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Abstract

1 Abstract

Cytomegaloviruses (CMVs) have co-evolved with their respective hosts for many years and are
known to be strictly species specific. While CMVs can infect cells of a foreign host, they cannot
replicate in them, and the underlying mechanisms of the species restriction remain poorly
understood. Recently, it was shown that murine CMV (MCMV) can be adapted to human
epithelial cells, a phenotype attributed to adaptive mutations in several genes. While
comprehensive analysis revealed that inhibition of apoptosis, dispersion of PML-nuclear
bodies, and prevention of E2F-mediated gene transcription are important for crossing the
species barrier in human epithelial cells (RPE-1), the replication of these adapted viruses was
still attenuated in human fibroblasts. To date, why MCMV replication is restricted in human
fibroblasts had not been addressed. Preliminary studies indicated that MCMV M28 is an
important factor in species specificity.

The aim of this study was to investigate the function and molecular mechanism of M28 in
cross-species infection in human fibroblasts. In this study, | identified M28 as a novel host
range determinant important for the fibroblast adaptation. Specific introduction of missense
or stop mutations in M28, in addition to others, promoted efficient replication in human
fibroblasts, whereas replication of MCMV-M28stop in murine fibroblasts was not impaired. In
this study | could show that M28 is expressed with early kinetics, localizes to the cytoplasm,
and binds to the SHC-transforming protein 1 (SHC1). SHC1 is an essential scaffold protein of
the epidermal growth factor receptor (EGFR) and other receptor tyrosine kinases. It is
phosphorylated upon EGFR stimulation and activates mitogen-activated protein kinases
(MAPK) and phosphoinositide-3-kinase/AKT signaling pathways, which are involved in cell
cycle regulation, proliferation, and survival. During infection, M28 interacts with SHC1 and
prevents its phosphorylation thus restraining further downstream signaling of MAPK/ERK and
PI3K/AKT. However, in primary MEFs phosphorylation of SHC1 was not affected in the
presence or absence or M28, suggesting another mechanism of action in murine fibroblasts.
Moreover, a transient knockdown of SHC1 in infected MRC5 cells reduced viral titers of an
MCMV mutant lacking M28. Taken together these results suggest that expression of M28
restricts viral replication in human fibroblasts by binding to SHC1 and inhibiting downstream
signaling. Conversely, SHC1 functions as a pro-viral factor in MCMV cross-species infection of

human fibroblasts.
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Zusammenfassung

2 Zusammenfassung

Cytomegalieviren (CMV) haben sich tGber die Jahre mit ihrem Wirt parallel entwickelt und sind
als strikt Spezies-spezifisch bekannt. CMV ist in der Lage Zellen artfremder Spezies zu infizieren,
kann sich jedoch nicht in ihnen vermehren. Die zugrunde liegenden Mechanismen der Spezies-
Spezifitat sind bisher nur unzureichend verstanden. Kiirzlich wurde gezeigt, dass eine spontan
entstandene murine CMV (MCMV) Mutante in humanen Epithelzellen repliziert und die
Fahigkeit der Replikation mit dem Auftreten adaptiver Mutationen in mehreren Genen
einhergeht. In umfassenden Studien wurde gezeigt, dass die Inhibierung apoptotischer
Signalwege, die Zerstérung von PML-nuclear bodies und die Unterdriickung von E2F-
vermittelter Gentranskription fir die Uberwindung der Spezies-Barriere in humanen
Epithelzellen eine bedeutenden Rolle spielen; eine effiziente Replikation in humanen
Fibroblasten jedoch weiterhin stark eingeschrankt war. Bisher konnte nicht ausreichend
geklart werden welche zugrunde liegenden Mechanismen fiir die attenuierte Replikation in
humanen Fibroblasten verantwortlich sind. Vorlaufige Studien wiesen darauf hin, dass das
MCMV protein M28 ein wichtiger Faktor fiir die Spezies-Spezifitat ist.

Das Ziel dieser Arbeit war es die Funktion und den molekularen Mechanismus von M28, als
potenzielle Determinante des Wirtspektrums, zu untersuchen. In dieser Studie konnte ich
M28 als eine neue Determinante des Wirtspektrums identifizieren, die fiir die Uberwindung
der Spezies-Barriere in humanen Fibroblasten eine bedeutende Rolle spielt. Die Einflihrung
spezifischer M28 missense oder stop Mutationen, neben anderen Mutationen, forderten die
effiziente Replikation in humanen Fibroblasten. Die Replikation einer M28 defizienten
Mutante in murinen Fibroblasten jedoch nicht beeintrachtigt war. M28 konnte als frihes
Protein (early) identifiziert werden und ist im Cytoplasma lokalisiert. Dort bindet M28 an das
SHC-transforming protein 1 (SHC1). SHC1 ist ein zelluldres Adapterprotein des epidermal
growth factor receptors (EGFR) und anderen Rezeptor- Tyrosinkinasen. Durch die Stimulierung
von EGFR mit Wachstumsfaktoren wird SHC1 phosphoryliert, aktiviert Mitogen-aktivierte
Proteinkinasen (MAPK) und die Phosphoinositid-3-Kinase/AKT-Signalwege, die an der
Regulierung des Zellzyklus, der Proliferation und apoptotischen Signalwegen beteiligt sind.
Wahrend der Infektion interagiert M28 mit SHC1, verhindert die Phosphorylierung von SHC1
und hemmt die stromabwarts liegenden Signalwege MAPK/ERK und PI3K/AKT. In murinen

Fibroblasten wurde die Phosphorylierung von SHC1 in Gegenwart oder Abwesenheit von M28
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Zusammenfassung

jedoch nicht beeintrachtigt, das auf einen anderen molekularen Mechanismus in murinen
Fibroblasten hindeutet. In humanen Fibroblasten fihrte ein transienter Knockdown von SHC1
zu einer eingeschrankten Replikation und niedrigeren viralen Titern einer M28 defizienten
Mutante. Zusammenfassend deuten die Ergebnisse darauf hin, dass die Expression von M28
die virale Replikation in humanen Fibroblasten tber die Bindung an SHC1 einschrankt, um die
weiteren stromabwarts gerichtete Signalwege zu beeintrachtigen. Umgekehrt konnte SHC1
als ein pro-viraler Faktor identifiziert werden, der an der Anpassung von MCMV an humane

Fibroblasten beteilig ist.
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3 Introduction

3.1 Cytomegalovirus
3.1.1 Epidemiology and pathology

Clinical signs characteristic of cytomegalovirus infection were firstly reported in 1904 and
named as cytomegalic inclusion body disease (CIBD) [1]. 50 years later, CMV was isolated and
propagated by Margaret Smith and Thomas H. Weller [2, 3]. Human cytomegalovirus (HCMV)
is one of the most important human pathogens in immunocompromised individuals such as
organ transplant or HIV infected patients. In the case of congenital infection, cytomegalovirus
is the most common cause of long-term disabilities, like mental retardation and sensorineural
hearing loss in newborns [4, 5]. Transmission from primarily infected mothers to the fetus
occurs in 30-40% of cases, whereas only a small number (0,6-1,4%) of seropositive mothers
transmit the virus either during gestation, delivery or later on via breast feeding [6-8]. In the
general population, the virus is transmitted via body fluids, such as urine, saliva, breast milk,
semen, vaginal fluids, and blood transfusions [9]. The worldwide seroprevalence of HCMV
ranges from 40- 100% depending on the socioeconomic status of the region and hygienic
habits [6, 10] (Figure 1). A recent study performed in Germany reported a cytomegalovirus
seroprevalence of 57% with a higher seroprevalence for women (62%) than men (51%) [11].

