TB40/E-GFP (WT-HCMYV) were FACS isolated for viable, CD34",
GFP" HPC:s at 2 dpi as previously described [28]. Infected HPCs were cultured on stromal cell
support for 12 days to establish latency and equivalent populations of HPCs were co-cultured
in supportive media on a fibroblast layer to reactivate virus as previously described [28]. Sam-
ples were treated with the RhoGEF inhibitors Rhosin (10nM) or Y16 (10nM) at the time of
reactivation and the reactivation frequency was compared to untreated controls (reactivation).
Reactivation was measured as the frequency of infectious centers determined at 3 weeks post-
plating for all groups.

(EPS)

S1 Table. Pathway Analysis of US28 BirA Interactome in 293 Cells.
(PDF)

S2 Table. Pathway Analysis of HCMV-US28 BirA Interactome in NHDFs.
(PDF)

§3 Table. Pathway Analysis of HCMV-US28 BirA Interactome in CD34+ HPCs.
(PDF)

Author Contributions

Conceptualization: Lindsey B. Crawford, Nicole L. Diggins, Meaghan H. Hancock, Andrew
Yurochko, Patrizia Caposio, Daniel N. Streblow.

Data curation: Samuel Medica, Lindsey B. Crawford, Taylor A. Jones, Timothy Alexander,
Sophia Jeng, Shannon McWeeney, Daniel N. Streblow.

Formal analysis: Samuel Medica, Lindsey B. Crawford, Chan-Ki Min, Taylor A. Jones, Timo-
thy Alexander, Craig N. Kreklywich, Sophia Jeng, Shannon McWeeney, Meaghan H. Han-
cock, Patrizia Caposio, Daniel N. Streblow.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011682 October 2, 2023 22/27


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011682.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011682.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011682.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011682.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011682.s006
https://doi.org/10.1371/journal.ppat.1011682

PLOS PATHOGENS

RhoGEF signaling in HCMV reactivation

Funding acquisition: Daniel N. Streblow.

Investigation: Samuel Medica, Lindsey B. Crawford, Michael Denton, Chan-Ki Min, Timothy
Alexander, Christopher J. Parkins, Gabriel J. Streblow, Adam T. Mayo, Craig N. Krekly-
wich, Patricia Smith, Meaghan H. Hancock, Patrizia Caposio, Daniel N. Streblow.

Methodology: Samuel Medica, Lindsey B. Crawford, Michael Denton, Taylor A. Jones, Timo-
thy Alexander, Christopher J. Parkins, Gabriel J. Streblow, Adam T. Mayo, Craig N. Krekly-
wich, Patricia Smith, Meaghan H. Hancock, Patrizia Caposio, Daniel N. Streblow.

Project administration: Daniel N. Streblow.
Resources: Michael S. Cohen, Daniel N. Streblow.
Supervision: Shannon McWeeney, Daniel N. Streblow.
Validation: Samuel Medica, Lindsey B. Crawford.

Writing - original draft: Samuel Medica, Lindsey B. Crawford, Nicole L. Diggins, Meaghan
H. Hancock, Daniel N. Streblow.

Writing - review & editing: Samuel Medica, Lindsey B. Crawford, Michael Denton, Nicole L.
Diggins, Meaghan H. Hancock, Andrew Yurochko, Patrizia Caposio, Daniel N. Streblow.

References

1. Fowler K, Mucha J, Neumann M, Lewandowski W, Kaczanowska M, Grys M, et al. A systematic litera-
ture review of the global seroprevalence of cytomegalovirus: possible implications for treatment,
screening, and vaccine development. BMC Public Health. 2022; 22(1):1659. Epub 20220901. hitps://
doi.org/10.1186/s12889-022-13971-7 PMID: 36050659; PubMed Central PMCID: PMC9435408.

2. Lachmann R, Loenenbach A, Waterboer T, Brenner N, Pawlita M, Michel A, et al. Cytomegalovirus
(CMV) seroprevalence in the adult population of Germany. PLoS One. 2018; 13(7):e0200267. Epub
20180725. https://doi.org/10.1371/journal.pone.0200267 PMID: 30044826; PubMed Central PMCID:
PMC6059406.

3. Goodrum F. Human Cytomegalovirus Latency: Approaching the Gordian Knot. Annual review of virol-
ogy. 2016; 3(1):333-57. Epub 20160804. https://doi.org/10.1146/annurev-virology-110615-042422
PMID: 27501258; PubMed Central PMCID: PMC5514425.

