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ABSTRACT Human cytomegalovirus, HCMV, is a betaherpesvirus that establishes a
lifelong latent infection in its host that is marked by recurrent episodes of reactiva-
tion. The molecular mechanisms by which the virus and host regulate entry into and
exit from latency remain poorly understood. We have previously reported that UL135
is critical for reactivation, functioning in part by overcoming suppressive effects of
the latency determinant UL738. We have demonstrated a role for UL735 in diminish-
ing cell surface levels and targeting epidermal growth factor receptor (EGFR) for
turnover. The attenuation of EGFR signaling promotes HCMV reactivation in combi-
nation with cellular differentiation. In this study, we sought to define the mecha-
nisms by which UL135 functions in regulating EGFR turnover and viral reactivation.
Screens to identify proteins interacting with pUL135 identified two host adaptor pro-
teins, CIN85 and Abi-1, with overlapping activities in regulating EGFR levels in the
cell. We mapped the amino acids in pUL135 necessary for interaction with Abi-1 and
CIN85 and generated recombinant viruses expressing variants of pUL135 that do not
interact with CIN85 or Abi-1. These recombinant viruses replicate in fibroblasts but
are defective for reactivation in an experimental model for latency using primary
CD34* hematopoietic progenitor cells (HPCs). These UL135 variants have altered
trafficking of EGFR and are defective in targeting EGFR for turnover. These studies
demonstrate a requirement for pUL135 interactions with Abi-1 and CIN85 for regula-
tion of EGFR and mechanistically link the regulation of EGFR to reactivation.

IMPORTANCE Human cytomegalovirus (HCMV) establishes a lifelong latent infection
in the human host. While the infection is typically asymptomatic in healthy individu-
als, HCMV infection poses life-threatening disease risk in immunocompromised indi-
viduals and is the leading cause of birth defects. Understanding how HCMV controls
the lifelong latent infection and reactivation of replication from latency is critical to
developing strategies to control HCMV disease. Here, we identify the host factors
targeted by a viral protein that is required for reactivation. We define the impor-
tance of this virus-host interaction in reactivation from latency, providing new in-
sights into the molecular underpinnings of HCMV latency and reactivation.

KEYWORDS cytomegalovirus, EGFR, Rab5, UL135, human herpesviruses, latency

uman cytomegalovirus (HCMV) is a betaherpesvirus and an important human
pathogen. Like all herpesviruses, HCMV establishes an incurable latent infection
and persists for the lifetime of the host. While the latent persistence of HCMV is typically
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asymptomatic in healthy individuals, reactivation from latency in the immunocompro-
mised poses a life-threatening disease risk. As such, HCMV is a serious disease risk in the
context of stem cell and solid organ transplantation (1, 2). Further, infection, reinfection,
or reactivation of HCMV during pregnancy can result in cognitive and physical deficits,
and HCMV is the leading cause of congenital birth defects (3, 4). Understanding HCMV
latency and reactivation at the molecular level is critical to identifying novel strategies
to control reactivation from latency and HCMV disease.

HCMYV infects the majority of the human population worldwide (3). Within infected
individuals, HCMV genomes are detected in undifferentiated hematopoietic popula-
tions, including CD34" hematopoietic progenitor cells (HPCs) (5, 6). Reactivation of
virus replication occurs in hematopoietic cells in response to allogeneic stimulation or
myeloid differentiation (7, 8). Molecular mechanisms of HCMV latency have been
difficult to define as the viral genome is maintained at very low copy numbers, and viral
genes are expressed at very low levels in the host (9-12). As HCMV infection and latency
are restricted to human cells, experimental models of latency in cultured primary
human hematopoietic cells or cell lines have been critical.

The establishment and maintenance of viral latency, as well as reactivation from
latency, depend on a number of as yet ill-defined host signaling events associated with
cell survival, differentiation, chromatin remodeling, and stress (13, 14). In the herpes-
virus field, viral determinants that function to modulate signaling pathways have begun
to emerge as mechanisms controlling latency and reactivation. We have previously
identified a 3.6-kb polycistronic locus within the ULb’ region of the HCMV genome that
is lost upon serial passage of the virus in fibroblasts (15, 16). This locus encodes four
genes, UL133, UL135, UL136, and UL138, that play important roles in regulating viral
latency and reactivation from latency (16-23). In particular, UL135 is critical for reacti-
vation of the virus from latency (18, 23). Viruses containing a disruption of UL135, either
by deletion of the entire coding sequence (CDS) or by insertion of premature stop
codons at the 5’ end of the CDS (UL135410p), cannot be readily reconstituted from
transfection of infectious genomes unless expression of UL138 is also disrupted (23).
Therefore, UL135 functions, in part, by overcoming the suppressive effects of UL138, a
gene important for the establishment or maintenance of latency. pUL135 targets
epidermal growth factor receptor (EGFR), reducing surface levels of EGFR by promoting
its turnover or impeding its recycling (18). This role is in opposition to the role of UL138
in recycling EGFR back to the cell surface to sustain EGFR signaling (18). UL135 is also
important for intracellular membrane organization and viral replication in endothelial
cells (24). Perhaps related to these functions, pUL135 interacts with the WAVE complex
to prevent the formation of actin stress fibers (25) and further protect HCMV-infected
cells from NK and T cells. UL735 has also been implicated in degradation of the actin
cytoskeleton modulator ROCK1 (26) in infected cells via an unknown mechanism. The
molecular underpinnings linking pUL135 and EGFR have not yet been explored.

We sought to determine the mechanisms by which UL735 mediates EGFR trafficking
and turnover and facilitates reactivation from latency. We used two complementary
screens to identify proteins that interact with pUL135: immunoprecipitation of pUL135
followed by tandem mass spectrometry (IP/MS) and yeast two-hybrid (Y2H) screen. We
identified the Src homology 3 (SH3) domain-containing kinase binding protein 1
(SH3KBP1, also known as SETA, RUK, and CIN85; herein referred to as CIN85) as a
pUL135 interactor by IP/MS. In addition, we also identified Abelson-interacting
protein-1 (Abi-1, alternatively known as e3B1 [27]) as a pUL135 interactor by Y2H
screening. Both CIN85 and Abi-1 contain well-defined SH3 domains, for which the
consensus ligands have been mapped; pUL135 contains amino acid sequences similar
or identical to the consensus ligands. As Abi-1 and CIN85 have partially overlapping
functions in regulating the signaling, trafficking, and turnover of EGFR, we investigated
the pUL135 interactions with Abi-1 and CIN85 in parallel. Viruses containing pUL135
mutations that disrupted the interactions between pUL135 and Abi-1 and/or CIN85
replicated in fibroblasts but exhibited differences in their abilities to regulate the
trafficking of EGFR and reactivation from latency in CD34" HPCs. The interactions
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TABLE 1 Host-pUL135 interacting proteins identified by IP/MS

UniProt Peptide No. of
accession no.? Symbol Entrez Gene Name Location® Protein type count® scans % coverage
Q64ET4 UL135 Cytomegalovirus UL135 14 145 54.57
Q9Y5K6 CD2AP CD2-associated protein Cytoplasm Other 5 13 7.98
P21589 NT5E 5’'-Nucleotidase ecto Plasma membrane Phosphatase 4 8 9.58
Q96B97 SH3KBP1 (CIN85) SH3 domain-containing kinase binding  Cytoplasm Other 4 1 7.37
protein 1, (CIN85)
Q14667 KIAA0100 KIAA0100 Extracellular space  Other 2 4 1.30
Q9H882 MYH14 Myosin heavy chain 14 Extracellular space  Enzyme 2 5 1.20
095967 EFEMP2 EGF-containing fibulin-like extracellular ~ Extracellular space  Other 2 5 5.19
matrix protein 2
Q07065 CKAP4 Cytoskeleton-associated protein 4 Cytoplasm Other 2 4 5.65
000391 QSOX1 Quiescin sulfhydryl oxidase 1 Cytoplasm Enzyme 2 3 4.55

aCandidate pUL135 interacting proteins were identified by IP/MS.
bLocalization and type defined by Ingenuity Pathway Analysis (Qiagen).
<Candidate proteins meet the criteria of at least 2 peptides and a peptide probability of >0.95.

between pUL135 and Abi-1 and CIN85 contribute to our mechanistic understanding of
how UL735 functions to promote viral reactivation, linking the turnover of EGFR to
reactivation from latency.

RESULTS

pUL135 interacts with Abi-1 and CIN85 host adaptor proteins. To determine
how pUL135 functions in infection to regulate EGFR turnover and stimulate reactiva-
tion, we conducted two proteomic screens to identify interacting partners of pUL135:
IP/MS and Y2H. IP/MS can identify both direct and indirect interactions with host or viral
proteins in the context of infection. We infected cells with a recombinant HCMV strain
TB40/E that expresses endogenous levels of UL135 with a C-terminal 3XFLAG epitope
tag (TB40/E UL135;.. ac)- Fusion of epitope tags to the 3" end of the UL135 open
reading frame (ORF) does not affect virus replication relative to that of the wild type
(WT) (17). Proteins interacting with pUL1355,. g Were coprecipitated using a mono-
clonal FLAG antibody and identified by IP/MS, as previously described (18, 28). As a
control for nonspecific interactions, the same IP/MS was performed on fibroblasts
infected with WT HCMV, which does not contain a 3XFLAG tag. Proteins identified in
both the 3XFLAG and control data sets were considered nonspecific and excluded
from further analysis. The results of this screen are shown in Table 1. A list of all
interacting proteins identified by IP/MS, without exclusion of interactions also identified
in the control pulldown, is provided as Table S1 in the supplemental material.