The course of infection inimmunocompetent individuals is mainly subclinical, with mostly mild
and flu-like symptoms that spontaneously regress due to efficient viral control by the immune
system. Nevertheless the virus is not eradicated, and the acute phase of the infection is
followed by a latent infection in which the virus remains lifelong in the body with occasional
sporadic reactivation events [12]. In rare cases, cytomegalovirus infection can also lead to
mononucleosis-like illness. On the other hand, in immunocompromised patients like AIDS- or
organs transplant patients, both HCMV infection and reactivation can lead to severe diseases
like pneumonitis, hepatitis, myocarditis or cardio-vascular diseases [8]. Due to the
development of HIV specific treatment with highly active antiretroviral therapy (HAART), the
risk of severe complications of an HCMV infection in HIV patients has decreased over time [13].
Unfortunately, HCMV s still an important morbidity factor in patients undergoing
hematopoietic stem cells transplantation and in seronegative patients receiving a solid organ

from seropositive donors [14].
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The therapeutic strategies are limited: both infected immunocompromised patients and
congenitally infected newborns can be treated with the first line antivirals ganciclovir or its
derivate valganciclovir. In the case of viral resistance, foscarnet or cidofovovir may substitute
ganciclovir. All of these antivirals target the DNA polymerase complex and thereby inhibit viral
replication. However, all mentioned antivirals have strong side effects like myeloid- and
nephrotoxicity and cannot be applied during pregnancy nor in patients severely ill [5, 15, 16].
Recently, a new antiviral, letermovir, has been discovered and approved for CMV prophylaxis
treatment in transplant recipients in 2018. LTV targets the viral terminase complex
components pUL56 and pUL89 and inhibits viral DNA processing and packaging. LTV can be an
alternative treatment in case of viral resistance against other antivirals [15]. However, first
case studies reported emergence of a CMV resistant strain after allogeneic hematopoietic-cell
transplantation during secondary prophylaxis with LTV [17]. Therefore, the awareness and

prevention of an HCMV infection is of high importance as no vaccine is available.

Figure 1: Worldwide seroprevalence of HCMV in adults [18].
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3.1.2 Classification and Structure

A hallmark of all herpesviruses is their large DNA genome, their ability to persist in the host
and establish a lifelong latency after a primary infection. Additionally, herpesviruses are
classified into alpha-, beta- and gamma- subfamilies, depending on the different replication
properties, cell tropism and host range. The prototypic of alpha-herpesviruses is Herpes
Simplex Virus 1 (HSV-1), characterized by a very fast replication cycle and a broad host range.
Human and murine cytomegaloviruses are the most representative members of the sub-
family beta-Herpesvirinae [19]. A characteristic shared by CMV is the strict species-specificity,
which means the virus can only replicate in cells of its own or closely related host species [20].
The strict species-specificity likely resulted from co-evolution of CMVs with their respective
hosts and reflects the optimal adaptation of the viruses to their natural environment. Due to
the strict host range, HCMV cannot be studied in animal models and instead the murine CMV
(MCMV) infecting mice is used for in vivo studies [21]. Finally, gamma-herpesviruses are
represented by Epstein-Barr virus (EBV) and Kaposi’s sarcoma associated herpesvirus (KHSV),
both viruses have a narrow host range and a slow replication cycle.

Irrespectively on their classification in alpha-, beta- or gamma- subfamilies, herpesviruses
share a common structure of the viral particles. The genome consists of a large double
stranded linear DNA (dsDNA) genome. For MCMV, the genome is about 230 kb in size and
encodes at least 170 open reading frames (ORF) [22]. The genome is enclosed by an
icosahedral nucleocapsid, which is surrounded by a protein matrix layer, which is called the
tegument. Tegument proteins are released into the cell immediately after viral entry and
function as important host-cell factors, which for instance modulate intrinsic cellular defenses
[23, 24]. The virion particle is 200-300 nm in diameter and surrounded by a lipid-membrane
layer containing several glycoprotein complexes, which are important for the attachment and

entry of the virus into the host cell [25] (Figure 2).
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Nucleocapsid
Tegument
Genome
Membrane

Glycoproteins

Figure 2: Virion structure of a cytomegalovirus particle.

A Schematic of a CMV particle including the indicated structures: genome, membrane, nucleocapsid,
tegument and glycoproteins http://www.virology.net/big_virology/bvdnaherpes.html B Electronic
microscopic image of HCMV [26].

3.1.3 Gene expression and replication

Cytomegaloviruses have a very strict host range, but a broad cell tropism. They can infect and
replicate in different cell types, for example fibroblasts, epithelial cells, endothelial cells,
monocytes/macrophages, smooth muscle cells, neuronal cells, neutrophils, and hepatocytes
[27]. The whole replication cycle of HCMV occurs within 72- 96 hours and in comparison,
MCMV completes its replication cycle in 24 hours. The following steps of the replication cycle
are described for HCMV as a model. The replication cycle is initiated by the attachment of the
particle to the cell. This process occurs via the adsorption of gB or gM/gN to heparin sulfate
proteoglycans (HSPGs) on the surface of the host cell [28, 29].

Once the particle is attached to the plasma membrane, viral entry into the target cell is
mediated by the glycoprotein complexes gB, gH and gL, which interact with tyrosine kinase
receptors [28] (Figure 3). The specific receptor for HCMV is controversial, and until now while
EGFR, PDGFR and neuropilin have been described as main receptors, Integrins are considered
as co-receptors [30-33]. After interaction with the receptors and co-receptors, the viral
envelope either fuses with the plasma membrane in a pH- independent manner, or instead
with the endosomal membranes, surrounding the viral particles that are internalized via
endocytosis or macropinocytosis [34]. After internalization the viral capsid and tegument

proteins are released into the cytoplasm (Figure 3).
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The viral capsid is transported along microtubules towards the host cell nucleus. The viral DNA
is delivered into the nucleus through the nuclear pores and a cascade of viral gene expression
is initiated [35]. Meanwhile, important tegument proteins counteract host cell immune
responses and regulate important gene regulatory functions [24].

Once the viral genome has entered the host cell nucleus, the virus can establish a lytic
infection, complete the replication cycle or instead establish latency and persist lifelong in a
“silent” state. Latency mostly occurs in hematopoietic stem cell precursors and myeloid cells
where the virus genome persists as episomal material, transcriptionally repressed and
therefore incapable to express immediate early genes [12, 36]. On the other hand, during the
lytic phase, viral genes are highly expressed and follow a strictly temporally ordered cascade.
First of all, the immediate early (IE) proteins are transcribed and act as transcriptional factors
and trans-activators of early proteins (E) (Figure 3). Afterwards, the immediate early proteins
IE2 (HCMV)/IE3 (MCMV) and the early proteins, encoded by gene regions UL112/113 (HCMV)
and M112/113 (MCMV), accumulate in close proximity to promyelocytic leukemia protein-
associated nuclear bodies (PML-NB), and recruit other viral factors, like the viral polymerase
to form the viral replication compartments [37, 38]. Viral DNA replication is initiated at the
origin of lytic replication (oriy:) and proceeds with a rolling cycle mechanism [39, 40]. In
parallel to the replication of the viral genomes, the late genes are expressed, and the viral
structural proteins are produced. Viral DNA and nucleocapsid proteins associate in the nucleus
and give rise to the capsids that move to the cytoplasm, where they enter the viral assembly
compartment (vAC) for final association with the tegument proteins. Tegumented capsids
acquire their final envelope by budding into the Golgi apparatus containing glycoproteins.
Finally, virus containing vesicles fuse with the plasma membrane, and viral particles are

released into the extracellular space (Figure 3).
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Figure 3: Replication cycle of cytomegalovirus.

