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A B S T R A C T

Cytomegaloviruses (CMVs) extensively rearrange the cellular membrane system to develop assembly compart-
ment (AC), but the earliest events in this process are poorly characterized. Here, we demonstrate that murine
CMV (MCMV) infection restrains endosomal trafficking of cargo molecules that travel along the recycling (TfR
and MHC-I) and the late endosomal (EGFR, M6PR, Lamp1) circuit. Internalized cargo accumulates in Arf6-,
Rab5-, Rab22A-, and Rab11-positive and Rab35-, Rab8-, and Rab10-negative juxtanuclear endosomes, sug-
gesting the disruption of Arf/Rab regulatory cascade at the stage of sorting endosomes and the endosomal
recycling compartment. Rearrangement of the endosomal system is initiated by an MCMV-encoded function very
early in the infection. Our study, thus, establishes a set of landmarks of endosomal remodeling in the early phase
of MCMV-infection which coincide with the Golgi rearrangement, suggesting that these perturbations are the
earliest membrane reorganizations that may represent an initial step in the biogenesis of the AC.

1. Introduction

Cytomegaloviruses (CMVs), as other members of the herpesvirus
family, induces extensive rearrangements of the cellular membrane
system after infection of the host cells (Johnson and Baines, 2011;
Henaff et al., 2012). Dramatic membrane reorganization occurs at later
stages of herpesvirus replication and involves both membranes of the
secretory and the endosomal pathway (Johnson and Baines, 2011;
Tandon and Mocarski, 2012). Cellular membranes are rearranged for
virus entry into the cell, the development of the site for assembly and
envelopment of subviral particles, the release of the infectious virions,
and modulation of the host's antiviral response (Vale-Costa and
Amorim, 2016). Although morphological evidence of the membrane
reorganization is well documented, functional significance and cellular
physiology of reorganization of both secretory and endosomal pathway
membranes remained understudied (Rebmann et al., 2016).

CMVs use multiple and complex strategies to regulate intracellular

environment for their replication and membrane remodeling is parti-
cularly important for assembly of CMV virions during the cytoplasmic
phase (reviewed by Johnson and Baines, 2011; and Henaff et al., 2012).
Subviral particles acquire the membrane envelope and tegument pro-
teins within the cytoplasmic virus assembly compartment (AC), the
juxtanuclear virus-induced membranous structure which consists of
reorganized membranes of endosomal and secretory pathway that
concentrate virus-encoded envelope and tegument proteins (Johnson
and Baines, 2011; Henaff et al., 2012; Sanchez et al., 2000; Das and
Pellett, 2011; Homman-Loudiyi et al., 2003; Cepeda et al., 2010;
Krzyzaniak et al., 2009).

Mechanisms which lead to the formation of the AC are not fully
elucidated, but there is substantial evidence which suggests that AC
morphogenesis is essential for viral assembly and production of in-
fectious virions (reviewed by Johnson and Baines, 2011; and Tandon
and Mocarski, 2012). The current concept suggests that the AC is
formed in infected cells by reorganization of the endoplasmic
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reticulum-Golgi intermediate compartment (ERGIC), Golgi compart-
ment and endosomal system, but mechanisms and pathways of re-
organization of intracellular membranes have not been characterized
(Rebmann et al., 2016). One of the most prominent change is the re-
organization of the Golgi apparatus into a structure of concentric rings
which forms the outer border of the AC (Sanchez et al., 2000; Das et al.,
2007; Das and Pellett, 2011; Tandon and Mocarski, 2012) and a recent
study identified mechanism of the earliest events of the Golgi re-
organization (Rebmann et al., 2016). Intracellular membranes where
human CMV (HCMV) assembles also recruit or intersect with mem-
branes of the endocytic pathway (Tooze et al., 1993; Fraile-Ramos
et al., 2001, 2002; Seo and Britt, 2007; Tandon and Mocarski, 2012).
Several endosomal markers are recruited to the AC in HCMV infected
cells and incorporated into the envelope of HCMV (Cepeda et al., 2010;
Tandon and Mocarski, 2012).

Endomembrane system is composed of compartments and mem-
brane domains with a unique composition. Their homeostasis is main-
tained by highly dynamic biochemical processes that occur at their
cytoplasmic surfaces which result in the formation of outgoing trans-
port carriers (tubules or vesicles) and biochemical composition that
facilitates docking of incoming transport carriers (reviewed by Huotari
and Helenius, 2011). Transport dynamics and directionality is de-
termined by the lipid microenvironment and effector proteins as-
sembled at the membrane and recruitment or removal factors that fa-
cilitate membrane progression. Ras-related in brain (Rab) proteins,
ADP-ribosylation factor (Arf) proteins, and phosphoinositides are major
coordinators of the membrane flow (Huotari and Helenius, 2011; Jean
et al., 2012; Wandinger-Ness and Zerial, 2014). In general, virus in-
terference with the coordinators of the endomembrane system is poorly
explored (Vale-Costa and Amorim, 2016). Similarly, very little is known
about CMV-encoded programs for targeting endomembranes and the
ways how CMV infection exploit existing cellular machinery for tai-
loring of the endomembrane system.