4. Goodrum F, Jordan CT, Terhune SS, High K, Shenk T. Differential outcomes of human cytomegalovirus
infection in primitive hematopoietic cell subpopulations. Blood. 2004; 104(3):687—95. Epub 20040413.
https://doi.org/10.1182/blood-2003-12-4344 PMID: 15090458.

5. Mendelson M, Monard S, Sissons P, Sinclair J. Detection of endogenous human cytomegalovirus in
CD34+ bone marrow progenitors. J Gen Virol. 1996; 77 (Pt 12):3099—-102. https://doi.org/10.1099/
0022-1317-77-12-3099 PMID: 9000102.

6. von Laer D, Meyer-Koenig U, Serr A, Finke J, Kanz L, Fauser AA, et al. Detection of cytomegalovirus
DNA in CD34+ cells from blood and bone marrow. Blood. 1995; 86(11):4086—90. PMID: 7492764.

7. BostromL, Ringden O, Jacobsen N, Zwaan F, Nilsson B. A European multicenter study of chronic graft-
versus-host disease. The role of cytomegalovirus serology in recipients and donors—acute graft-ver-
sus-host disease, and splenectomy. Transplantation. 1990; 49(6):1100-5. https://doi.org/10.1097/
00007890-199006000-00014 PMID: 2193443.

8. Fishman JA. Infection in Organ Transplantation. Am J Transplant. 2017; 17(4):856—79. Epub
20170310. https://doi.org/10.1111/ajt.14208 PMID: 28117944.

9. Grattan MT, Moreno-Cabral CE, Starnes VA, Oyer PE, Stinson EB, Shumway NE. Cytomegalovirus
infection is associated with cardiac allograft rejection and atherosclerosis. JAMA. 1989; 261(24):3561—
6. PMID: 2542633.

10. LaoWC, Lee D, Burroughs AK, Lanzani G, Rolles K, Emery VC, et al. Use of polymerase chain reaction
to provide prognostic information on human cytomegalovirus disease after liver transplantation. J Med
Virol. 1997; 51(3):152—-8. PMID: 9139077.

11. Lautenschlager |, Hockerstedt K, Jalanko H, Loginov R, Salmela K, Taskinen E, et al. Persistent cyto-
megalovirus in liver allografts with chronic rejection. Hepatology. 1997; 25(1):190—4. https://doi.org/10.
10583/jhep.1997.v25.pm0008985289 PMID: 8985289.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011682 October 2, 2023 23/27


https://doi.org/10.1186/s12889-022-13971-7
https://doi.org/10.1186/s12889-022-13971-7
http://www.ncbi.nlm.nih.gov/pubmed/36050659
https://doi.org/10.1371/journal.pone.0200267
http://www.ncbi.nlm.nih.gov/pubmed/30044826
https://doi.org/10.1146/annurev-virology-110615-042422
http://www.ncbi.nlm.nih.gov/pubmed/27501258
https://doi.org/10.1182/blood-2003-12-4344
http://www.ncbi.nlm.nih.gov/pubmed/15090458
https://doi.org/10.1099/0022-1317-77-12-3099
https://doi.org/10.1099/0022-1317-77-12-3099
http://www.ncbi.nlm.nih.gov/pubmed/9000102
http://www.ncbi.nlm.nih.gov/pubmed/7492764
https://doi.org/10.1097/00007890-199006000-00014
https://doi.org/10.1097/00007890-199006000-00014
http://www.ncbi.nlm.nih.gov/pubmed/2193443
https://doi.org/10.1111/ajt.14208
http://www.ncbi.nlm.nih.gov/pubmed/28117944
http://www.ncbi.nlm.nih.gov/pubmed/2542633
http://www.ncbi.nlm.nih.gov/pubmed/9139077
https://doi.org/10.1053/jhep.1997.v25.pm0008985289
https://doi.org/10.1053/jhep.1997.v25.pm0008985289
http://www.ncbi.nlm.nih.gov/pubmed/8985289
https://doi.org/10.1371/journal.ppat.1011682

PLOS PATHOGENS

RhoGEF signaling in HCMV reactivation

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Lonngvist B, Ringden O, Wahren B, Gahrton G, Lundgren G. Cytomegalovirus infection associated with
and preceding chronic graft-versus-host disease. Transplantation. 1984; 38(5):465-8. https://doi.org/
10.1097/00007890-198411000-00004 PMID: 6093296.