Schematic steps of the CMV replication cycle. Detailed steps are described in text. viral assembly
compartment (vAC), endoplasmic reticulum (ER), Golgi dense bodies (black), IE immediate early-, DE
delayed early-, L late genes [41].

3.1.4 Factors counteracting innate sensing and viral restriction
3.1.4.1 Interferon response

The induction of interferons (IFN) is known to restrict HCMV and MCMV replication [42, 43],
while abrogation of the interferon response promoted efficient replication of HCMV [44].
Several observations indicated that interferon secretion might restrict viral replication in
foreign hosts, in particular in human fibroblasts [45]. On the other hand cytomegalovirus has
co-evolved with its host for many years and developed efficient counteraction mechanisms to
overcome host cell restriction factors, transcription inhibition and even cell death [19]. Even
though, it still remains elusive whether MCMV counteraction of the antiviral state operates in
the same fashion in foreign host cells.

The process of viral entry is sufficient to trigger the first defense mechanisms of a target cell.
Cellular sensing of microbial components results in the activation of innate and intrinsic
immune responses devoted to restrict viral replication, even at the cost of sacrificing the

entire cell. The viral DNA is one of the pathogens associated molecular patterns (PAMPS)
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recognized by pattern recognition receptors (PRRs), for instance Toll-like receptors (TLRs),
interferon inducible protein 16 (IFI16) or cyclic GMP/AMP synthase (cGAS).

The activation of these DNA sensors results in the induction of type | Interferons, release of
pro-inflammatory cytokines, like tumor necrosis factor (TNF)-alpha, and activation of viral
restriction factors. [46-48]. Initiation of the antiviral response starts with the recognition of
the virus by PRRs, like TLRs, RNA sensors RIG-I receptors (RLR), NOD-like receptors (NLRs), or
AIM?2-like receptor. Activation of TLRs leads to the activation of interferon regulating factor 3
(IRF3) and nuclear factor kappa B (NF-kB) and in turn induction of type | IFNs. TLR
engagements by HCMV PAMPs induce the expression of cytokines like IL-6 and IFN-B via
activation of NF-xB [49-51].

The MCMV protein M35 modulates type | IFN induction by targeting NF-kB signaling
downstream of PRRs [52]. Upon stimulation of interferon receptors, the activation of the janus
kinase (JAK) results in phosphorylation of signal transducer and activator of transcription 1
(STAT1) and STAT2 proteins. Subsequently binding to IRF9 and translocation to the nucleus
can induce interferon stimulated genes (ISG). HCMV and MCMV encode two antagonists to
target IFN signaling via STAT proteins. While HCMV IE1 forms a complex with STAT1/2 and
prevents induction of IFN, the MCMV protein M27 targets STAT2 for proteasomal degradation
[53, 54].

Viral dsDNA can be also recognized by cGAS [47, 55, 56]. Binding of cGAS to viral dsDNA
produces the second messenger cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP). cGAMP binds and activates ER-resident stimulator of interferon
genes (STING) and associates in the ER-Golgi with TANK-binding kinase 1 (TBK1). The binding
of TBK1 leads to phosphorylation of STING and the recruitment of interferon regulatory factor
3 (IRF3). This subsequently induces the expression of IFN-B3, which restricts CMV replication
[56, 57]. HCMV multifunctional protein UL82 (pp71) interacts with STING and iRhom2 to
inhibit complex formation of STING-TBK1-IRF3 and therefore circumvents the induction of IFN-
B and ISG56 [58]. More recently, two candidates, pUL31 and pUL42, have been identified to
target cGAS by inhibiting DNA binding and oligomerization via direct interaction [59, 60].
MCMV m152 was identified to impede the translocation of STING from the ER to the Golgi
compartment and thereby inhibits the type | IFN response [61].

Protein kinase R is a dsRNA sensor, induced by IFN and can recognize RNA intermediates,

produced during CMV replication [62, 63]. The activation of PKR in the cytosol causes the
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phosphorylation of the a subunit of the elF2 translation initiation factor (elF2a), which in turn
silences the global protein translation in the cell and restricts the progeny of new viruses [63].
By interacting with PKR and preventing phosphorylation of elF2a, MCMV proteins m142 and
m143 avoid protein synthesis shutoff and promote viral replication [64-66]. This mechanism

seems to be conserved between HCMV (TRS1, IRS1) and MCMV (m142, m143) proteins [67].

3.1.4.2 Nuclear domain 10

Promyelocytic Leukemia protein associated nuclear bodies (PML-NB), which are also referred
as nuclear domain 10 (ND10), are nuclear structures composed of several proteins like PML,
death-domain associated protein (Daxx), and SP100 [68]. ND10 are involved in essential
cellular functions such as regulation of gene transcription, proliferation, senescence,
apoptosis, and DNA damage response [69, 70]. Infection of human RPE-1 cells with an human
cell-adapted MCMV/h1 resulted in increased dispersion of ND10 structures indicating a role
in cross-species infection [71]. During CMV replication, ND10 structures were found in close
proximity to viral replication compartments, suggesting an important role for viral replication.
Indeed, ND10 structures are described to restrict viral replication of HCMV and MCMV by
silencing immediate early gene transcription [37, 72, 73]. It was shown that knockdown of
ND10 components lead to increased IE gene expression [68, 72]. To counteract ND10
restriction, CMV has evolved a mechanism to disprupt ND10 structures by the viral IE1 protein
[74]. Moreover, CMV replication can be also restricted via the repression of the major
immediate early promoter (MIEP) by histone deacetylase complexes (HDACs) [75, 76]. One
component of ND10 nuclear bodies is Daxx. Daxx is described as a repressor of IE gene
expression by inactivation of the viral DNA chromatin via the action of HDAC [77, 78]. The
multifunctional protein pp71is able to target Daxx for proteasomal degradation and therefore

relieve its repressive effect from the MIEP and promote IE gene expression [79].

3.1.4.3 Apoptosis

Another strategy used by the host cell to avoid viral replication and progeny of new viral
particles is to induce programmed cell death. Increased apoptosis was observed during MCMV
infection in human cells while inhibition of apoptosis allowed replication in foreign host cells

[80]. Apoptosis is one of several programmed cell death pathways, next to necroptosis and
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pyroptosis. Apoptosis is characterized by morphological changes of the cell, like cell shrinkage,
DNA fragmentation, and nuclear condensation. The apoptotic pathway is rather complex and
is regulated by an essential family of cysteine proteases called caspases. The pathway can be
activated by intrinsic or extrinsic stimuli. The extrinsic pathway is activated by the binding of
a ligand like FasL or tumor necrosis factor a (TNF-a) to death receptors at the plasma
membrane. This leads to subsequent activation of firstly initiator caspases, caspase-8 or
caspase-10 and then executor caspases caspases-3 and -7, that account for the degradation
of cellular components and DNA.