The IP/MS approach is limited to studies in fibroblasts because of the requirement
for starting material and sufficient levels of the viral protein of interest; therefore, we
cannot translate this approach to identify interactions in HPCs, where undetectable
levels of pUL135 exist during latency (17). To circumvent these limitations and to
complement the IP/MS, we also conducted a Y2H screen for direct pUL135 interactors.
We cloned the entire cytosolic domain of pUL135 (residues 44 to 328) as a Y2H bait
construct to screen a normalized universal human cDNA library. We identified 50
unique cDNA clones, representing 13 genes (Fig. TA). Of the bait constructs identified,
the majority (76%) contained fragments of Abelson-interacting protein-1 and -2 (Abi-1
and Abi-2, respectively). Abi-1 regulates signaling pathways, including EGFR and EGF-
induced Ras, extracellular signal-regulated kinases (ERK), and phosphatidylinositol
3-kinase (PI3K) pathways (29-33). The interaction between pUL135 and Abi-1 was
previously detected in a similar Y2H screen (25). By aligning the cDNAs of Abi-1 prey
constructs identified in our Y2H screen, we identified a minimal region of Abi-1
(residues 448 to 508) present in all pUL135 Y2H prey clones of Abi-1 (Fig. 1B). This
region encodes the SH3 domain of Abi-1 (residues 450 to 508) (29), implying that
pUL135 interacts with the SH3 domain of Abi-1.

No overlap between the sets of proteins identified by Y2H and IP/MS screens was
observed. The lack of overlap in data sets likely reflects the different nature of each of
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A -

Unlprpt Symbol |Entrez Gene Name Location Number of
Accession Clones
Q8IZP0 ABI1 |abl interactor 1 Cytoplasm 30

QINYB9 | ABI2 |ablinteractor 2 Cytoplasm

P02771 AFP _|alpha fetoprotein Extracellular Space 1
Q9co05 | DPY30 dpy-30, histone methyltrapsferase Nucleus 1

complex regulatory subunit
P16422 | EPCAM |epithelial cell adhesion molecule | Plasma Membrane 1
P14902 IDO1 |indoleamine 2,3-dioxygenase 1 Cytoplasm 1
interleukin 2 receptor subunit
P31785 | IL2RG gamma Plasma Membrane 1
P36871 PGM1 [phosphoglucomutase 1 Cytoplasm 1
014818 | PSMAY7 [proteasome subunit alpha 7 Cytoplasm 1
Q99470 SDF2 [stromal cell derived factor 2 Extracellular Space 1
094782 USP1 [ubiquitin specific peptidase 1 Cytoplasm 1
Q9GZS3 | WDR61 | WD repeat domain 61 Nucleus 1
Q9GZX5 | ZNF350 |zinc finger protein 350 Nucleus 1
B
Y2H
cDNAs
T T T T T T T T T  Tsmsyaiicos
T T T T T T
250 500 750 1000 1250 1500

FIG 1 Host pUL135-interacting proteins identified by yeast two-hybrid screen. (A) Host proteins identified
as pUL135-interacting proteins, including their subcellular localization as determined by Ingenuity software
(Qiagen, Inc.), and the number of clones obtained from the Y2H screen. (B) A schematic showing the
alignment of Abi-1 prey cDNA constructs (top, black lines) identified by the Y2H screen with the Abi-1 cDNA
sequence. Similar cDNA clones differing by =5 nucleotides at the 5" end of the prey cDNA are shown as
a single black bar. The Abi-1 CDS is shown as a hollow arrow; vertical lines within the arrow indicate exon
splice junctions. The SH3 domain of Abi-1 is labeled.

these approaches. In addition to differences inherent to yeast versus mammalian cells,
the Y2H screen uses only the soluble portion of pUL135 whereas pUL135 is membrane
bound in the IP/MS (17). Nevertheless, several of the proteins identified stood out for
their overlapping roles in regulating EGFR. Like Abi-1, CIN85 and CD2AP regulate
trafficking and signaling of receptor tyrosine kinases (RTKs) (34-39) by recruiting
endocytic components (e.g., Alix [40], Dab2 [41], clathrin adaptor AP-2 [42], endophilins
[43, 44], and Cbl ubiquitin ligase [37, 44-49]). CD2AP is highly homologous to CIN85 in
regard to structure and function (39, 45-47, 50-52). Because CD2AP and CIN85 bind to
the same polyproline consensus sites and have similar interactomes and similar func-
tions, we cannot genetically distinguish the contribution of CIN85 and CD2AP interac-
tions solely by mutating their common SH3 ligands in pUL135. While both CIN85 and
CD2AP were identified with similar coverage by IP/MS, CIN85's interactions with EGFR
are better characterized. Therefore, our analyses focus on CIN85 and Abi-1 although the
effects we attribute to CIN85 may be partially mediated by interaction with CD2AP.

We confirmed the interactions between pUL135 and CIN85 or Abi-1 by immuno-
precipitating myc-tagged viral proteins from fibroblasts infected with either TB40/E
UL135,, . or UL133,, virus, followed by immunoblotting for the host proteins (Fig. 2).
Consistent with the Y2H and IP/MS screens, both CIN85 and Abi-1 coprecipitated with
pUL135,,,.. In contrast, no interaction with endogenous Abi-1 or CIN85 was detected
in cells infected with a control virus, TB40/E UL133,,, ., indicating that the interactions
are specific to pUL135. We have previously shown that the multiple bands representing
pUL135 are due, in part, to initiation of translation from distinct start codons (23). Also,
while the quantity of Abi-1 appears to be increased by infection in Fig. 2, this
observation was not consistent over multiple experiments.

pUL135 interacts with host adaptor proteins via discrete polyproline sites.
Many of the protein-protein interactions of Abi-1 and CIN85 are mediated by SH3-
polyproline interaction motifs (29, 32, 45). pUL135 is 18% proline and is rich with
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FIG 2 Host proteins Abi-1 and CIN85 associate with pUL135 in infection. MRC-5 fibroblasts were infected
with recombinant HCMV TB40/E encoding either myc epitope-tagged UL133 (as a negative control;
uL133,,,) or UL135 (UL135,,) at an MOI of 2. Myc-tagged proteins were immunoprecipitated from
lysates harvested at 48 hpi with Ms anti-Myc antibody and then separated by SDS-PAGE. Abi-1, CIN85,
and myc-tagged proteins were detected by Western blotting using monoclonal antibodies (see Table 3).
Blots of 40 pg of total cellular lysate are shown with tubulin as a loading control.

potential polyproline SH3 ligands. The Y2H screen identified the SH3 domain of Abi-1
as the region that interacts with pUL135 (Fig. 1B). As CIN85 contains three SH3 domains,
we hypothesized that the pUL135-CIN85 interaction might also be mediated by SH3-
polyproline interactions. We identified consensus SH3 polyproline ligands within
pUL135 for CIN85/CD2AP and Abi-1 using MinimotifMiner (Fig. 3A and B) (53). To
determine if pUL135 interacts with CIN85 and Abi-1 through SH3-polyproline motif
interactions, we used site-directed mutagenesis to substitute alanine residues for key
proline residues of potential SH3 ligands in a vector expressing UL135 with a C-terminal
myc epitope tag (pCIG-UL135,, ) (Fig. 3B).

The consensus SH3 ligands of Abi-1 and Abi-2 are not of the classical PXXP form but
are of the atypical form of PPPXXXP (54). pUL135 contains this atypical ligand sequence,
as PPPWSKP (anchor residues are underlined). We mutated key residues to PPASWKA,
to create pCIG-UL135,, AAtypSH3. Additionally, we created expression vectors
containing alanine substitutions within an SH3 class | ligand to create pCIG-
UL135,,,,ASH3cl and an SH3 class Il ligand to create pCIG-UL135,,  ASH3cll. Finally, we
constructed expression vector pCIG-UL135,, ASH3x3, which contains mutations to all
three of these putative SH3 ligands. The locations of putative Abi-1 interaction sites are
shown in Fig. 3A, and the mutagenesis of these motifs is detailed in Fig. 3B.