Meyers JD, Flournoy N, Thomas ED. Risk factors for cytomegalovirus infection after human marrow
transplantation. J Infect Dis. 1986; 153(3):478-88. https://doi.org/10.1093/infdis/153.3.478 PMID:
3005424.

Reinke P, Fietze E, Ode-Hakim S, Prosch S, Lippert J, Ewert R, et al. Late-acute renal allograft rejection
and symptomless cytomegalovirus infection. Lancet. 1994; 344(8939-8940):1737-8. https://doi.org/10.
1016/s0140-6736(94)92887-8 PMID: 7741857.

Casarosa P, Bakker RA, Verzijl D, Navis M, Timmerman H, Leurs R, et al. Constitutive signaling of the
human cytomegalovirus-encoded chemokine receptor US28. J Biol Chem. 2001; 276(2):1133-7.
https://doi.org/10.1074/jbc.M008965200 PMID: 11050102.

Langemeijer EV, Slinger E, de Munnik S, Schreiber A, Maussang D, Vischer H, et al. Constitutive beta-
catenin signaling by the viral chemokine receptor US28. PLoS One. 2012; 7(11):e48935. https://doi.org/
10.1371/journal.pone.0048935 PMID: 23145028; PubMed Central PMCID: PMC3493591.

Maussang D, Langemeijer E, Fitzsimons CP, Stigter-van Walsum M, Dijkman R, Borg MK, et al. The
human cytomegalovirus-encoded chemokine receptor US28 promotes angiogenesis and tumor forma-
tion via cyclooxygenase-2. Cancer Res. 2009; 69(7):2861-9. https://doi.org/10.1158/0008-5472.CAN-
08-2487 PMID: 19318580.

McLean KA, Holst PJ, Martini L, Schwartz TW, Rosenkilde MM. Similar activation of signal transduction
pathways by the herpesvirus-encoded chemokine receptors US28 and ORF74. Virology. 2004; 325
(2):241-51. https://doi.org/10.1016/j.virol.2004.04.027 PMID: 15246264.

Miller WE, Zagorski WA, Brenneman JD, Avery D, Miller JL, O’Connor CM. US28 is a potent activator
of phospholipase C during HCMV infection of clinically relevant target cells. PLoS One. 2012; 7(11):
e50524. Epub 2012/12/05. https://doi.org/10.1371/journal.pone.0050524 PMID: 23209769; PubMed
Central PMCID: PMC3510093.

Moepps B, Tulone C, Kern C, Minisini R, Michels G, Vatter P, et al. Constitutive serum response factor
activation by the viral chemokine receptor homologue pUS28 is differentially regulated by Galpha(qg/11)
and Galpha(16). Cellular signalling. 2008; 20(8):1528-37. https://doi.org/10.1016/j.cellsig.2008.04.010
PMID: 18534820.

Slinger E, Maussang D, Schreiber A, Siderius M, Rahbar A, Fraile-Ramos A, et al. HCMV-encoded che-
mokine receptor US28 mediates proliferative signaling through the IL-6-STAT3 axis. Science signaling.
2010; 3(133):ra58. https://doi.org/10.1126/scisignal.2001180 PMID: 20682912; PubMed Central
PMCID: PMC.

Vischer HF, Siderius M, Leurs R, Smit MJ. Herpesvirus-encoded GPCRs: neglected players in inflam-
matory and proliferative diseases? Nat Rev Drug Discov. 2014; 13(2):123-39. https://doi.org/10.1038/
nrd4189 PMID: 24445563.

Patterson BK, Landay A, Andersson J, Brown C, Behbahani H, Jiyamapa D, et al. Repertoire of chemo-
kine receptor expression in the female genital tract: implications for human immunodeficiency virus
transmission. Am J Pathol. 1998; 153(2):481-90. https://doi.org/10.1016/S0002-9440(10)65591-5
PMID: 9708808; PubMed Central PMCID: PMC1852974.

Boomker JM, Verschuuren EA, Brinker MG, de Leij LF, The TH, Harmsen MC. Kinetics of US28 gene
expression during active human cytomegalovirus infection in lung-transplant recipients. J Infect Dis.
2006; 193(11):1552—6. https://doi.org/10.1086/503779 PMID: 16652284; PubMed Central PMCID:
PMC.