The intrinsic pathway is triggered by stimuli like cellular stress, growth factor deprivation, or
DNA-damage, and is regulated by B-cell ymphoma 2 (BCL-2) family members. This pathway is
characterized by mitochondrial outer membrane permeabilization caused by the pro-
apoptotic proteins BCL-2 homologous antagonist killer (BAK) and BCL-2-associated X protein
(BAX). This results in release of cytochrome C, which leads to the final activation of caspase-
9 and caspase-3. The anti-apoptotic protein BCL-xL and myeloid leukemia cell differentiation
protein (MCL-1) can efficiently sequester BAX and BAK and prevent apoptotic cell death [81,
82].

In order to ensure efficient viral replication CMV has evolved numerous strategies to
circumvent induced apoptosis. Several proteins of HCMV and MCMV have anti-apoptotic
functions: for examples the protein UL37x1 (vMIA) blocks the FAS-mediated apoptotic
pathway downstream of caspase-8 activation and sequesters pro-apoptotic protein BAX at the
mitochondrial membrane [83, 84]. The functional homologin MCMV, m38.5, also binds to BAK
and prevents permeabilization of the outer mitochondrial membrane [85, 86], whereas m41.1
(vIBIO) prevents BAK oligomerization [87]. The extrinsic pathway is targeted downstream of
death receptors by the protein pUL36 (vICA) during HCMV or by M36 during MCMV infection,
which inhibits caspase-8 activation [88-90]. MCMV encodes a multifunctional protein called
M45 (vIRA), which binds receptor-interacting protein 1 (RIPK1) and RIPK3 and prevents

necroptosis by inhibiting TNF receptor signaling [91, 92].
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3.1.5 Manipulation of the cell cycle by cytomegalovirus
3.1.5.1 Cell cycle of mammalian cells

During their life, cells proceed through a sequence of phases, called the cell cycle. These
phases include periods of cell growth, during which proteins are produced and DNA is
replicated, followed by cell division, when a cell divides into two daughter cells. Strict
regulation of the cell cycle ensures equal division of the cell constituents (cytoplasm,
organelles, and intact genome) and prevents uncontrolled cell proliferation, which can lead to
malignant transformation. The regulation is mainly controlled by a family of protein kinases,
called cycle-dependent kinases (CDKs) and its regulatory cyclin subunits [93]. The phasic
presence of CDKs is controlled by the anaphase-promoting complex (APC), an E3-ubiquitin
ligase, which targets CDKs for proteasomal degradation. In addition to APC, phosphorylation
of cyclins and CDKs is another mechanism to regulate the cell cycle .

The cell cycle is divided into four phases, G1, S, G2, and mitosis (M) phase with an optional GO
phase. Due to the complexity, the following steps are described in a simplified way. The GO
phase is described as a quiescent or resting cell state in which cells have exited the cell cycle.
The cycle starts with the G1 phase which involves expression of cyclin D, complex formation
with CDK4 or CDK®6, and in late G1 phase the phosphorylation of the retinoblastoma protein
(pRb) family member pRb, p130, and p107 [94]. This results in the release of E2F-dimerization
protein (DP) transcription factors from E2F-responsive promoter regions and subsequently
expression of cyclin E and progression of the cell cycle. This process drives the cell cycle, once
they have passed the restriction point at G1/S phase, independently of growth factors into S
phase in which the cellular DNA is duplicated [95]. S phase is characterized by the expression
of cyclin A and binding to CDK2, which in turn initiates DNA replication. After DNA replication
the cell enters G2 phase, which includes the induction of cyclin B and CDK1 association. During
G2, the cell synthetizes macromolecules, grows in size and prepares for the mitotic phase,
when the genetic material is segregated into two daughter cells. To ensure correct segregation
of spindles and to avoid transmission of genomic abbreviations, cells have to pass three
checkpoints at the transition from G1 to S phase, during S phase, and from G2 to M phase. In
case of genomic abbreviations, the cell cycle is arrested, and DNA damage repair mechanism

are induced. These checkpoints are mediated by two important proteins p53 and pRb [96].
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3.1.5.2 Cell cycle alteration by CMV

CMV is a master in manipulating the cell to ensure a suitable environment for its long
replication cycle. During its long co-evolution with the host, CMV has acquired the capacity to
exploit several strategies to alter the cell cycle, without interfering with cellular DNA
replication. It was observed that induction of E2F-target genes, such as cyclin E and B as well
as PCNA are detrimental for viral replication of MCMV in human RPE-1 cells. Therefore,
modulation of cell cycle components might be a mechanism to overcome the species barrier
of MCMV [97]. Moreover, it is likely that cell cycle regulation, in particular the duration and
timing, differs in murine and human cells.

HCMV can infect cells during all cell cycle stages but IE1 expression is only induced in GO and
early to mid G1 phase [98, 99]. HCMV pushes the cells towards the G1/S transition by altering
RNA transcription, proteins that are involved in cell cycle regulation, modulation of cyclin-
dependent kinases, posttranslational modifications of proteins, re-localization of proteins and
protein stability by degrading them [100]. On the other hand, MCMV can arrest the cell cycle
at G1/S or G2/M phase and can express |IE3 independently of the cell cycle phase [101] (Figure
4). It was observed that HCMV replicates efficiently in a so-called pseudo G1 phase which
includes inhibition of cellular DNA-synthesis but expression of specific G1, S, and M phase
gene products [99, 102-105]. For instance, during infection the induction of cyclin E, activity
of CDK2, accumulation of cyclin B, as well as low expression levels of cyclin A and D were
observed [102, 104, 106, 107] (Figure 4). Over the years, several CMV proteins have been
identified to modifiy the cell cycle. The multifunctional protein pp71 was described to target
hypo-phosphorylated pRb for proteasomal degradation. Moreover, the viral kinase pUL97
phosphorylates pRb. In both scenarios E2F/DP- transcription factors are released, which
results in expression of E2F-responsive genes and progression of the cell cycle [108, 109]
(Figure 4).

Recently, our group showed that the murine homolog of HCMV pUL117, M117, interacts with
E2F-transcription factors and activates E2F-target genes like cyclin E and PCNA while cells are
arrested at G1/S phase. Cells infected with M117 deficient virus cannot arrest the cell cycle in
G1, progress to S phase and instead arrest cells in G2/M phase [97]. The human CMV homolog
pUL117 acts in a different way by targeting the mini-chromosome maintenance complex to
suppress cellular DNA synthesis [110]. The viral protein IE1 is able to arrest the cell cycle in

G2/M phase and S phase and the IE2 protein can block the cell cycle at the G1/ S transition.
25



Introduction

However, most studies were not done in context of infection. Deborah Spector’s group was

able to show that during infection with IE2A aa33-77 mutant, cyclin E levels were altered [111]

(Figure 4).
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Figure 4: Modulation of the cell cycle by cytomegalovirus proteins.

CMV is able to promote the cell cycle towards G1/S phase to ensure a suitable environment for viral
replication, which includes inhibition of cellular DNA synthesis, inhibition of the APC, upregulation of
cyclin E and B, and low levels of cyclin A. The tegument protein pp71 can target pRb for proteasomal
degradation and pUL97 can phosphorylate pRb. This results in the release of E2F/DP-transcription
factors and progression towards S phase. The viral protein IE1 can arrest the cell cycle in G2/M and S
phase, and IE2 can inhibit the cell cycle at the G1/S transition. pUL69 can arrest the cells with a G1
DNA- content [100].