To determine if the predicted SH3 ligands within pUL135 were the basis of inter-
action with Abi-1, we transiently transfected 293 cells with plasmids encoding Abi-1
with an N-terminal hemagglutinin (HA) tag (,,Abi-1) and either wild-type UL135,,, . or
UL135,,,. mutants. We immunoprecipitated ,,,Abi-1 and immunoblotted the precipi-
tates for pUL135,,, .. Targeted mutation of the SH3cl ligand disrupted the interaction
between ,,Abi-1 and pUL135 (Fig. 3C, lanes 4 and 6). Notably, this is the reciprocal
immunoprecipitation of the pulldown used to identify host interactions (Fig. 2).
Surprisingly, the interaction between Abi-1 and pUL135 did not require the canon-
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A M1 M21 M97 328
B SH3 Ligand| Consensus . WT Mutated
Class Ligand UL135 residues Sequence | Sequence
AtypSH3cl PPPxxxP 173-179 PPPSWKP | PPASWKA
SH3cll PxxPx (R/K) 180-185 PPPPGR | PPAPGA
(R/K) xxPxxP 187-193 KRPPTPP | RRPPTPA
209-214 PIPAPR | PIPAAA
238-243 PPVTPR | PPVTPR
PxxxPR 251-256 PQKPPR | PQKPAA
254-259 PPRNPR | PAANAA
277-282 PCPRPR | PCPRAA
C -+ - - - - UL1ss S D + -+ - UL135,
- - 4 - - - JAypPSHIA § - - -+ gL135ACIN85m
- - -+ - aSH3d % t_+ t CIN&,
- - - - 4 . ASH3cll % Egg o — CINg5,,,
- - - - - 4+ ASH3x3 g =)
2 = : Myc (pUL135
-+ + + + + ,Abi = ! .Ul ye (p )
| e 0 | e e,
< ' %)
T uL135 2 ; —
o ] - P mye g - W e [Myc (pUL135)
-
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FIG 3 Host proteins Abi-1 and CIN85 interact with pUL135 via SH3-type interactions. (A) A schematic showing the
SH3 ligands within pUL135. TMD indicates the transmembrane domain on pUL135. Colored blocks correspond to
the colors in panel B. M1, M21, and M97 indicate methionine codons where translation of UL135 initiates. (B) SH3
ligand classes, the consensus ligands, and their location within pUL135 are indicated. The WT amino acid sequence
and the mutations introduced for each are shown. (C) HEK 293-T cells were transfected with constructs expressing
an HA epitope-tagged version of Abi-1 and a UL135 variant or empty vector control. ,,,Abi-1 was immunoprecipi-
tated from 400 ug of lysate using Ms anti-HA monoclonal antibody, and proteins were separated by SDS-PAGE.
Immunoprecipitated proteins were detected by Western blotting using Rb anti-myc and Rb anti-HA monoclonal
antibodies. A Western blot of 40 ug of total lysate is shown with tubulin as a loading control. (D) HEK 293-T cells
were transfected with constructs expressing an HA epitope-tagged version of CIN85 and a UL135 variant or empty
vector control. pUL135,  was immunoprecipitated from 200 ug of lysate using Ms anti-myc antibody, and proteins
were separated by SDS-PAGE. Immunoprecipitated proteins were detected by Western blotting using Rb anti-HA
or Rb anti-Myc monoclonal antibodies. A Western blot of 40 ug of total lysate is shown with tubulin as a loading
control.

ical Abi-1 SH3 ligand (atypical SH3, PPPXXXP) as alanine substitutions of key
interaction residues of this motif did not abolish the Abi-1-pUL135 interaction (Fig.
3G, lane 3). Finally, the pUL135-Abi-1 interaction did not require the SH3cll site (Fig. 3C,
lane 5). A pUL135 mutant containing alanine substitutions in all three putative SH3
ligands (ASH3cl, ASH3cll, and AAtypSH3) also abrogated the interaction with Abi-1.
These studies identify the SH3cl ligand of pUL135 (KRPPTPP; essential anchor residues
are underlined) as necessary for the interaction with Abi-1.

The consensus ligands of the three SH3 domains within CIN85 have been previously
mapped as XPX(P/A)XPRX, XPX(A/P)XPRX, and XPX(P/A)X(P/V)RXX (essential anchor
residues are underlined) for the first, second, and third SH3 domains of CIN85, respec-
tively; the consensus ligand of all three SH3 domains can be generalized as PXXXPR (55,
56). pUL135 contains five such motifs, predicted to bind to the SH3 domains of CIN85
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(Fig. 3A and B). Because the binding interactions of CIN85's three SH3 domains are
often both simultaneous and cooperative (45, 56), we mutated all five putative CIN85
SH3 ligands in UL135,, . from PXXXPR to PXXXAA to create expression vector pClG-
UL135,,,,ACIN85 (Fig. 3B).

To determine if mutations of the putative CIN85 ligands of pUL135 was sufficient to
disrupt the pUL135-CIN85 interaction, we cotransfected 293 cells with vectors pCIG-
CIN85,,, (CIN85 with a C-terminal HA tag) and either pCIG-UL135, . or pCIG-
uL135,,,, ACIN85. We immunoprecipitated the myc-tagged proteins from transfected
cells and subjected them to Western blotting for CIN85,,,. CIN85 coprecipitated
with pUL135,, . but did not coprecipitate with pUL135,, ACIN85, indicating that
the protein interaction is occurring via one or more of the SH3 domains and SH3
ligands (Fig. 3D).

UL135 interactions with CIN85 and Abi-1 augment viral replication in fibro-
blasts. Having identified the residues required for the interactions between pUL135_, .,
CIN85, and Abi-1, we introduced these mutations into UL135,,,. in the bacterial artificial
chromosome (BAC) clone of TB40/E (17, 57) to create recombinant viruses where
pUL135 host interactions had been abrogated. A simian virus 40 (SV40)-green fluores-
cent protein (GFP) cassette engineered into the TB40/E genome between US34 and
TRS1 (17) provides GFP expression as a marker of infection. Mutations of the UL135
SH3cl ligand and the CIN85 interaction ligands were incorporated into the viral genome
either individually (creating ASH3cl and ACIN85 strains, respectively) or in combination
(ASH3cI/CIN85). These recombinant viruses represent the most robust approach to
defining the significance of pUL135-host protein interactions in the context of infection
as discrete mutations disrupt specific interactions while preserving the expression of
the host protein, thereby avoiding the risk of pleiotropic effects of protein knockdown.
Disruption of the entire UL735 ORF results in a virus that is severely defective in
reconstituting infectious virus from HCMV BAC transfection in fibroblasts but, once
reconstituted, replicates with little to no defect from infection with a virus stock (23). In
comparison, transfection of BACs harboring discrete mutations of the SH3cl or CIN85
interaction motif resulted in no defect in reconstitution.

To confirm that the mutated forms of pUL135 did not interact with Abi-1 and/or
CIN85 in the context of infection, we immunoprecipitated myc-tagged proteins from
cells infected with TB40/E UL133,,,. (as a nonspecific control), UL135, . ASH3cl,
ACIN85, and ASH3cl/CIN85 viruses. We then performed Western blotting for cellular
proteins Abi-1 and CIN85 (Fig. 4A). Mutagenesis of the SH3cl and CIN85 SH3 ligands of
pUL135 was sufficient to disrupt the interactions between Abi-1 and CIN85, respec-
tively. Although our immunoprecipitations were not intended to be quantitative, the
interaction between Abi-1 and pUL135ACIN85 appeared 2- to 3-fold weaker than that
with UL135,, . over multiple experiments. Therefore, we cannot rule out the possibility
that interaction with CIN85 is required for maximal interaction with Abi-1, at least in the
context of infection. The double mutant protein, ASH3cl/CIN85, interacted with neither
Abi-1 nor CIN85 in infected cells.

We determined the contribution of the interactions between pUL135, Abi-1, and
CIN85 to viral fitness by a multistep viral replication assay (Fig. 4B). Compared with the
UL135,,,. parental virus, recombinant ASH3cl, ACIN85, and ASH3cl/CIN85 viruses rep-
licated with kinetics similar to those of WT virus in fibroblasts but with an ~4.5-fold
reduction in final titers. The differences in levels of replication between 0 and 12 days
were not statistically significant, leading us to conclude that interactions of pUL135
with CIN85 and/or Abi-1 augment viral replication but are not necessary for viral
replication in fibroblasts.

As a control to ensure that mutation of the pUL135 SH3 ligands did not cause
mislocalization, we analyzed the localization of myc-tagged, virally expressed
pUL135, ., pUL135ASH3cl, pUL135ACINS5, and pUL135ASH3cl/CINSS in infected fibro-
blasts. Fibroblasts were infected at a multiplicity of infection (MOI) of 1, fixed at 48 h
postinfection (hpi), and stained with antibodies to visualize the virally expressed
myc-tagged UL135 proteins (Fig. 4C). As a control we used WT TB40/E, which contains

myc
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FIG 4 Disruption of UL135-host interactions in recombinant viruses results in a mild replication defect.
(A) Recombinant viruses containing disruptions in the SH3cl or CIN85 ligands were generated by BAC
recombineering. Fibroblasts were infected at an MOI of 2 with TB40/E CMV encoding UL133,, . (a control
protein), UL135,, ., ASH3cl, ACIN85, or ASH3cl/CIN85. pUL135myc was immunoprecipitated using Ms
anti-myc monoclonal antibody from 1 mg of lysates. Interaction with CIN85 or Abi-1 was analyzed by
coprecipitation of these proteins and Western blotting. A Western blot of 40 g of total lysate is shown
with tubulin as a loading control. (B) The replication kinetics of recombinant viruses encoding UL135,,,.,
ASH3cl, ACIN85, and ASH3cl/CIN85 were determined by infecting MRC-5 fibroblasts at an MOI of 0.02;
virus yields in cell lysates were measured over a time course by 50% tissue culture infective dose (TCID5).
Data points represent the average from at least four experiments, and error bars represent the standard
errors of the means. (C) Intracellular distribution of pUL135 is not altered by mutagenesis of the SH3
ligands within UL135. MRC-5 fibroblasts were infected at an MOI of 1 with the indicated viruses, fixed at
48 hpi, and immunostained for the myc epitope tag on pUL135_ . Cells infected with a WT virus that
lacks the myc tag are shown as a staining control.