Lollinga WT, de Wit RH, Rahbar A, Vasse GF, Davoudi B, Diepstra A, et al. Human Cytomegalovirus-
Encoded Receptor US28 Is Expressed in Renal Allografts and Facilitates Viral Spreading In Vitro.
Transplantation. 2017; 101(3):531-40. https://doi.org/10.1097/TP.0000000000001289 PMID:
27362315.

Krishna BA, Poole EL, Jackson SE, Smit MJ, Wills MR, Sinclair JH. Latency-Associated Expression of
Human Cytomegalovirus US28 Attenuates Cell Signaling Pathways To Maintain Latent Infection. mBio.
2017; 8(6). Epub 2017/12/07. https://doi.org/10.1128/mBio.01754-17 PMID: 29208743; PubMed Cen-
tral PMCID: PMC5717388.

Humby MS, O’'Connor CM. Human Cytomegalovirus US28 Is Important for Latent Infection of Hemato-
poietic Progenitor Cells. J Virol. 2015; 90(6):2959—-70. Epub 2016/01/01. https://doi.org/10.1128/JVI.
02507-15 PMID: 26719258; PubMed Central PMCID: PMC4810657.

Crawford LB, Caposio P, Kreklywich C, Pham AH, Hancock MH, Jones TA, et al. Human Cytomegalovi-
rus US28 Ligand Binding Activity Is Required for Latency in CD34(+) Hematopoietic Progenitor Cells
and Humanized NSG Mice. mBio. 2019; 10(4). Epub 2019/08/23. https://doi.org/10.1128/mBio.01889-
19 PMID: 31431555; PubMed Central PMCID: PMC6703429.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011682 October 2, 2023 24/27


https://doi.org/10.1097/00007890-198411000-00004
https://doi.org/10.1097/00007890-198411000-00004
http://www.ncbi.nlm.nih.gov/pubmed/6093296
https://doi.org/10.1093/infdis/153.3.478
http://www.ncbi.nlm.nih.gov/pubmed/3005424
https://doi.org/10.1016/s0140-6736%2894%2992887-8
https://doi.org/10.1016/s0140-6736%2894%2992887-8
http://www.ncbi.nlm.nih.gov/pubmed/7741857
https://doi.org/10.1074/jbc.M008965200
http://www.ncbi.nlm.nih.gov/pubmed/11050102
https://doi.org/10.1371/journal.pone.0048935
https://doi.org/10.1371/journal.pone.0048935
http://www.ncbi.nlm.nih.gov/pubmed/23145028
https://doi.org/10.1158/0008-5472.CAN-08-2487
https://doi.org/10.1158/0008-5472.CAN-08-2487
http://www.ncbi.nlm.nih.gov/pubmed/19318580
https://doi.org/10.1016/j.virol.2004.04.027
http://www.ncbi.nlm.nih.gov/pubmed/15246264
https://doi.org/10.1371/journal.pone.0050524
http://www.ncbi.nlm.nih.gov/pubmed/23209769
https://doi.org/10.1016/j.cellsig.2008.04.010
http://www.ncbi.nlm.nih.gov/pubmed/18534820
https://doi.org/10.1126/scisignal.2001180
http://www.ncbi.nlm.nih.gov/pubmed/20682912
https://doi.org/10.1038/nrd4189
https://doi.org/10.1038/nrd4189
http://www.ncbi.nlm.nih.gov/pubmed/24445563
https://doi.org/10.1016/S0002-9440%2810%2965591-5
http://www.ncbi.nlm.nih.gov/pubmed/9708808
https://doi.org/10.1086/503779
http://www.ncbi.nlm.nih.gov/pubmed/16652284
https://doi.org/10.1097/TP.0000000000001289
http://www.ncbi.nlm.nih.gov/pubmed/27362315
https://doi.org/10.1128/mBio.01754-17
http://www.ncbi.nlm.nih.gov/pubmed/29208743
https://doi.org/10.1128/JVI.02507-15
https://doi.org/10.1128/JVI.02507-15
http://www.ncbi.nlm.nih.gov/pubmed/26719258
https://doi.org/10.1128/mBio.01889-19
https://doi.org/10.1128/mBio.01889-19
http://www.ncbi.nlm.nih.gov/pubmed/31431555
https://doi.org/10.1371/journal.ppat.1011682

PLOS PATHOGENS

RhoGEF signaling in HCMV reactivation

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Gao JL, Murphy PM. Human cytomegalovirus open reading frame US28 encodes a functional beta che-
mokine receptor. J Biol Chem. 1994; 269(46):28539—-42. Epub 1994/11/18. PMID: 7961796.