3.1.5.3 LIMD1 as potential cell cycle regulator

The LIM domain containing protein 1 (LIMD1) belongs to the Zyxin protein family and can
shuttle from the nucleus to the cytoplasm. It is described as a scaffold protein for signal
transduction and cytoskeletal mechano-transduction [112, 113]. LIMD1 is a tumor suppressor

and has been found in many malignant tumors such as breast, lung, and neck squamous cell
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carcinomas as well as in patients with acute leukemia [114-117]. Moreover, LIMD1 is involved
in hypoxic regulation of Hypoxia-inducible factor 1-alpha, which is an important key player in
tumorigenesis, proliferation, and malignancies [118, 119]. E2F-transcriptions factors interact
with DP proteins and can have activating and repressive effects on promoter regions with an
E2F-response element. E2Fs act downstream of pRb and are involved in cell cycle progression,
DNA repair and apoptosis [120]. Sharp and colleagues were able to show that the protein
LIMD1 carries a pRb-binding site (Figure 5) and can interact with pRb to inhibit E2F-mediated
transcription. The binding of LIMD1 to E2F has in turn repressive effects on E2F- target genes,
with E2F responsive promoters. Furthermore, LIMD1 can reduce tumor growth and inhibit
proliferation in vitro and in vivo [115]. More recently LIMD1 was observed being
phosphorylated during mitosis by CDK1 and c-Jun NH2-terminal kinases 1/2 (JNK1/2). Lack of
LIMD1 resulted in a shortened mitosis phase and progression of the cell cycle [121]. In the
context of viral infection, the EBV LMP1 protein upregulates LIMD1 via IRF4 and NF-xB during
latency [122]. Due to these findings, LIMD1 could be a potential target to regulate E2F-

dependent cell cycle regulation during cross-species infection.

pre-LIM region

A
[ |
NH, -ri i LIM1| | LIM2 | [LIM3 |-COOH
1 NES 134 404 pr 442 472 NLS 676
binding
region

Figure 5: Predicted protein structure of LIMD1.

The LIMD1 protein contains three LIM domains located at the C-terminus, a proline/serine rich region and a N-terminal
region with a LEM domain. It contains a pRb binding site at position aa 404-44 as well as a nuclear export signal (NES) at
position 54-134 [115]. modified from http://atlasgeneticsoncology.org/Genes/GC_LIMD1.html

3.1.6 Modulation of receptor tyrosine kinase signaling during CMV infection
3.1.6.1 Receptor tyrosine kinases

Receptor tyrosine kinases (RTKs) are cell surface receptors extensively investigated since their
first discovery more than 40 years ago. Human RTKs can be classified into 20 subfamilies and
participate in diverse functions, such as proliferation, cell survival, and cell cycle control.

However, the mechanism of action and the key components are conserved among different
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species [123]. Some well described RTKs are the platelet derived growth factor (PDGFR),
epidermal growth factor (EGFR), vascular growth factor (VEGFR), insulin-like growth factor
(IGFR), and fibroblasts growth factor receptor (FGFR). The activation of RTKs by ligands or the
internalization of the receptor, trigger different signaling pathways, which are important for
efficient entry or replication of viruses. Several studies revealed that downstream signaling of
RTKs is modulated by viruses to escape from host defense mechanism [124]. The fact that
activation of RTKs regulates proliferation, cell cycle and survival, known mechanism important
for crossing the species barrier of MCMV, investigations of RTK-mediated signaling could be

of particular interest.

3.1.6.2 Epithelial growth factor receptor

The activation of EGFR leads to the initiation of many different signaling cascades for instance,
RAS, mitogen activated protein kinases (MAPK), Phosphoinositide 3-kinases (PI3K)/AKT
(Proteinkinase B), mammalian target of rapamycin (mTOR) or JAK/STAT pathways [123]. It
starts with binding of a ligand (e.g. EGF, TGF-alpha) to the extracellular receptor, which is
generally followed by the dimerization of the extracellular domains and activation of the
intracellular kinase domain. This results in autophosphorylation of the receptor and
phosphorylation by other kinases, such as proto-oncogene tyrosine-protein kinase (c-Src) or
focal adhesion kinase (FAK). Phosphorylation causes the recruitment of other signaling
proteins or adapters, for instance SHC-transforming protein 1 (SHC1) and growth factor
receptor-bound protein 2 (GRB2) to the receptor [125-127]. Moreover, ligand activation of
EGFR leads to its internalization and translocation to endosomes [128]. Adapter proteins do
not function as effector kinases, but recruit and activate in turn other proteins, which activate

further downstream signaling.

3.1.6.3 SHC adapter protein 1

The SHC1 protein is an adapter protein that plays a role in mitogen activation of protein
kinases, differentiation, and survival signaling by different receptors. This includes signaling
through growth factor signaling receptors, Integrins, antigen receptors, cytokine receptors, G-

protein coupled receptors, or insulin receptors [129]. SHC1 is mainly localized into the
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cytoplasm and is recruited to the plasma membrane upon ligand binding. In addition, SHC1
and EGFR were also observed in endosomes upon ligand stimulation [130].

The protein is involved in different signaling pathways, like RAS-MAPK/ERK or PI3K/AKT
signaling, which regulate proliferation and cell survival. The tyrosine-phosphorylation of SHC1
at position Y239/240 was described to activate c-MYC expression as well as regulation of cell
cycle progression via Integrins [131, 132]. SHC1 is ubiquitously expressed with three isoforms
of 46, 52, and 66 kDa (Figure 6), which are produced by alternate translational start sites and
splicing [133] [134]. They all contain a conserved N-terminal PTB as well as a CH1 and a C-
terminal SH2 domain (Figure 6). Moreover, three tyrosine phosphorylation sites exist at the
CH1 domain, Y239, Y240 and Y317, which serve as a binding site for the protein GRB2 to
activate the RAS-MAPK/ERK pathway and PI3K-AKT signaling [135-137]. It was observed that
SHC1 binds to the GRB2-associated binding protein 1 or 2 (GAB1/2), which is involved in PI3K-
AKT signaling [138]. SHC1 mediates Insulin growth factor-I (IGF)-stimulated PI3-kinase/AKT
activation via complex formation of SHC/GRB2/GAB2 in vascular smooth muscle cells [139]
[140]. Besides RAS-MAPK/ERK and PI3K/AKT signaling SHC1 regulates oxidative stress
responses and cytoskeleton rearrangements [141].

Moreover, SHC1 plays also an important role during virus infections. Middle T antigen from
polyomavirus interacts with SHC1 and GRB2, which resulted in GAB1 phosphorylation , PI3K
activation, and caused a tumorigenic phenotype of cells [142]. The disruption of the
SHC1/GRB2 complex during Abelson murine leukemia virus infection, affected cell
proliferation [143]. Nevertheless, the HSV-1 VP11/12 protein also interacts with SHC1, p85,
and GRB2 and modulates AKT activation however the interaction with SHC1 showed only a

minor effect on downstream signaling [144, 145].

O N~

N ®

>> >
PTB CH1 SH2 p46 SHC1

&2 =

AN o

>> >
PTB CHA1 SH2 p52 SHC1

[o)]=] N~

3 &
CH2 PTB CH1 SH2 p66 SHC1

Figure 6: Schematic of SHC proteins.