no myc tag. Both WT and alanine-substituted mutants of pUL135 show similar cyto-
plasmic and cell membrane distributions, suggesting that the mutations did not grossly
mislocalize pUL135. Further, all pUL135 mutants were expressed to similar levels, in
both immunofluorescence and Western blotting experiments, suggesting that the
alanine-substituted variants of pUL135 were stable relative to the parental pUL135,,, .
pUL135 interactions with cellular proteins modulate total and surface EGFR
levels in fibroblasts. HCMV infection has previously been shown to decrease surface
and total EGFR levels (18, 58, 59). We previously demonstrated a role for UL135 in
decreasing the steady-state level of cell surface and total EGFR (18). As both Abi-1 (29,
30) and CIN85 (34-39, 43, 47) have roles in modulating EGFR endocytosis and traffick-
ing, we hypothesized that the interactions between pUL135 and adaptor proteins
might allow the virus to control EGFR trafficking and turnover in infected cells.
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FIG 5 pUL135 interactions with CIN85 and Abi-1 alter the total and surface levels of EGFR protein in
fibroblasts. (A to D) Fibroblasts were infected with UL135,,,. ASH3cl, ACIN85, ASH3cl/CIN85, or UL135¢10p
virus at an MOI of 2. Twenty-four hours after infection, the inoculum was removed, and the medium was
replenished. Forty-eight hours after infection, cells were lysed, and 40 ug of protein was analyzed by
Western blotting to quantitate total EGFR, normalized to the level of a-tubulin. Representative Western
blots from a single experiment show the total levels of EGFR and a-tubulin (A and B). Graphs show the
total amount of EGFR, normalized to the level of a-tubulin, for at least five independent experiments for
each sample, each utilizing an independent virus preparation. Error bars indicate standard errors of the
means. Values for total EGFR in uninfected fibroblasts relative to that in infected fibroblasts (C) and for
total EGFR in UL735 mutant viruses relative to that in the UL 135, parental virus (D) are shown. Statistical
significance was calculated by a one-way analysis of variance and Tukey’s test. **, P < 0.01; *, P < 0.05.
(E) Surface levels of EGFR on MRC-5 fibroblasts infected at an MOI of 1 with UL135,,,., ASH3cl, ACINSS,
ASH3cl/CIN85, or UL1354p Virus were analyzed at 48 hpi by flow cytometry using a fluorescently
conjugated Ms anti-EGFR antibody. Student’s t test was used to compare the surface levels of each cell
type to that with UL135,,  virus. **, P < 0.01. Error bars indicate standard errors of the means.

Steady-state EGFR levels were assayed in fibroblasts infected with UL135,, ., ASH3cl,
ACIN85, ASH3cl/CIN85, or UL135410p Virus by immunoblotting. Consistent with prior
work (18), total EGFR levels were significantly lower in CMV-infected cells (Fig. 5A
and C), and the total EGFR levels of cells infected with UL1354p Vvirus were 2-fold
greater than those in cells infected with the UL135,, . parental virus (Fig. 5B and D).
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Infection with ASH3cl or ACIN85 virus resulted in an intermediate phenotype relative to
the phenotypes of infection with UL135,, . and UL13540p viruses, but these differences
were not statistically significant. However, infection with the ASH3cl/CIN85 mutant
virus where both interactions were disrupted increased total levels of EGFR, similarly to
infection with UL1354op Virus, suggesting that interactions with both Abi-1 and CIN85
are required for pUL135-mediated turnover of EGFR.

To determine if the pUL135 host interactions impact surface levels of EGFR, we
measured the steady-state surface levels of EGFR on cells infected with WT HCMV or our
UL135 mutant viruses using flow cytometry. In line with our previous observations,
infection with UL1354;5p Vvirus had nearly 2-fold more surface EGFR than WT-infected
cells (Fig. 5E). Single mutation viruses, ACIN85 or ASH3cl, had EGFR surface levels
indistinguishable from those of WT infection, indicating that neither single mutation
was sufficient to phenocopy the total loss of pUL135. However, ASH3cl/CIN85 infection
restored EGFR surface levels similar to the level with UL135.;p infection and ~1.7-fold
greater than that with WT-infected cells. Together these results indicate, similar to total
concentration, that pUL135’s interaction with both CIN85 and Abi-1 accounts for
decreased EGFR surface levels caused by pUL135. These results suggest a cooperative
role of pUL135 interactions with Abi-1 and CIN85 in modulating EGFR levels in infection.

pUL135 interactions with Abi-1 and CIN85 affect intracellular EGFR trafficking.
We next sought to determine how pUL135 interactions with Abi-1 and CIN85 impacted
the intracellular trafficking of EGFR. Following endocytosis, EGFR will traffic with Rab5*
early endosomes, from which it can be recycled to the cell surface or traffic toward
degradation as Rab5* endosomes mature into Rab7* endosomes destined for fusion
with the lysosome. We monitored the association and dissociation of fluorescently
conjugated EGF (using Alexa Fluor 647 [EGF,,]) with Rab5™ following endocytosis.
Fibroblasts were labeled at 48 hpi with EGF,,, on ice and then returned to 37°C. Over
time postinternalization, cells were fixed and stained with a Rab5 antibody, and the
association of the EGF ligand with Rab5* endosomes was imaged by deconvolution
microscopy and analyzed as previously described (18, 60). Representative images
demonstrating the association of EGF,, with Rab5" at 15 and 90 min postendocytosis
are shown in Fig. 6A. The frequency of colocalization between EGF and Rab5 is
calculated as the area of coincident EGF* and Rab5* signal divided by the total area
of EGF* signal and was quantified over multiple experiments; results are shown in Fig.
6B. In uninfected cells the majority of EGF,,, transiently associated with the Rab5*
early endosome at 15 min postendocytosis, and only a small fraction remained after 90
min (retaining only 19% of the colocalization observed at 15 min) (Fig. 6B and C). In cells
infected with UL135,, . virus, EGF4,, exhibited moderately increased retention with
Rab5* endosomes at 90 min (31% retention). However, in UL135¢0p Virus-infected
cells, a significant portion of the EGF,,, remains within the Rab5* compartment after
90 min (69% retention). This suggests that pUL135 promotes EGFR egress from the
early endosome. Cells infected with ASH3cl virus showed increased retention of EGF,,
that was statistically insignificant from UL135,, . virus infection (48% retention). In
contrast, cells infected with ACIN85 virus showed a significant and sustained defect in
clearing EGF,,, from the early endosome (64% retention), suggesting that the inter-
action between pUL135 and CIN85 plays role in regulating EGFR trafficking from the
early endosome to the lysosome. Infection with ASH3cl/CIN85 virus resulted in reten-
tion of EGFg,, in Rab5™ endosomes (73% retention) similar to that of infection with
UL135410p Virus and the ACIN85 mutant virus. These results imply that pUL135 interac-
tions with CIN85 facilitate efflux of EGF/EGFR from the Rab5™ early endosome in infected
cells. Because the loss of interaction with Abi-1 does not compound the defect in egress
associated with loss of the CIN85 interaction, we cannot ascribe a role for Abi-1 for
EGF/EGFR trafficking in the context of HCMV infection.

UL135 host interactions modulate surface-level EGFR and latency in CD34+
HPCs. We have previously demonstrated a requirement for pUL135 in reactivation from
latency in primary CD34" HPCs (18, 23). Given the rarity of these cells (=1% of the
mononuclear faction of cells in bone marrow), primary CD34* HPCs are not amenable
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FIG 6 Interactions between pUL135 and CIN85 facilitate efflux of EGF/EGFR from Rab5* endosomes.
MRC-5 fibroblasts were infected at an MOI of 1 with UL135, ., ASH3cl, ACIN85, ASH3cl/CIN85, or
UL135¢;0p Virus. Cells were transferred to serum-free medium at 24 hpi. At 48 hpi, cells were labeled on
ice with EGF,,, washed, and transferred to 37°C with 10% serum medium and then fixed at the indicated
time points. Rab5 was stained with a rabbit monoclonal antibody, and cells were imaged as z-stacks by
deconvolution microscopy. Images were analyzed using the Squassh plug-in for Imagel, and the
colocalization between EGF signal and the Rab5 early endosomal marker was calculated. (A) Represen-
tative optical z-slices from an uninfected cell, showing the colocalization of EGF,,, within Rab5*
endosomes at 15 min (top) and 90 min (bottom) after stimulation. (B) The efflux of EGF,, from Rab5+
endosomes was calculated by dividing the mean colocalization value for a time point by the 15-min
colocalization value. Error bars indicate standard errors of the means over three independent experi-
ments. Significance at the 90-min time point was determined by two-way analysis of variance and
Tukey's test. *, P < 0.05. (C) Retention of EGF,, in the early endosome is calculated as the colocalization
at 90 min divided by the colocalization at 15 min.

to many of the molecular approaches we have employed in fibroblasts to define the
function of UL135 and its interactions. However, we have found that the roles of UL135,
UL136, and UL138 in promoting or suppressing replication for latency in CD34" HPCs
are reflected as replication advantages or defects in fibroblasts (17, 19, 23). Therefore,
it follows that the function of these proteins is at least partially conserved across cell
types, but the impact is greater in CD34* HPCs where viral gene expression and
replication are restricted. Therefore, we use fibroblasts to define basic molecular
functions and then confirm that key phenotypes are recapitulated in CD34+ HPCs.
Therefore, we next sought to determine the role of pUL135-host interactions in the
regulation of EGFR in the context of latency in CD34+ HPCs.