Kledal TN, Rosenkilde MM, Schwartz TW. Selective recognition of the membrane-bound CX3C chemo-
kine, fractalkine, by the human cytomegalovirus-encoded broad-spectrum receptor US28. FEBS Lett.
1998; 441(2):209-14. Epub 1999/01/12. https://doi.org/10.1016/s0014-5793(98)01551-8 PMID:
9883886.

Kuhn DE, Beall C.J, Kolattukudy P.E. The Cytomegalovirus US28 Protein Binds Multiple CC Chemo-
kines with High Affinity. Biochemical and biophysical research communications. 1995; 211(1):325-30.
https://doi.org/10.1006/bbrc.1995.1814 PMID: 7540006; PubMed Central PMCID: PMC.

Melnychuk RM, Streblow DN, Smith PP, Hirsch AJ, Pancheva D, Nelson JA. Human cytomegalovirus-
encoded G protein-coupled receptor US28 mediates smooth muscle cell migration through Galpha12. J
Virol. 2004; 78(15):8382—-91. Epub 2004/07/16. https://doi.org/10.1128/JV1.78.15.8382-8391.2004
PMID: 15254210; PubMed Central PMCID: PMC446127.

Vomaske J, Melnychuk RM, Smith PP, Powell J, Hall L, DeFilippis V, et al. Differential ligand binding to
a human cytomegalovirus chemokine receptor determines cell type-specific motility. PLoS Pathog.
2009; 5(2):1000304. Epub 2009/02/21. https://doi.org/10.1371/journal.ppat. 1000304 PMID:
19229316; PubMed Central PMCID: PMC2637432.

Azoitei ML, Noh J, Marston DJ, Roudot P, Marshall CB, Daugird TA, et al. Spatiotemporal dynamics of
GEF-H1 activation controlled by microtubule- and Src-mediated pathways. J Cell Biol. 2019; 218
(9):3077-97. Epub 20190816. https://doi.org/10.1083/jcb.201812073 PMID: 31420453; PubMed Cen-
tral PMCID: PMC6719461.

Ridley AJ. Rho GTPase signalling in cell migration. Curr Opin Cell Biol. 2015; 36:103—12. Epub
20150910. https://doi.org/10.1016/j.ceb.2015.08.005 PMID: 26363959; PubMed Central PMCID:
PMC4728192.

Mellacheruvu D, Wright Z, Couzens AL, Lambert JP, St-Denis NA, Li T, et al. The CRAPome: a contam-
inant repository for affinity purification-mass spectrometry data. Nat Methods. 2013; 10(8):730-6. Epub
20130707. https://doi.org/10.1038/nmeth.2557 PMID: 23921808; PubMed Central PMCID:
PMC3773500.

Fabregat A, Korninger F, Viteri G, Sidiropoulos K, Marin-Garcia P, Ping P, et al. Reactome graph data-
base: Efficient access to complex pathway data. PLoS Comput Biol. 2018; 14(1):e1005968. Epub
20180129. https://doi.org/10.1371/journal.pcbi. 1005968 PMID: 29377902; PubMed Central PMCID:
PMC5805351.

Vomaske J, Varnum S, Melnychuk R, Smith P, Pasa-Tolic L, Shutthanandan JI, et al. HCMV pUS28 ini-
tiates pro-migratory signaling via activation of Pyk2 kinase. Herpesviridae. 2010; 1(1):2. Epub 2010/01/
01. https://doi.org/10.1186/2042-4280-1-2 PMID: 21429240; PubMed Central PMCID: PMC3050435.

Nobre LV, Nightingale K, Ravenhill BJ, Antrobus R, Soday L, Nichols J, et al. Human cytomegalovirus
interactome analysis identifies degradation hubs, domain associations and viral protein functions. eLife.
2019; 8. Epub 20191224. https://doi.org/10.7554/eLife.49894 PMID: 31873071; PubMed Central
PMCID: PMC6959991.

Wass AB, Krishna BA, Herring LE, Gilbert TSK, Nukui M, Groves IJ, et al. Cytomegalovirus US28 regu-
lates cellular EphA2 to maintain viral latency. Sci Adv. 2022; 8(43):eadd1168. Epub 20221026. https://
doi.org/10.1126/sciadv.add1168 PMID: 36288299; PubMed Central PMCID: PMC9604534.