SHC1 is expressed with three isoforms 46-, 52-, and 66kDa due to alternate translational start sites and
splicing. They all contain a conserved N-terminal PTB as well as a CH1 and a C-terminal SH2 domain.
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Three conserved tyrosine phosphorylation sites exist at the CH1 domain at position Y239, Y240 and
Y317. In addition, the large isoform p66 is shown with an additional serine phosphorylation site at the
CH2 domain at position S36. modified from [141]

3.1.6.4 RAS-MAPK/ERK pathway

The RAS-MAPK/ERK pathway is involved in many cellular mechanisms, such as proliferation,
inhibition of apoptosis, differentiation and migration. For those reasons, in particular
inhibition of apoptosis or regulation of the cell cycle, targeting of the EGFR-mediated signaling
might be supportive for MCMV to cross the species barrier. The activation of the RAS-
MAPK/ERK pathway starts with a ligand binding to EGFR, which in turn dimerizes and auto-
phosphorylates. It binds either directly to GRB2, phosphorylates SHC1 or phospholipase C
gamma 1 (PLC-yl). GRB2 is recruited to SHC1 and EGFR, followed by binding to son of
sevenless 1 (SOS1), a guanine nucleotide exchange factor, which activates the GTPases RAS
and RAF (Figure 7). Activation of RAF and RAS is followed by phosphorylation of the kinases
MEK1/2, which in turn phosphorylate the serine/threonine kinases ERK1/2. Once ERK1/2 is
phosphorylated, it translocates to the nucleus or stays in the cytoplasm and activates several
target genes. For instance, in the nucleus, it acts as a transcription factor and leads to the
activation of target genes like ELK1, c-fos, c-Jun (AP-1), cyclin D, c-MYC, cAMP-response
element binding protein (CREB) and anti-apoptotic genes of the BCL-2 family [125]. AP1 can
bind to the promoter region of cyclin D and promotes cell cycle progression at G1 phase [146]

(Figure 7).

3.1.6.5 PI3K pathway

The PI3K downstream effector of EGFR regulates motility, metabolism, proliferation and
survival. Promotion of survival via the downstream signaling of PI3K might be of particular
interest to limit apoptosis in human fibroblasts during cross-species infection [80]. After
stimulation of EGFR, GRB2 or SHC1 bind to GAB1/2 and recruit the p85 regulatory subunit of
PI3K, which in turn binds to the p110 catalytic domain. The binding results in conversion of
PIP, into PIPs;, recruitment of phosphoinositide-dependent kinase 1 (PDK1) and
phosphorylation of AKT by PDK1 and mTORC2. Target genes important for survival are induced
or anti-apoptotic genes are inhibited, for instance, inhibition of pro-apoptotic genes like

caspase-9 or BAD (Figure 7).
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Moreover, AKT phosphorylation results in upregulation of pro-survival myeloid leukemia 1
protein (MCL-1) [125, 147]. The activation of AKT can also lead to phosphorylation and
inhibition of CDK inhibitors p21“** and p27%"” leading to cell cycle progression towards S phase

[125, 147, 148].
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Figure 7: EGFR-mediated signaling downstream of SHC1.

EGFR binds a ligand (growth factor), dimerizes and auto-phosphorylates. It then binds directly to GRB2
or phosphorylates and recruits SHC1 to the plasma membrane. GRB2 binds SOS, which in turn activates
the GTPases RAS and RAF. RAF phosphorylates and activates the kinases MEK1/2, which
phosphorylates ERK1/2. Activated ERK1/2 acts in the nucleus as a transcription factor to regulate AP-
1, c-MYC, cyclin D, and other anti-apoptotic genes of the BCL-2 family. GRB2 can also recruit GAB1/2
to activate PI3K. The binding results in conversion of PIP; into PIPs and recruitment of AKT and its
phosphorylation by PDK1 and mTORC2. AKT inhibits other proteins involved in apoptosis inhibition of
BAD or induces the ani-apoptotic protein MCL-1.

3.1.6.6 Modulation of EGFR-mediated signaling by cytomegalovirus

EGFR-mediated signaling, in particular RAS-MAPK/ERK and PI3K/AKT pathways are known to
be modulated by numerous viruses [149-151]. Several studies showed that cytomegalovirus
impairs EGFR signaling. Moreover, the entry receptor being important of HCMV is

controversial discussed like EGFR, Integrins as Co-receptors, and PDGFR [28, 30-33, 152]. The
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glycoprotein gB was observed to activate EGFR, while gH interact with Integrins, leading to
further downstream signaling [152, 153].

However, the importance of EGFR downstream signaling is greater during the establishment
of latency and reactivation of HCMV in CD34* hematopoietic progenitor cells (HPCs). The
proteins pUL138 and pUL135 interact with EGFR. pUL138 enhances cell surface expression and
signaling of EGFR while pUL138 promotes the turnover and inhibition of EGFR and PI3K
facilitates reactivation of HCMV [154]. More recently, Felicia Goodrum’s group defined the
mechanism in more detail. The pUL135 interacts with the host adapter proteins CIN85 and
affects EGFR trafficking and turnover to regulate latency [155]. The inhibition of MEK/ERK,
STAT, or PI3K/AKT downstream of EGFR resulted in increased viral reactivation of latent
infected CD34* HPC, whereas HCMV diminishes EGFR downstream signaling in productive
infection of fibroblasts [156].

During HCMV infection, MEK/ERK signaling is upregulated in CD34* HPCs and contributes to
the upregulation of the pro-survival protein MCL-1, decrease of the pro-apoptotic BIM and
PUMA and thus preventing cell death. [157, 158]. However another group showed that, in the
context of a productive infection, HCMV induces activation of ERK1/2. It was described that
ERK1/2 phosphorylates IE2, with this modification being important for its transactivation
function [159-161]. Specific inhibition of MEK1/2 upstream of ERK1/2 reduced viral titers and
replication [162]. During HSV-1 infection, ERK1/2 is activated and translocated in a spatio-
temporal fashion that mediates G1/S phase progression and promote efficient viral replication
[163]. These studies show that also during productive HCMV and HSV-1 infection, ERK1/2 is
important for efficient replication.

Little is known about MCMV and EGFR signaling. However, in a mouse salivary gland organ
culture model it was shown that EGFR was highly expressed in salivary glands tumors and
ERK1/2 phosphorylation was necessary for MCMV-induced pathogenicity in submandibular
salivary glands [164]. The PI3K pathway is also described to play a role during cytomegalovirus
infection. Activation of PDGFR upon entry of HCMV leads to IE1 and IE2 mediated
phosphorylation and activation of AKT at later times [32, 165]. Moreover, specific inhibition
of PI3K during HCMV infection, reduced expression levels of IE and E genes as well as
decreased viral replication [166]. Another study showed that MCMV activates PI3K signaling,

and specific inhibition of this pathway reduced salivary gland pathology [164]. PI3K dependent
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activation of the pro-survival MCL-1 protein prevents HCMV infected monocytes from cell

death [167].

3.1.7 Species specificity of cytomegalovirus

CMV species specificity has been known since the first isolation and propagation of MCMV
and HCMV in the 1950-70s, as observed by Margret Smith and Thomas H. Weller [2, 3]. The
productive infection of CMV is restricted to its natural hosts or closely related host species.
For instance, MCMV replicates only in murine and rat cells and likewise HCMV and simian CMV
can only replicate in human and chimpanzee cells. The rat CMV strain Maastricht, can only
replicate in its native host, rat cells (reviewed in [20]).