Having previously determined that pUL135 impacts cell surface EGFR levels at 1
day postinfection (dpi) in CD34* HPCs, but not at 4 or 8 dpi (18), we investigated
the effects of UL135 mutant viruses on EGFR surface levels at 1 dpi. We infected
CD34* HPCs at an MOI of 1 for 24 h with UL135,,,., UL135¢74p, ASH3cl, ACIN85, or
ASH3cl/CIN85 virus. Surface EGFR levels were measured by EGFg,, binding, as
assayed by flow cytometry. In contrast to the reduction of surface EGFR levels
observed in fibroblasts upon HCMV infection and consistent with previous results
(18), infection of CD34+ HPCs resulted in increased surface EGFR relative to levels
on uninfected cells (Fig. 7A). EGFR surface levels were further increased by infection
with UL135¢10p Virus (18). Infection of CD34+ cells with ASH3Cl or ACIN85 virus
resulted in surface EGFR levels indistinguishable from the level with the UL135
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FIG 7 pUL135 interaction with CIN85 and Abi-1 regulates EGFR surface levels and reactivation in CD34+ HPCs. Primary
CD34* cells were infected with UL135,,, ., ASH3cl, ACIN85, ASH3cl/CIN85, or UL135;, virus at an MOI of 2. (A) Twenty-four
hours after infection, cell surface proteins were stained with EGF,,, and BV421 anti-CD34 antibody prior to analysis by flow
cytometry. EGF staining intensity was evaluated on CD34* GFP* (infected) cells. Data represent three experiments
performed using independent CD34* donors; error bars represent standard errors of the means. Significance levels were
calculated by one-way analysis of variance with Tukey’s test. *, P < 0.05, for each comparison shown by a bar. The
differences in surface EGFR levels between uninfected cells and all infections were statistically significant, and comparison
bars are not shown. (B) At 24 hpi, infected (GFP+) CD34* cells were isolated by FACS and seeded into long-term bone
marrow culture in transwells over irradiated stromal cell support for 10 days to prevent differentiation. After 10 days in
culture, cells or an equivalent cell lysate (prereactivation control) was seeded by limiting dilution into a coculture with
fibroblasts on 96-well dishes in cytokine-rich medium to promote myeloid differentiation and reactivation. Fourteen days
after plating, GFP* wells were scored, and the frequency of infectious centers was calculated using ELDA software. Error
bars represent the range of two independent experiments using independent CD34* cell donors.

parental virus. In contrast, infection with ASH3cl/CIN85 virus increased CD34"
surface EGFR to levels statistically indistinguishable from levels with UL135¢10p
virus; ASH3cl/CIN85-infected cells have significantly more surface EGFR than infec-
tion with the UL135,, . parental virus. From this, we conclude that pUL135 inter-
actions with Abi-1 and CIN85 are both necessary for the UL135-mediated modula-
tion of EGFR levels at the surface of CD34* HPCs.

UL135 is required for reactivation from latency; UL135.;5p Virus maintains viral
genomes during long-term bone marrow culture in the absence of viral replication
but fails to reactivate (23). We have shown that inhibition of EGFR or downstream
PI3K stimulates reactivation and rescues the reactivation defect of UL135410p Virus
infection (18). To determine if the interactions of pUL135 with Abi-1 and/or CIN85
contribute to reactivation, we assessed ability of ASH3cl, ACIN85, and ASH3cl/CIN85
viruses to establish and reactivate from latency relative to the level with the
UL135,, . virus. Primary CD34™ cells were infected for 24 h, and then CD34+/GFP+
cells were isolated by fluorescence-activated cell sorting (FACS). Pure CD34+/GFP*
cells were cocultured for 10 days in long-term bone marrow cultures using a bone
marrow stromal cell support that maintains hematopoietic cell progenitor pheno-
type and function (61). This period in long-term bone marrow culture allows for the
establishment of HCMV latency. At 10 dpi, half of the cells were cocultured with
fibroblasts by limiting dilution in a cytokine-rich medium to promote myeloid cell
differentiation and reactivation. The other half of the culture was lysed and added
to parallel cultures of fibroblasts in limiting dilution to quantify any virus present at
the time of reactivation (62). The ASH3cl, ACIN85, and ASH3cl/CIN85 mutant viruses
all exhibited a defect in reactivation similar to the that of the UL1354;p Virus (Fig.
7B). Thus, both interactions between pUL135 with CIN85 and Abi-1 are necessary for
HCMV reactivation from latency.

DISCUSSION
Complex and poorly understood virus-host interactions regulate the establishment
and maintenance of infection and reactivation from latency. We have previously
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demonstrated a requirement for the HCMV ULb'-encoded UL1735 in reactivation from
latency (23). In the absence of UL135, latent viral genomes are maintained but cannot
be reactivated to produce progeny virus. UL135 opposes the action of UL138, another
ULb" gene whose expression is coordinated with UL135. Both pUL135 and pUL138
interact with EGFR but with opposing effects: pUL138 promotes increased surface levels
of EGFR, whereas pUL135 decreases total and cell surface EGFR levels (18). Attenuation
of EGFR signaling or of the downstream PI3K enhances reactivation of latent viral
infections (18). Thus, the balance between pUL135 and pUL138 in regulating EGFR and
its downstream signaling forms a functional switch controlling latency and reactivation.
The molecular underpinnings by which pUL135 and pUL138 impact EGFR levels and
signaling and, in turn, viral replication and latency are largely unknown. We identified
the adaptor proteins CIN85 and Abi-1 as host proteins interacting with pUL135 using
two complementary screens to identify interacting proteins. CIN85 and Abi-1 each have
roles in modulating the trafficking and turnover of EGFR. We demonstrate a cooperative
role for these pUL135 interactions in modulating EGFR trafficking and turnover in the
context of HCMV infection and in reactivation from latency. These findings mechanis-
tically link pUL135-mediated turnover of EGFR with its role in reactivation from latency.

CIN85 is a ubiquitously expressed, multifunctional adaptor protein with roles in
endocytosis, trafficking of endocytic cargo, and modulation of signaling (reviewed in
references 38 and 47). CIN85 contains three N-terminal SH3 domains, a proline-rich
region, and a C-terminal coiled-coil domain. Active RTKs such as EGFR phosphorylate
Cbl, exposing Cbl’s CIN85 ligands and thereby recruiting CIN85 to the active RTK (43).
While CIN85 has only an augmenting role in EGFR endocytosis (63), phosphorylated
CIN85 in complex with Cbl licenses endocytic cargo trafficking from early (Rab5*) to
late (Rab7™) endosomes (35, 64). Phosphorylated CIN85 also recruits dynamin to the
EGFR-CbI-CIN85 complex, which is necessary for trafficking of EGFR in Rab7* late
endosomes toward lysosomal degradation (65). Finally, the complex of EGFR-CbI-CIN85
promotes the sorting of EGFR from the external membrane of a multivesicular body
(MVB) into the intraluminal vesicles, a process necessary to attenuate EGFR signaling
and promote EGFR degradation (35). In addition to the regulation of RTK trafficking
throughout the endocytic pathway, CIN85 directly interacts with the PI3K regulatory
subunit p85a to partially inhibit its catalytic activity (66). CIN85 also interacts with
components of the mitogen-activated protein kinase (MAPK) signaling cascade, biasing
signaling toward the ERK pathway (67).

Like CIN85, Abi-1 is also a ubiquitously expressed adaptor protein (27) with roles in
Cbl E3 ubiquitin ligase-mediated endocytosis, signal transduction, and regulation of the
actin cytoskeleton (reviewed in reference 32). Structurally, Abi-1 contains an N-terminal
homeodomain homology region, several polyproline motifs, and a single C-terminal
SH3 domain, which recruits Cbl to the plasma membrane for EGFR endocytosis (29).
Additionally, Abi-1 also interacts with dynamin and synaptojanin at the plasma mem-
brane to assist in endocytosis of RTKs, including EGFR (68). EGFR endocytosis and
actin-based vesicular transport are regulated by Abi-1 in complex with N-WASP, while
macropinocytosis-type endocytosis of EGFR requires an interaction between Abi-1 and
the WAVE complex (29, 69). Abi-1 can enter a variety of protein complexes, including
Sos/Eps8 or Sos/Grb2, which differentially regulates the activation of downstream
signaling pathways (30, 31, 33). Mechanistically, pUL135 interactions with multiple
adapter proteins involved in the regulation of EGFR signaling presents an intriguing
means by which HCMV infection controls EGFR signaling, trafficking, and degradation
during infection.