Streblow DN, Vomaske J, Smith P, Melnychuk R, Hall LA, Pancheva D, et al. Human cytomegalovirus
chemokine US28 induced SMC migration is mediated by focal adhesion kinase and Src. J Biol Chem.
2003; 278(50):50456—-65. https://doi.org/10.1074/jbc.M307936200 PMID: 14506272; PubMed Central
PMCID: PMC.

Aoyagi M, Gaspar M, Shenk TE. Human cytomegalovirus UL69 protein facilitates translation by associ-
ating with the mRNA cap-binding complex and excluding 4EBP1. Proc Natl Acad Sci U S A. 2010; 107
(6):2640-5. Epub 20100122. https://doi.org/10.1073/pnas.0914856107 PMID: 20133758; PubMed
Central PMCID: PMC2823912.

Kronemann D, Hagemeier SR, Cygnar D, Phillips S, Bresnahan WA. Binding of the human cytomegalo-
virus (HCMV) tegument protein UL69 to UAP56/URH49 is not required for efficient replication of HCMV.
J Virol. 2010; 84(18):9649-54. Epub 20100707. https://doi.org/10.1128/JVI.00669-10 PMID:
20610707; PubMed Central PMCID: PMC2937634.

Streblow DN, Soderberg-Naucler C, Vieira J, Smith P, Wakabayashi E, Ruchti F, et al. The human cyto-
megalovirus chemokine receptor US28 mediates vascular smooth muscle cell migration. Cell. 1999; 99
(5):511-20. Epub 1999/12/10. https://doi.org/10.1016/s0092-8674(00)81539-1 PMID: 10589679.

Shang X, Marchioni F, Evelyn CR, Sipes N, Zhou X, Seibel W, et al. Small-molecule inhibitors targeting
G-protein-coupled Rho guanine nucleotide exchange factors. Proc Natl Acad Sci U S A. 2013; 110

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011682 October 2, 2023 25/27


http://www.ncbi.nlm.nih.gov/pubmed/7961796
https://doi.org/10.1016/s0014-5793%2898%2901551-8
http://www.ncbi.nlm.nih.gov/pubmed/9883886
https://doi.org/10.1006/bbrc.1995.1814
http://www.ncbi.nlm.nih.gov/pubmed/7540006
https://doi.org/10.1128/JVI.78.15.8382-8391.2004
http://www.ncbi.nlm.nih.gov/pubmed/15254210
https://doi.org/10.1371/journal.ppat.1000304
http://www.ncbi.nlm.nih.gov/pubmed/19229316
https://doi.org/10.1083/jcb.201812073
http://www.ncbi.nlm.nih.gov/pubmed/31420453
https://doi.org/10.1016/j.ceb.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26363959
https://doi.org/10.1038/nmeth.2557
http://www.ncbi.nlm.nih.gov/pubmed/23921808
https://doi.org/10.1371/journal.pcbi.1005968
http://www.ncbi.nlm.nih.gov/pubmed/29377902
https://doi.org/10.1186/2042-4280-1-2
http://www.ncbi.nlm.nih.gov/pubmed/21429240
https://doi.org/10.7554/eLife.49894
http://www.ncbi.nlm.nih.gov/pubmed/31873071
https://doi.org/10.1126/sciadv.add1168
https://doi.org/10.1126/sciadv.add1168
http://www.ncbi.nlm.nih.gov/pubmed/36288299
https://doi.org/10.1074/jbc.M307936200
http://www.ncbi.nlm.nih.gov/pubmed/14506272
https://doi.org/10.1073/pnas.0914856107
http://www.ncbi.nlm.nih.gov/pubmed/20133758
https://doi.org/10.1128/JVI.00669-10
http://www.ncbi.nlm.nih.gov/pubmed/20610707
https://doi.org/10.1016/s0092-8674%2800%2981539-1
http://www.ncbi.nlm.nih.gov/pubmed/10589679
https://doi.org/10.1371/journal.ppat.1011682

PLOS PATHOGENS

RhoGEF signaling in HCMV reactivation

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

(8):3155—60. Epub 20130204. https://doi.org/10.1073/pnas.1212324110 PMID: 23382194, PubMed
Central PMCID: PMC3581902.