It has been often observed that CMV can infect cells of a foreign host but this leads to the
expression of only IE, and a few early genes and not complete replication. This phenomenon
is described as a post penetration block of viral gene expression and replication, suggesting
that cross-species restriction does not result from insufficient entry of the virus [168-172].
However, the underlying mechanisms of the species specificity of CMV still remains poorly
understood. A more recent study has shown that apoptosis plays an important role in cross-
species infection. It has been observed that MCMV can replicate to low titers in human
embryonic kidney cells (HEK293) as well as human embryonic retinoblasts cells (911). Both cell
types have been transformed with the adenoviral E1A and E1B genes, which are described as
transcriptional activators, cell cycle regulator (E1A) and anti-apoptotic gene (E1B) [173, 174].
The induction of apoptosis can limit late viral gene expression and replication of MCMYV in
human cells. It has been reported that apoptosis is less induced when viral replication is
inhibited [80]. Furthermore, overexpression of an anti-apoptotic gene of the BCL-2 family or
overexpression of the viral apoptosis inhibitor vMIA (UL37x1) facilitated MCMV replication in
retinal-pigment epithelial cells (RPE-1) [80]. This observation was supported by our laboratory
by infection of RPE-1 cells with a spontaneously emerged human cell-adapted MCMV, referred
as MCMV/h1, which showed reduced induction of apoptosis [71].

Apart from apoptosis, other studies have proposed PML-NB, also referred as PML-nuclear
domain (ND10), as a restriction factor capable of limiting viral replication in foreign hosts [175].
Both the expression of HCMV proteins IE1 and the infection with UV-inactivated HCMV,
providing tegument proteins such as pp71, led to MCMYV replication in human cells, at least to

low titers. This raised the speculation that both proteins could facilitate the disruption of ND10
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structures and thereby allow replication of MCMV in a foreign host cell [176]. This hypothesis
is in line with the observation that MCMV/h1 disrupts ND10 structures more efficiently than
MCMV wild type virus [71].

In our laboratory, stepwise adaptation of MCMV to foreign host cells has been employed to
study and identify host range determinants of the species specificity. By whole genome
sequencing of MCMVs adapted to human cells, the gene regions M112/113 and M117 have
been identified as determinants of viral replication in human cells. However, mutated
M112/113 and M117 MCMV did not facilitated replication in RPE-1 cells to the same extent
as the human cell adapted MCMV/h1, which indicated occurrence of additional genomic
alteration in the genome [71, 97].

The gene region M112/113 encodes the viral early (E1) proteins, which are important for the
formation of replication compartments [177]. However, the function of M112/113 in cross-
species infection is not clear and it is suggested that mutations in the E1 coding region might
impact splicing events and balance or stability of various E1 isoforms [71]. Ostermann et al.
showed that the interaction of M117 with E2F-transcription factors downregulates activation
of E2F-responsive genes like cyclin E, cyclin A, and proliferating cell nuclear antigen (PCNA) in
human cells. Moreover, chemical inhibition of E2F3 facilitated moderate MCMV-wt replication
in RPE-1 cells, suggesting that E2F-activation of target genes is detrimental for viral replication
in human cells [97].

MCMV/h1 can replicate to high titers in RPE-1 cells, but replication is more restricted in human
fibroblasts. In addition, RPE-1 cells, which have been employed to adapt MCMV to human cells,
differ in response of IFN-3 compared to human fibroblasts [45]. It was observed that plaques
formed by MCMV/h1 did not increase in size and regressed after several days in infected
MRCS5 cells. This observation led to the hypothesis that secretion of cytokines like interferon-
B (IFN-B) restricted viral infection to neighboring cells [45]. This idea was supported by a study
that Myxoma virus from rabbit, a poxvirus, was able to cross the species barrier by disruption
of the ERK-dependent type | interferon induction [178].

The dsRNA sensor Protein kinase R (PKR) is described to be induced by interferons. MCMV
mutants deficient in m142 and m143 replicated worse in murine cells when the HCMV
homolog TRS1 was expressed instead, provided in cis or trans [66]. Moreover, TRS1 of HCMV
and rhesus CMV are only able to inhibit PKR from the respective species, suggesting a potential

role of PKR during cross-species infection [179].
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By adding IFN-B neutralizing antibodies to MCMV/h1 infected MRC5 cells, followed by
passaging them for several times, the virus was able to replicate more efficiently and
accumulated additional genomic alterations [45]. MRC5 cells infected with the isolated
fibroblast-adapted MCMV (MCMV/h1-fa) did not show any difference on induced IFN-3 mRNA
levels compared to the parental virus (MCMV/h1) [45]. Complete genome sequencing of two
different fibroblast adapted MCMVs (MCMV/hl-fa and MCMV/112-117-fa2) identified
mutations in the gene region M28 in addition to other mutations [45, 180]. Introduction of a
M28 point mutation into a mutant, carrying mutations in M112/113+M117, was sufficient to
increase virus replication in human fibroblasts. These preliminary results ,obtained during my
master project, indicated that the gene region M28 is an important factor for the species

specificity of CMV [180].
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4 Aim of the study

Cytomegaloviruses have co-evolved with their respective hosts for many years and are highly
species-specific with a limited host range. Stepwise adaptation of MCMV to human cells has
been described as a valuable tool to identify host range determinants of MCMV [45]. Previous
studies suggested that induction of apoptosis, disruption of ND10 structures, and more
recently E2F-mediated gene regulation are important for the restriction of MCMV replication
in human epithelial cells [71, 80, 97]. However, the underlying molecular mechanisms and
general principles of counteraction still remain poorly understood. In particular, the
underlying mechanisms of the restriction and adaptation of MCMV to human fibroblasts have
been not elucidated.

The main aim of this study was to investigate the molecular mechanisms involved in the
adaptation of MCMV to human fibroblasts while identifying and characterizing M28 as a
potential host range determinant and its function in cross-species infection.

New insights into the principles of adaption of MCMV to other cell types, in particular human
fibroblasts, could identify general or overlapping mechanisms of the species specificity of
cytomegalovirus. The identification and functional characterization of so far neglected host
range determinants will increase our understanding of host cell restriction and intrinsic

responses of CMV in general.
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5 Results

5.1 Identification of MCMV M28 as a host range determinant

Cytomegaloviruses are opportunistic pathogens with a highly restricted host range. They can
only replicate in their natural or closely related hosts [20]. Nevertheless, our group has shown
for the first time that MCMV can be adapted to human retinal pigment epithelial cells (RPE-1)
by several passaging this virus in cell culture [45]. The capability to efficiently replicate in these
cells is associated with adaptive mutations in several genes, including the gene region
M112/113 and M117. The RPE-1 cell-adapted MCMVs, (MCMV/h1, MCMV/h2, and
MCMV/h3), did not completely cross the human species barrier as its replication remained
more restricted in HFF and MRC5 human fibroblasts [71, 97]. Moreover, an MCMV mutant
with mutations introduced in the gene region of M112/113+M117 did not lead to efficient
replication in human fibroblasts [180]. Preliminary experiments performed during my master
project indicated that the gene region M28 could play an essential role for MCMV adaptation
to human fibroblasts. However, at that time the molecular mechanism and the function of
M28 were still uncharacterized.

Next generation sequencing (NGS) and comparative analyses of whole genomes, obtained
from different human cell-adapted MCMVs, revealed that three out of five mutants carried
mutations in the gene region M28, among others. This included the RPE-1 cell-adapted
MCMV/h3 and two human fibroblasts-adapted MCMV/h1-fa and MCMV/112-117-fa2. All of
M28-specific mutations lead to a missense mutation at position 35282 (fa), 34881 (fa2) and
34700 (h3) of ORF M28 (Table 1).