Our study demonstrates a requirement for interaction between pUL135 and both
Abi-1 and CIN85 in regulating the trafficking and turnover of EGFR. Mutant viruses
containing individual disruptions to SH3 ligands in pUL135 required for interaction with
either Abi-1 or CIN85 did not significantly affect total or surface EGFR levels in
fibroblasts. However, the combined disruption of both CIN85 and Abi-1 interactions
with pUL135 significantly increased levels of total EGFR in fibroblasts (Fig. 5B). The
increased total levels of EGFR in fibroblasts infected with ASH3cl/CIN85 correlated with
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FIG 8 SH3cl and CIN85 ligands of pUL135 are conserved between human and chimpanzee CMV strains. A
schematic of HCMV pUL135 and ChCMV pUL135 is shown to scale. M1, M21, and M97 indicate the methionine
codons where translation of UL135 initiates for HCMV pUL135. SH3cl ligands are shown in light gray; CIN85 ligands
are shown in dark gray. Amino acid sequences are shown for ChCMV, and underlined residues indicate anchor

residues essential for binding to Abi-1 or CIN85. TMD, transmembrane domains.

enhanced cell surface levels of EGFR (Fig. 5C). This suggests that the interaction of
pUL135 with both Abi-1 and CIN85 cooperatively modulates EGFR trafficking or turn-
over in infection. Despite the increased levels of EGFR at the cell surface, the efflux of
EGFR from Rab5* endosomes was slowed when UL735 or pUL135-host interactions
were disrupted (Fig. 6). In this case, the loss of the pUL135-CIN85 interaction was
sufficient to induce the retention of EGFR in Rab5* endosomes to a level equivalent to
that of the full UL735 disruption (UL135¢;0p) or disruption of both CIN85 and Abi-1
interactions (ASH3cl/CIN85). From these results, we infer a model whereby pUL135
recruits Abi-1 and CIN85 to facilitate distinct steps in the trafficking of EGFR from the
early endosome toward the lysosome for degradation. When these interactions are lost,
EGFR accumulates in Rab5™ early endosomes and is available for recycling back to the
cell surface, which results in enhanced surface levels of EGFR in ASH3cl/CIN85 infection.

The interactions between pUL135 and CIN85 and Abi-1, and therefore their modu-
lation of EGFR, played an important role in reactivation of HCMV from latency. In
contrast to infection in fibroblasts, EGFR surface levels are increased by WT HCMV
infection in CD34* HPCs relative to levels in uninfected cells (18). Disruption of the
interactions of pUL135 with both Abi-1 and CIN85 further enhanced EGFR levels on the
surface of CD34" HPCs to the level of UL135¢op Virus infection (Fig. 7A). Enhanced
surface levels required disruption of both Abi-1 and CIN85 and mimicked the pheno-
types observed in fibroblasts (Fig. 5C). These results suggest that the interactions
between pUL135 and Abi-1 and CIN85 function similarly in CD34* HPCs but with
greater significance for infection. Disruption of these host interactions, individually or
in combination, abrogated the ability of HCMV to reactivate from latency in CD34+
HPCs (Fig. 7). Therefore, these studies mechanistically link the modulation of EGFR
trafficking to reactivation.

Stanton et al. previously demonstrated that the interaction between pUL135 and
Abi-1 recruited the WAVE complex, including Wave2, CYFIP1/Sral, and Nap1, to facil-
itate the depolymerization of actin filaments and actin stress fibers (25). This prevented
the formation of a functional immune synapse and protected infected cells from both
NK and CD8* T cell recognition and cytolysis. The roles of pUL135 in mediating the
actin cytoskeleton and trafficking and turnover of EGFR are undoubtedly linked.
Stanton et al. also detected an interaction between the C terminus of pUL135 and talin,
which was shown to play a role in diminishing cell adhesion (25). While we also
identified talin as a candidate interaction by IP/MS experiment, it was excluded from
further analysis because it was also detected in our negative control (FLAG pulldown
from infected cells where pUL135 lacked the FLAG epitope tag).

Chimpanzee CMV (ChCMV) UL135 is the only known ortholog of HCMV UL135 (17,
70). The amino acid sequences of HCMV and ChCMV pUL135 proteins are 35% identical
and 46% similar. Interestingly, ChCMV also contains putative SH3cl and CIN85 ligands
at approximately the same locations as in HCMV pUL135 (Fig. 8), suggesting that
ChCMV pUL135 may functional similarly to its human homologue. While rhesus CMV
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(RhCMV) has a positionally conserved region corresponding to the HCMV and ChCMV
ULb’ region, these RNCMV genes share little identity with HCMV ULb’ genes. There is
no ULb’-like region or genes in lower orders, such as murine or rat CMV. This suggests
that pUL135 and its function in downregulating EGFR are conserved adaptations to
high-order primates.

The coevolution of viruses, especially herpesviruses, with their hosts has allowed
deep integration of viral mechanisms into host pathways, including the EGFR-PI3K
pathways. EGFR and it is downstream signaling effects are key regulators of cellular
homeostasis, growth, adhesion, and survival (reviewed in references 71 and 72). Many
viruses stimulate EGFR and PI3K/Akt signaling pathways during lytic replication to
induce antiapoptotic responses, stimulate transcription factors required for viral repli-
cation, and stimulate cell transformation for continued viral survival (reviewed in
reference 73). Like most herpesviruses, HCMV glycoprotein binding and viral entry
potently stimulate EGFR/PI3K (reviewed in reference 74), activating downstream sig-
naling pathways to change cellular transcription, morphology, motility, and survival
(75-78). After HCMV entry and viral gene expression, HCMV uses multiple methods to
negatively regulate EGFR, including transcriptional repression of EGFR synthesis via
induction of the transcription factor WT1 during replication in fibroblasts (59). Inter-
estingly, despite the virus-induced reduction in EGFR total and cell surface levels, HCMV
infection retains active EGFR in the viral assembly compartment (VAC) independently of
EGF ligand, isolating the cell from its environment or the need to receive exogenous
EGF ligand stimulation (18). This work mechanistically defines the means by which
HCMV regulates EGFR trafficking and turnover as another aspect of HCMV's ability to
manipulate and isolate the host cell, creating or maintaining conditions suitable for
viral reactivation and replication. The ability of HCMV to isolate the cell from pertur-
bations to homeostasis has important implications for host signaling, stress responses,
and metabolism (reviewed in references 79 and 80).

As a general theme, herpesvirus latency requires PI3K/Akt signaling to maintain
latency and downregulates it to promote reactivation. Herpes simplex virus 1 (HSV-1)
latency requires sustained PI3K-Akt signaling provided by nerve growth factor to
maintain latency; interruption of nerve growth factor signaling or disruption of sus-
tained PI3K-Akt signaling leads to an epigenetic derepression of lytic gene promoters
and increases the frequency of reactivation (81, 82). Similarly, Epstein-Barr virus (EBV)
latent membrane protein 1 (LMP-1) increases EGFR expression (83), while both LMP-1
and LMP-2a stimulate sustained PI3K signaling (84). Kaposi's sarcoma-associated her-
pesvirus (KSHV) protein K1 is expressed during lytic and latent infections and activates
PI3K signaling (85, 86). KSHV with a K1 deletion reactivates poorly from latency (86), and
inhibition of the PI3K pathway stimulates KSHV reactivation (87). Consistent with these
studies, inhibition of EGFR or PI3K stimulates reactivation of latent HCMV (18, 88).
Further, the induction of EGFR expression in CD34* HPCs observed after HCMV
infection is an important aspect of creating conditions supportive of latency (88), and
HCMV latency requires sustained PI3K signaling (18).

EGFR adaptor proteins are both the stoichiometric and functional limiting factors in
the EGFR/PI3K signaling cascade due to their low expression levels (89). Due to their
low levels, targeting EGFR signal transduction adaptor proteins, including Abi-1 and
CIN85, represents an efficient means to control EGFR signaling and exert maximal
influence on the cellular environment. The multifunctional HSV-1 immediate early
protein ICPO antagonizes EGFR and PI3K-Akt signaling through an interaction with
CIN85 (90). Further, it was recently shown that interaction between CIN85 and ICPO
recruits Cbl to downregulate Nectin-1 at the surface of infected cells and prevents
superinfection (91). Because EGFR/PI3K signaling promotes the establishment of la-
tency and because its attenuation enhances reactivation, we postulate that UL135-
mediated control of EGFR is to primarily regulate exit from latency. However, because
EGFR is a receptor for HCMV entry (92, 93), it is also possible that the decrease of surface
EGFR may prevent HCMV superinfection.

In addition to the regulation of EGFR trafficking, we have recently demonstrated that
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HCMV infection induces the retention of a number surface proteins in EEA1* early
endosomes following their endocytosis (60). HCMV-mediated retention of cargoes in
the early endosome and prevention of recycling back to the cell surface may be a
ubiquitination-dependent phenomenon as overexpression of the deubiquitinase
TRE17/USP6 restores surface levels of some clathrin-independent endocytosis (CIE)
cargo in the context of HCMV infection (60). These studies together suggest that
regulating endocytic trafficking is a critical point of host control in virus infection that
significantly impacts outcomes of infection. Going forward, it will be important to
determine how pUL135 and its recruitment of CIN85 and Abi-1 affect the retention of
cargos other than EGFR.

MATERIALS AND METHODS

Viruses and cells. Virus strain TB40/E-GFP was grown and purified, and titers were determined,
following which the virus was used for infection as previously described (16, 57). MRC-5 (ATCC CCL-1171),
MRC-9 (ATCC CCL-212), and HEK 293-T/17 (ATCC CRL-11268) cells were cultured as previously described
(23). Bone marrow stromal cells SI/SI and M2-10B4 (MG3) cells expressing granulocyte colony-stimulating
factor (G-CSF) and interleukin-3 (IL-3) were obtained courtesy of Donna Hogge (Terry Fox Laboratories,
Vancouver, British Columbia) via Stemcell Technologies; cells were maintained and used for long-term
culture of human CD34+* cells as previously described (23). For latency assays, CD34* human hemato-
poietic cells (HPCs) were isolated from deidentified medical waste following bone marrow harvest from
healthy donors for clinical procedures at the University of Arizona Medical Center. Cytomegalovirus
latency assays in primary CD34" cells were performed as previously described (18, 23).