Shang X, Marchioni F, Sipes N, Evelyn CR, Jerabek-Willemsen M, Duhr S, et al. Rational design of
small molecule inhibitors targeting RhoA subfamily Rho GTPases. Chem Biol. 2012; 19(6):699-710.
https://doi.org/10.1016/j.chembiol.2012.05.009 PMID: 22726684; PubMed Central PMCID:
PMC3383629.

Smith MS, Goldman DC, Bailey AS, Pfaffle DL, Kreklywich CN, Spencer DB, et al. Granulocyte-colony
stimulating factor reactivates human cytomegalovirus in a latently infected humanized mouse model.
Cell Host Microbe. 2010; 8(3):284—91. Epub 2010/09/14. https://doi.org/10.1016/j.chom.2010.08.001
PMID: 20833379; PubMed Central PMCID: PMC2945885.

LuH, Zhou Q, He J, Jiang Z, Peng C, Tong R, et al. Recent advances in the development of protein-pro-
tein interactions modulators: mechanisms and clinical trials. Signal Transduct Target Ther. 2020; 5
(1):213. Epub 202009283. https://doi.org/10.1038/s41392-020-00315-3 PMID: 32968059; PubMed Cen-
tral PMCID: PMC7511340.

Nguyen TN, Goodrich JA. Protein-protein interaction assays: eliminating false positive interactions. Nat
Methods. 2006; 3(2):135-9. https://doi.org/10.1038/nmeth0206-135 PMID: 16432524; PubMed Central
PMCID: PMC2730730.

Rao VS, Srinivas K, Sujini GN, Kumar GN. Protein-protein interaction detection: methods and analysis.
Int J Proteomics. 2014; 2014:147648. Epub 20140217. https://doi.org/10.1155/2014/147648 PMID:
24693427; PubMed Central PMCID: PMC3947875.

Diggins NL, Skalsky RL, Hancock MH. Regulation of Latency and Reactivation by Human Cytomegalo-
virus miRNAs. Pathogens. 2021; 10(2). Epub 20210213. https://doi.org/10.3390/pathogens10020200
PMID: 33668486; PubMed Central PMCID: PMC7918750.

Umashankar M, Goodrum F. Hematopoietic long-term culture (hLTC) for human cytomegalovirus
latency and reactivation. Methods Mol Biol. 2014; 1119:99-112. Epub 2014/03/19. https://doi.org/10.
1007/978-1-62703-788-4_7 PMID: 24639220.

Cervantes-Villagrana RD, Color-Aparicio VM, Reyes-Cruz G, Vazquez-Prado J. Protumoral bone mar-
row-derived cells migrate via Gbetagamma-dependent signaling pathways and exhibit a complex reper-
toire of RhoGEFs. J Cell Commun Signal. 2019; 13(2):179-91. Epub 20190105. https://doi.org/10.
1007/s12079-018-00502-6 PMID: 30612298; PubMed Central PMCID: PMC6498369.

Chen W, Zhao Y, Li XC, Kubiak JZ, Ghobrial RM, Kloc M. Rho-specific Guanine nucleotide exchange
factors (Rho-GEFs) inhibition affects macrophage phenotype and disrupts Golgi complex. Int J Bio-
chem Cell Biol. 2017; 93:12—24. Epub 20171020. https://doi.org/10.1016/j.biocel.2017.10.009 PMID:
29061365.

Singh NK, Janjanam J, Rao GN. p115 RhoGEF activates the Rac1 GTPase signaling cascade in MCP1
chemokine-induced vascular smooth muscle cell migration and proliferation. J Biol Chem. 2017; 292
(34):14080-91. Epub 20170627. https://doi.org/10.1074/jbc.M117.777896 PMID: 28655771; PubMed
Central PMCID: PMC5572933.

Branon TC, Bosch JA, Sanchez AD, Udeshi ND, Svinkina T, Carr SA, et al. Efficient proximity labeling
in living cells and organisms with TurbolD. Nat Biotechnol. 2018; 36(9):880—7. Epub 2018/08/21.
https://doi.org/10.1038/nbt.4201 PMID: 30125270; PubMed Central PMCID: PMC6126969.

Sinzger C, Hahn G, Digel M, Katona R, Sampaio KL, Messerle M, et al. Cloning and sequencing of a
highly productive, endotheliotropic virus strain derived from human cytomegalovirus TB40/E. J Gen
Virol. 2008; 89(Pt 2):359-68. https://doi.org/10.1099/vir.0.83286-0 PMID: 18198366.