The revealing of the earliest events in the morphogenesis of the AC
in the CMV-infected cell may emerge the targeted cellular machinery
that reshapes endomembrane system and lead to the identification of
CMV-encoded functions that target endomembranes. As in many cases
of viral infection, identification of cellular functions that are targeted by
the virus may contribute to the better understanding of the en-
domembrane cellular physiology. Thus, we strive to examine the ear-
liest reorganization of the endosomal system that occurs during CMV
infection. We used infection with the murine CMV (MCMV), a member
of the betaherpesvirus family that has similar pathogenesis in its natural
host as does HCMV and, therefore, is used as a useful model studying
the CMV infection (Shellam et al., 2006). MCMV has a similar biological
characteristic as HCMV and induce similar changes in infected cells, but
also has some structural and biological differences, including the or-
ganization of the genome (Shellam et al., 2006). MCMV replication
cycle in cultured fibroblast is much shorter than replication of HCMV
and passes through the similar cascade-like program organized in im-
mediate-early (IE), early (E), and late (L) phase of gene expression,
associated cellular changes, and program of virion progeny assembly
and egress (Keil et al., 1984; Bühler et al., 1990). In MCMV infected
fibroblasts IE-to-E phase transition occurs 30 min, E-to-L phase transi-
tion 14–16 h, and progeny virion release 20–24 h after infection (Keil
et al., 1984). Cytopathic effects after infection with MCMV are typical
for CMVs and similar to HCMV, i.e., cell rounding which occurs much
earlier, at 5–7 h after infection in fibroblasts (Shellam et al., 2006).
Thus, the early cytoskeletal rearrangements may be a part of the
complex program of cellular organelle rearrangements, including the
endomembrane system.

In our previous studies, we have shown that MCMV-infection retains
endosomal trafficking of Major Histocompatibility Class I (MHC-I)
proteins in the early-phase endosomal retention compartment (EPERC),
which may be the earliest evidence for reorganization of the endosomal
system for viral morphogenesis and have the consequences on immune

surveillance (Ilić Tomaš et al., 2010; Lučin et al., 2015). In this study,
we attempted to identify at what stage in the early phase of MCMV
infection endosomal remodeling occurs, at what stage of the endosomal
route MCMV-encoded function targets endosomal membranes, and
what are the landmarks of endosomal remodeling in the early phase of
MCMV infection. We studied trafficking of the cargo molecules that
travel either through the recycling or the late endosomal circuit of the
endosomal system and characterized the distribution of small GTPases
from the Rab and Arf subfamily that control these circuits in MCMV-
infected cells. Our data demonstrate that MCMV infection perturbs
endosomal trafficking at the stage of sorting endosomes (SEs) and the
endosomal recycling compartment (ERC) and that these perturbations
are the earliest events in membrane reorganization which may re-
present initial steps in the biogenesis of the AC.

2. Results

2.1. MCMV-encoded function that perturbs early endosomal trafficking is
expressed at three hours after infection

We have previously shown that MCMV infection retains internalized
MHC-I proteins in the EPERC and initiate rapid loss of MHC-I from the
cell surface (Ilić Tomaš et al., 2010). We visualized MHC-I retention on
MCMV-infected cells by labeling cell surface MHC-I proteins with mAbs
at 4 h p.i. and detection of intracellularly accumulated mAbs after 3–4 h
of internalization, as described in Fig. 1A. With this protocol almost
80% of cell surface MHC-I proteins are dislocated and retained in the
EPERC, resulting in a bright immunofluorescence signal in the juxta-
nuclear area (Fig. 1A). The EPERC also developed with the same pattern
after infection with Δm138-MCMV (Fig. 1A), a virus without the gene
encoding a protein with Fc receptor properties (Crnković-Mertens et al.,
1998), which excludes unspecific detection of antibodies due to the FcR
binding. By using this protocol, we concluded that the retention is in-
itiated at 4–6 h post infection (p.i.), but we were unable to define
whether the retention is induced by an MCMV-encoded function and, if
so when this function is expressed.

To determine the time of expression of MCMV-encoded function
which elicits the development of the EPERC, we performed inter-
nalization of MHC-I in cells treated with cycloheximide (CH), a re-
versible inhibitor of protein synthesis, followed by treatment with ac-
tinomycin D (Act D), an inhibitor of transcription (Fig. 1B). The three
hrs CH treatment followed by four hrs of Act D, a condition that allows
enhanced expression of IE genes (Bühler et al., 1990), did not result in
the loss of MHC-I from the cell surface and the development of the
EPERC (Fig. 1B). These data indicate that the development of the
EPERC is neither the direct effect of the MCMV ie1 and ie3 gene product
nor the effect of membrane vesicles (exosomes, microvesicles or exo-
some-like vesicles) that contaminate virus sample used for infection nor
the cellular stress caused by the infection conditions. Replacement of
CH with the fresh medium for one or two hours (1 h and 2 h window,
respectively), which allows expression of a set of early (E) gene tran-
scripts (Bühler et al., 1990; Marcinowski et al., 2012), followed by 4 h
of their enhanced expression under the presence of ActD, did not result
in the cell surface MHC-I loss and the development of the EPERC
(Fig. 1B), indicating that none of the MCMV-encoded functions that is
expressed within the first two hours perturbs MHC-I endosomal traf-
ficking. However, replacement of CH with the fresh medium for three
or four hours (3 and 4 h window) resulted in the MHC-I loss and de-
velopment of the EPERC (Fig. 1B). These data indicate that the en-
dosomal perturbation that leads to the development of the EPERC is an
effect of MCMV-encoded function that is expressed after 2–3 h of the E
gene expression. Altogether, given that transcription of E genes starts
30–60 min after infection (Lacaze et al., 2011; Marcinowski et al.,
2012), our data indicate that MCMV-encoded function that elicits the
endosomal perturbation appears at ~ 3 h p.i., which is associated with
the loss of MHC-I from the cell surface after the fourth hour of infection
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