Plasmids. For the creation of UL735 mutants, we used the previously described plasmid pClG-
UL135myc (23) as the template for site-directed Phusion mutagenesis. We created construct pClG-
UL135mycAAtypSH3 using Phusion mutagenesis primers UL135AAtypSH3-FWD and -REV. Similarly, we
created vectors pClG-UL135mycASH3cl and pCIG-UL135mycASH3cll using the primer pair UL135ASH3cl-
FWD and -REV and the pair UL135ASH3cll-FWD and -REV, respectively. We created plasmid pCIG-
UL135mycASH3x3 by serial mutagenesis of the AAtypSH3, ASH3cl, and ASH3cll putative ligands, using
the primers listed in Table 2. pCIG-UL135mycACIN85 was created by mutagenesis of the first predicted
CIN85 ligand with UL135ACIN85#1-FWD and -REV, followed by en bloc mutagenesis of the second
through fifth predicted CIN85 ligands using the primer pair UL135ACIN85#2-5-FWD and -REV. We created
the construct pCIG-UL135mycASH3cl/CIN85 by mutagenizing the SH3cl putative ligand in pCIG-
UL135mycACINS5.

To create a CIN85 expression vector with a C-terminal HA tag, we amplified the CIN85 CDS from
pCMV6-XL4-CIN85 (SC108004; Origene) (GenBank accession number NM_031892.1; CIN85 transcript
variant 1) with primers CIN85-FWD and CIN85-HA-REV and subcloned the amplicon into vector pCIG.
Similarly, we created an Abi-1 expression vector with an N-terminal HA tag by amplifying the Abi-1 CDS
from pOTB7-Abi1 (94) (Mammalian Gene Collection cDNA clone 4024, IMAGE consortium ID 3531592;
obtained via Open Biosystems) using primers Nhel-HA-GGGG-Abi1-FWD and Abi1-REV-Xhol and then
subcloning the amplicon into vector pCIG. These cDNA clones of both Abi-1 and CIN85 represent the
most complete isoforms of each protein.

Transfection of plasmids into 293/T cells was conduced with polyethyleneimine ([PEI] molecular
weight, 25,000) (Polysciences). The inserts of all plasmids were confirmed by Sanger sequencing.

Creation of mutant viruses. Recombinant viruses were created using the bacterial artificial chro-
mosome (BAC) clone of the TB40/E genome, wherein a SV40-GFP cassette was introduced between US34
and TRS1 as a marker of infection, as previously described (17, 57). All BAC recombination was conducted
as previously described (20, 95), using a two-step GalK selection/counterselection method that leaves no
excision scars or extraneous sequence in the final construct. All TB40/E UL135,, . recombinant BACs were
created by first replacing the entire UL135 open reading frame with the GalK gene via homologous
recombination, as previously described (23). To generate TB40/E UL135,, . ASH3cl, UL135,,, . ACIN85, and
UL135,,,. ASH3cl/CIN85 mutant viruses, we PCR amplified alanine-substituted constructs of UL135,,,
from the respective pCIG vectors, using the primers UL135-FWD-63nt and Myc-Rev-UL135, followed by
Dpnl digestion, gel purification, and recombination of the amplicon into the TB40/E AUL135-GalK BAC
using 2-deoxygalactose counterselection.

TB40/E UL135,,, contains a C-terminal myc tag and was created in the same manner as Fix-UL135,,, .
(96). The recombination cassette used to create TB40/E UL135,,, contains a short amino acid linker
sequence (LEGFPR; ~0.7 kDa) between UL135 and the C-terminal myc tag. The UL135 SH3 mutant viruses
do not contain any additional linker sequence between UL135 and the C-terminal myc tag.

TB40/E UL135,,.¢ 2 Was generated by amplifying a GalK cassette with primers UL135-GalK-Ins-FWD
and UL135-GalK-Ins-REV (Table 2), and the product was inserted between the UL135 CDS and stop codon.
A 3XFLAG sequence was amplified from plasmid pGTE-3xFLAG with primers UL135-3xFLAG-FWD and
UL135-3xFLAG-REV, which was then inserted in place of the GalK gene to create TB40/E UL135,, ¢\ ac-
pGTE-3XFLAG was a gift from Caroline Kulesza and encodes the 3XFLAG peptide DYKDDDDKGADYKD
DDDKEFDYKDDDDK. The UL1354;4p Virus contains stop codons in place of UL135 M1, M21, and M97 and
has been described previously (23).

The inserts of all recombinant BACs were confirmed by Sanger sequencing.

Immunoprecipitation and mass spectrometry. Approximately 1 X 108 MRC-5 fibroblasts were
infected with TB40/E UL135;, . g Virus at an MOI of 3 and then harvested 72 h postinfection, as
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TABLE 2 Primer sequences

Primer function and name Sequence?

Y2H screen

EcoRI-UL135Y2HF
UL135R-BamHi
pGAD-FWD
pGAD-REV

Mutagenesis

UL135ASH3cl-FWD
UL135ASH3c1-REV
UL135ASH3clI-FWD
UL135ASH3clI-REV
UL135AAtypSH3-FWD
UL135AAtypSH3-REV
UL135ACIN85#1-FWD
UL135ACIN85#1-REV
UL135ACIN85#2-5-FWD

UL135ACIN85#2-5-REV

Subcloning

Nhel-HA-GGGG-Abi1-FWD

Abi1-REV-Xhol
Xbal-CIN85-FWD
CIN85-HA-REV-BamHI

Recombinant virus construction

UL135-Fwd-63nt
Myc-REV-UL135
UL135-GalK-ins-FWD

UL135-GalK-ins-REV
UL135-3xFLAG-FWD

UL135-3xFLAG-REV

5'-GGGAATTCCATATGTCCTTATTTACCCAGCGCCGAGGCCGCAAGCGATC-3’
5'-CGCGGATCCTCAGGTCATCTGCATTGACTCGGCGTCCTTCATGAC-3'
5'-TAATACGACTCACTATAGGGCGA-3’

5'-AGATGGTGCACGATGCACAG-3’

5'-PHOS-CGCCTACGCCGGCGGTCCG-3'

5'-GCCGCCTCTTGCGCCCGG-3'

5'-PHOS-CCGGGGCCAAGAAGCGGCCGCCTACG-3'

5'-GCGCCGGAGGTGGCTTCCAGGA-3’

5'-PHOS-CCGCTGCAGTCGGCTGGACACCG-3'

5'-GTTTCGTGGGCGCCGGTGTTTTCT-3’

5'-GCCGCTAAGAACCTGAGCACGCCGCCCA-3’

5'-PHOS-CGCGGGTATCGGCGTCGGGG-3'

5'-GCCGCTCTGCCGCGCACCGTCGGGCTGGAGAATCTCTCGAAGGTGGGACTCTCGTGTCCCTGTCCCCGAGCCG
CTACGCCGACGGAGCCGACCA-3'

5'-PHOS-ATTAGCGGCTGGCTTTTGTGGCGTCGGCGTTTTCGGGAAGGGAGCGGCCGTCACCGGCGGTGTCCAG-3'

5'-GGGGGCTAGCACCATGTACCCATACGATGTTCCAGATTACGCGGGCGGTGGCGGTGCAGAGCTGCAGATGTTA
CTAGAGG-3’

5'-GGGGCTCGAGTTAATCAGTATAGTGCATGATTGATTCAAC-3’

5'-ATGGTGGAGGCCATAGTGGAGTTT-3’

5'-ATGGGATCCTCAGGCGTAGTCGGGCACGTCGTAGGGGTATTTTGATTGTAGAGCTTTCTTTATG-3’

5'-GTGTTTGGACAATAAACACATTCCTTGCCAAAAAATGACGTTTCCAGAAATCCAAGGCATAAATGTCCGTACAC
CGGCC-3'
5'-GAGGGAAGGCGTGTGCTGCTATACAACTGTACAACGGACGCGCTCGCTGTTTCGGTCTCACAGATCCTCTTCT
GAGATGA-3’
5'-AAAAGGCGGTGCAGAGCGTCATGAAGGACGCCGAGTCAATGCAGATGACCCCTGTTGACAATTAATCATCG
GCA-3'
5'-GTGTGCTGCTATACAACTGTACAACGGACGCGCTCGCTGTTTCGGTCTCATCAGCACTGTCCTGCTCCTT-3'
5'-AAAAGGCGGTGCAGAGCGTCATGAAGGACGCCGAGTCAATGCAGATGACCGATTATAAAGATGATGATGAT
AAA-3’
5'-GTGTGCTGCTATACAACTGTACAACGGACGCGCTCGCTGTTTCGGTCTCACTTGTCGTCGTCGTCCTTGTAGTC-3'

aPHQOS, 5" phosphorylation of oligonucleotide.

previously described (28). Lysates were collected, immunoprecipitated with an anti-FLAG antibody
covalently conjugated to Dynabeads (Fisher Scientific), and prepared for mass spectrometry as previously
described (28). Tryptic digests of the immunoprecipitated proteins were subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) using an electrospray ionization-linear trap
quadrupole (ESI-LTQ) XL mass spectrometer (Thermo Scientific). Peptide and protein identification was
performed with SEQUEST software, with a global false discovery set to 5%. To generate a negative-
control data set, the same immunoprecipitation was performed on cells infected with WT HCMV, which
contains no 3XFLAG tag. Any protein identified in both the WT (no tag) negative control sample and the
3XFLAG sample was excluded.