Eng J, McCormack AL, Yates JR. An approach to correlate tandam mass spectral data of peptides with
amino acid sequences in a protein database. J Am Soc Mass Spectrom. 1994; 5:976-89.

The M, MacCoss MJ, Noble WS, Kall L. Fast and Accurate Protein False Discovery Rates on Large-
Scale Proteomics Data Sets with Percolator 3.0. J Am Soc Mass Spectrom. 2016; 27(11):1719-27.
Epub 2016/08/31. https://doi.org/10.1007/s13361-016-1460-7 PMID: 27572102; PubMed Central
PMCID: PMC5059416.

Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The STRING database in 2021:
customizable protein-protein networks, and functional characterization of user-uploaded gene/mea-
surement sets. Nucleic Acids Res. 2021; 49(D1):D605-D12. https://doi.org/10.1093/nar/gkaa1074
PMID: 33237311; PubMed Central PMCID: PMC7779004.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402-8. https://doi.org/10.1006/meth.2001.
1262 PMID: 11846609.

Crawford LB, Tempel R, Streblow DN, Kreklywich C, Smith P, Picker LJ, et al. Human Cytomegalovirus
Induces Cellular and Humoral Virus-specific Inmune Responses in Humanized BLT Mice. Scientific

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011682 October 2, 2023 26/27


https://doi.org/10.1073/pnas.1212324110
http://www.ncbi.nlm.nih.gov/pubmed/23382194
https://doi.org/10.1016/j.chembiol.2012.05.009
http://www.ncbi.nlm.nih.gov/pubmed/22726684
https://doi.org/10.1016/j.chom.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20833379
https://doi.org/10.1038/s41392-020-00315-3
http://www.ncbi.nlm.nih.gov/pubmed/32968059
https://doi.org/10.1038/nmeth0206-135
http://www.ncbi.nlm.nih.gov/pubmed/16432524
https://doi.org/10.1155/2014/147648
http://www.ncbi.nlm.nih.gov/pubmed/24693427
https://doi.org/10.3390/pathogens10020200
http://www.ncbi.nlm.nih.gov/pubmed/33668486
https://doi.org/10.1007/978-1-62703-788-4%5F7
https://doi.org/10.1007/978-1-62703-788-4%5F7
http://www.ncbi.nlm.nih.gov/pubmed/24639220
https://doi.org/10.1007/s12079-018-00502-6
https://doi.org/10.1007/s12079-018-00502-6
http://www.ncbi.nlm.nih.gov/pubmed/30612298
https://doi.org/10.1016/j.biocel.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/29061365
https://doi.org/10.1074/jbc.M117.777896
http://www.ncbi.nlm.nih.gov/pubmed/28655771
https://doi.org/10.1038/nbt.4201
http://www.ncbi.nlm.nih.gov/pubmed/30125270
https://doi.org/10.1099/vir.0.83286-0
http://www.ncbi.nlm.nih.gov/pubmed/18198366
https://doi.org/10.1007/s13361-016-1460-7
http://www.ncbi.nlm.nih.gov/pubmed/27572102
https://doi.org/10.1093/nar/gkaa1074
http://www.ncbi.nlm.nih.gov/pubmed/33237311
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1371/journal.ppat.1011682

PLOS PATHOGENS RhoGEF signaling in HCMV reactivation

reports. 2017; 7(1):937. Epub 2017/04/22. https://doi.org/10.1038/s41598-017-01051-5 PMID:
28428537; PubMed Central PMCID: PMC5430540.

63. Crawford LB, Tempel R, Streblow DN, Yurochko AD, Goodrum FD, Nelson JA, et al. Human Cytomega-
lovirus Infection Suppresses CD34(+) Progenitor Cell Engraftment in Humanized Mice. Microorgan-
isms. 2020; 8(4). Epub 2020/04/10. https://doi.org/10.3390/microorganisms8040525 PMID: 32268565;
PubMed Central PMCID: PMC7232458.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011682 October 2, 2023 27/27


https://doi.org/10.1038/s41598-017-01051-5
http://www.ncbi.nlm.nih.gov/pubmed/28428537
https://doi.org/10.3390/microorganisms8040525
http://www.ncbi.nlm.nih.gov/pubmed/32268565
https://doi.org/10.1371/journal.ppat.1011682