Yeast two-hybrid screen. Yeast two-hybrid (Y2H) analysis was performed using a Matchmaker Gold
Y2H system (Clontech). The cytosolic domain of UL735 (encoding residues 44 to 328) was amplified with
primers EcoRI-UL135Y2HF and UL135R-BamHI and then cloned into pGBKT7 to create the bait plasmid
pGBKT7-UL135. This plasmid was transformed into Y2HGold Saccharomyces cerevisiae and tested for
autoactivation and toxicity; neither was observed. Yeast strain Y2HGold containing bait plasmid pGBKT7-
UL135 was mated with the universal human cDNA Mate and Plate library in yeast strain Y187 (Clontech),
using the manufacturer's recommended protocols. After mating, diploid yeast cells were plated onto
double-dropout medium with 5-bromo-4-chloro-3-indolyl-a-galactopyranoside (DDO/X-a-Gal) with 125
ng/ml aureobasidin A. A total of 2.8 X 10¢ diploid mates were screened. After three rounds of outgrowth
under stringent selection (quadruple-dropout medium with X-a-Gal and aureobasidin A [QDO/X/A]), prey
plasmids were recovered by transformation into DH10B Escherichia coli and selection on LB agar with 100
rg/ml ampicillin. Prey sequences were amplified from each clone with primers PGAD-FWD and PGAD-
REV, Sanger sequenced from both 5" and 3’ ends of the insert, assembled into contigs (when possible)
with Macvector software, and then identified by NCBI BLAST alignment to human mRNAs. After
sequencing, prey inserts that did not map to known human CDS exons (n = 9) were excluded.

Coimmunoprecipitations. Immunoprecipitations from transfected 293 cells were performed as
previously described (18). MRC-5 cells were infected with recombinant HCMV at an MOI of 2. Forty-eight
hours after infection, cells were washed twice with phosphate-buffered saline (PBS), lysed in situ with
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Antigen or ligand Identification no. Host? Source Concn or amt (application)®
Antigens
a-Tubulin DM1A M Sigma 300 ng/ml (WB)
Myc epitope tag 71D10 R Cell Signaling 1:1,000 (WB), 1:200 (IF)
9E10 M BioXCell 5 ug (IP)
HA epitope tag C29F4 R Cell Signaling 1:1,000 (WB)
12CA5 M BioXCell 5 g (IP)
CIN85 84 M Upstate/Millipore 2 ug/ml (WB)
Abi1 A5106 R Sigma 200 ng/ml (WB)
EGFR D38B1 R Cell Signaling 1:1,000 (WB)
Rab5 C8B1 R Cell Signaling 1:200 (IF)
Myc agarose beads E6654 R Sigma 25 ul (IP)
GM130 Clone 35 M BD Biosciences 1:100 (IF)
CD34, PE conjugate 581 M BD Biosciences 20 wl/million cells (FACS)
EGFR, BV421 conjugate AY13 M BioLegend 5 wl/million cells (FCA)
Ligand
EGFq,, MSG Molecular Probes 200 ng/ml (IF), 4 ug/ml (FCA)

M, mouse; R, rabbit.

bWB, Western blotting; IF, immunofluorescence; IP, immunoprecipitation; FACS, fluorescence-activated cell sorting; FCA, flow cytometry analysis.

TNEN lysis buffer (50 mM NaCl, 50 mM Tris-HCI pH 7.5 at 4C, 10 mM EDTA, 10% glycerol, 2 mM
phenylmethylsulfonyl fluoride [PMSF], 1X HALT protease, phosphatase inhibitors [Thermo Fisher], 10 mM
N-ethylmaleimide, and 0.5% Nonidet P-40 substitute) as previously described (18), and insoluble debris
was pelleted at 10,000 X g for 10 min at 4°C. Soluble protein was quantified with a bicinchoninic acid
(BCA) assay, and equal quantities of protein were used for immunoprecipitation. Myc epitope-tagged
variants of pUL135 were precipitated with 20 ul of EZView anti-c-myc affinity gel (E6654; Sigma) for 90
min at 4°C. CIN85,,, and ,;,Abi-1 were immunoprecipitated using 5 ul of rabbit (Rb) anti-HA antibody per
300 pg of protein lysate for 3 h at 4C, followed by capture of antigen-antibody complexes with 25 ul of
Protein G Plus resin (Pierce) for 45 min at 4°C (Table 3). The resin beads were then rapidly washed five
times with TNEN buffer containing 0.1% Nonidet P-40. Inmunoprecipitates were eluted from the affinity
resin in 1X lithium dodecyl sulfate (LDS)-PAGE sample buffer (Invitrogen) with 50 mM Tris-(2-
carboxyethyl) phosphine (TCEP) for 10 min at 80°C and then subjected to SDS-PAGE and Western blotting
as previously described (18).

Quantitation of EGFR by flow cytometry. EGFR surface levels were quantified as previously
described (18). Briefly, cells were infected at an MOI of 1, and infection was allowed to proceed for 48
h. Cells were washed with ice-cold PBS to stop membrane trafficking, trypsinized on ice, labeled with
Brilliant Violet 421 (BV421) mouse (Ms) anti-EGFR antibody at 4°C, washed with FACS buffer, and fixed
with 2% formaldehyde prior to flow cytometry analysis. Surface EGFR was quantitated from the
population of GFP-positive (GFP™; infected) cells. All samples were analyzed on a BD LSRIl instrument,
and data were analyzed using FlowJo software.

Immunofluorescence. Preparation of cells, fixation, and immunofluorescence staining were per-
formed as previously described (23). For the experiments measuring trafficking of EGF, cells on coverslips
were infected for 24 h and then serum starved for 24 h. Coverslips with cells were washed with PBS-0.1%
bovine serum albumin (PBS+B) and then labeled with Alexa-Fluor 647-conjugated EGF (EGF,,,) on ice
for 15 min. Coverslips were washed with cold PBS+B and then transferred to prewarmed medium
containing fetal bovine serum (FBS). At indicated time points (Fig. 6B), cells on coverslips were rapidly
washed with PBS+B, and fixed with 2% formaldehyde. After cells were stained, images were acquired
using a DeltaVision RT inverted deconvolution microscope. Only infected cells expressing GFP were
imaged (GFP channel not shown). When necessary, images were cropped to the single cell being
analyzed. Colocalization analysis was conducted on z-stacked images using Mosaic Suite’s Squassh
workflow for ImageJ (97), as previously described (60). The area of EGF,,, pixels that is also Rab5 positive
divided by the total area of EGF,, positive pixels is used as the metric of colocalization. Representative
single planar images were adjusted for brightness and contrast prior to publication.

Immunoblotting. Infected cells were washed twice with PBS and lysed in situ with radioimmuno-
precipitation assay (RIPA) buffer or TNEN lysis buffer with 0.5% Nonidet P-40 substitute, and insoluble
debris was pelleted at 15,000 X g for 10 min at 4°C. Protein concentration was quantitated by BCA assay
(Pierce/ThermofFisher). Forty micrograms of each lysate was separated on 4 to 12% or 4 to 20% Bis-Tris
acrylamide gels (Genscript) with MOPS-SDS buffer, followed by transfer onto polyvinylidene difluoride
membrane for fluorescence applications (PVDL-FL; Millipore) and Western blotting as previously de-
scribed (18). Membranes were scanned with a Li-Cor Odyssey CLx scanner, and proteins were quantified
using Image Studio software according to the manufacturer’s guidelines.

Infectious centers assay. Primary CD34* HPCs were used to assess the latency and reactivation of
HCMV in vitro as previously described (17). CD34* HPCs were isolated from bone marrow and then
infected with HCMV at an MOI of 2 for 20 h. Cells were labeled with phycoerythrin (PE)-conjugated CD34
antibody (BD Biosciences) and FACS sorted (FACSAria; BD Bioscience) to obtain a >97% pure population
of CD34*, GFP* (infected) cells. These cells were cultured for 10 days in collagen-coated transwells
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(Corning) above an irradiated (4,000 rads; 37Cs Gammacell-40 irradiator) mix of SI/SI and MG3 stromal
cells. The cells were then divided for limiting dilution assay, as described previously (62); one half was
directly lysed and seeded in serial 2-fold dilutions on MRC-5 fibroblasts to quantitate infectious centers
formed during the establishment of latency, while the other half were seeded intact in serial 2-fold
dilutions onto MRC-5 fibroblasts in a cytokine-rich medium to promote differentiation and reactivation.
Fourteen days after seeding onto fibroblasts, viral plaques were counted, and the frequency of infectious
centers was calculated using ELDA software (http://bioinf.wehi.edu.au/software/elda/) (98).

Accession number(s). Where strains, protein names, and CDS nucleotide or amino acid numbers are

given in this paper, they correspond to the following reference sequences in GenBank: HCMV TB40/E (57),
accession number EF999921; chimpanzee CMV, Heberling strain (70), NC_003521; rhesus CMV strain 68-1,
NC_006150.1; KF011492; pUL135, ABV71656.1, Abi-1 mRNA, NM_005470.3 (UniProt accession number
Q8IZP0); CIN85, NM_031892.2 (UniProt accession number Q5JPT6). The sequence for CD2AP corresponds
to UniProt accession number Q9Y5K6.

SUPPLEMENTAL MATERIAL

.00919-18.

SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
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