A
B

Adapted Gene Position Sequence Amino acid

virus /ORF difference variance fa fa2 h3
MCMV/h1-fa M28 35282 A>T L166Q

N- I R

MCMV/112-117-fa2 M28 34 881 C->T E300K

MCMV/h3 M28 34700 G->A G360V

Table 1: Sequence alterations of M28 gene region of three different human cell-adapted MCMVs.

A: Gene alteration of the ORF M28 revealed via whole genome sequencing of different human cell-adapted
MCMVs isolated after several passages of adaptation to human cells. MCMV/h1-fa and MCMV/112-117-fa2 have
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been adapted to human MRC5 cells and MCMV/h3 were propagated only in human epithelial RPE-1 cells.
Nucleotide positions and ORFs are annotated according to MCMV Smith reference (GenBank NC_004065). B:
Schematic of M28 protein and specific mutations.

In order to verify the importance of M28 during cross-species infection in human fibroblasts |
introduced individually the identified M28 mutations (fa, fa2, h3), by BAC mutagenesis using
the en passant method. | introduced the mutations into a MCMV-GFP BAC carrying mutations
in M112/113+M117 and performed replication kinetics after low MOI infection. Human MRC5
cells were infected with M28 recombinant viruses (M112-117+M28fa, M112-117+M28fa2,
and M112-117+M28h3) and were analyzed compared to the parental M112-117+M28wt, the
fibroblast-adapted MCMV/h1-fa and MCMV/112-117-fa2 viruses, respectively. In addition, |
introduced the M28(fa2)-specific mutation into the wildtype MCMV-GFP to investigate
whether mutated M28 alone is sufficient to promote viral replication in MRC5 cells.
Interestingly, while the introduction of M28fa alone into MCMV-wt backbone (MCMV-M28fa2)
did not facilitate the replication in MRC5 cells, introduction of M28-fa, fa2, and h3 mutations
into M112-117 backbone (M112-117+M28fa, M112-117+M28fa2, M112-117+M28h3) led to
increased viral peak titers at day 5 compared to the parental M112-117+M28wt virus (Figure
8). Remarkably, introduction of the h3 mutation (M112-117+M28h3) led to the most efficient
replication and the highest viral titers compared to other M112-117+M28 mutants (Figure 8).
Nevertheless, introduction of M28 mutations did not show the same replication properties as
the spontaneously human fibroblast-adapted MCMV/h1-fa or MCMV/112-117-fa2 (Figure 8).
A detailed analysis of the gene region M28 revealed that mutations introduced in closer
proximity to the C-terminus of the protein conferred a more efficient replication in MRC5 cells
(Table 1). This suggests that the C-terminus might be important for the function of the protein.
The missense mutations in M28 did not display a conserved pattern among the different
human cell-adapted MCMVs. The change from leucine to glutamine (M28fa) seemed to be
more relevant from hydrophobic to polar, compared to the change of glutamic acid to lysine
(M28fa2) or glycine to valine (M28h3), which conserve the polarity (Table 1A). However,
whether the mutations affect the folding or destabilize the protein needs further investigation.
All together, these findings validate that M28 is necessary but not sufficient for viral
replication in MRC5 cells. Mutations in M112/113, M117 and M28 contribute to the
phenotype. These results identify M28 as a novel host range determinant and verifies the

importance of M28 in cross-species infection in human fibroblasts.

40



Results

adapted:
MRC5 ~4- MCMV/h1-fa
106+ ¥ MCMV/112-117-fa2
1054 constructed:

-~ M112-117+M28h3
M112-117+M28fa2

-~ M112-117+M28fa
- M112-117+M28wt

-~ MCMV+M28fa2
----- DL

104

103

102_

virus titer [TCIDgy/ml]

10°

Figure 8: Mutations in MCMV M28 are responsible for efficient replication in human fibroblasts.

Human MRC5 cells were infected at MOl 0.2 TCID. /cell with the fibroblast-adapted MCMV/h1-fa and

MCMV/112-117-fa2 and recombinant M112-117+M28wt, M112-117+M28fa, M112-117+M28fa2, M112-
117+M28h3, and MCMV+M28fa2. Virus inoculum was removed at 2 hpi., cells were washed 1x with PBS and
fresh media was added. Viral titers were determined by titration of the supernatant and shown as means + SEM.
DL detection limit

5.2 Characterization of MCMV M28
5.2.1 M28 protein is expressed with early kinetics and localizes to the cytoplasm

M28 is a protein of unknown function and has been only poorly characterized. Kattenhorn and
colleagues demonstrated that M28 protein is as a virion-associated protein examined via mass
spectrometry analysis [181]. The human CMV homolog pUL29/28 has been described as a
protein expressed with early kinetics, localized in the nucleus and cytoplasm, and is
incorporated into the virion [182].

In order to obtain more insights into the properties and function of M28, a recombinant
MCMV was constructed expressing a C-terminal HA-tagged version of the protein (Figure 9A).
Expression kinetics performed in NIH-3T3 murine fibroblasts infected with MCMV-M28wtHA
revealed that M28 was already expressed at 2-4 hours pi. with the predicted size of 50 kDa,
similar to the expression kinetic of the immediate early 1 (IE1) and early 1 (E1) proteins (Figure

9A).
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To specify to which class of viral proteins M28 belongs to, a so-called cycloheximide
(CHX)/actinomycin D (ActD) release assay was performed. NIH-3T3 cells were infected and
either left untreated or incubated in presence of CHX. CHX is a translation inhibitor, which
inhibits only immediate early gene translation but not transcription. Upon removal of CHX
translation of only prior transcribed immediate early genes are expressed while ActD inhibits
transcription of early genes. With this approach, viral proteins can be classified as |IE genes. As
shown in Figure 9B, on the contrary of IE1 protein, M28 as well as E1 was not expressed when
cells were treated with CHX and ActD, thus indicating M28 does not belong to the class of the
immediate early proteins. Furthermore, by treating cells with phosphonoacetic acid (PAA),
which prevents viral DNA replication and late gene expression, gB (late gene) expression was
inhibited (Figure 9B). However, a M28 band could be detected in Western blot upon treatment
with PAA thus confirming that M28 is not a late gene and must be an early protein (Figure 9B).
The expression kinetics, the CHX/ActD release assay and treatment with PAA verified that M28

protein can be classified as an early protein (Figure 9).

NIH-3T3 NIH-3T3
A B
7 hpi 24 hpi
MCMV-M28wtHA P L
MCMV MCMV
M28wtHA M28wtHA

kba o 1 2 4 8 10 24 32 hpi

- - + PAA

M28 (HA) CHX/ActD

M28 (HA)
IE1

E1l

gB

GAPDH GAPDH

35—

Figure 9: MCMV M28 is expressed with early kinetics.

A: NIH-3T3 cells were infected with MCMV-M28wtHA at MOI of 3 TCIDso/cell (centrifugal enhancement). Cells
were washed and harvested with 2x Laemmli buffer at indicated time points and analyzed via Western blot. M28
was detected using a HA-specific antibody. GAPDH was used as loading control. B: NIH-3T3 cells were infected
with MCMV-M28wtHA at MOI of 1 TCIDso/cell (centrifugal enhancement) and either treated or left untreated
with CHX (50pug/mL) for 4 hpi., followed by 1x washing with PBS, adding of ActD (5ug/mL), harvested 7 hpi. and
probed for immunoblotting. NIH-3T3 cells were infected in presence or absence of PAA (250ug/mL) with MCMV-
M28wtHA at MOI of 1 TCIDso/cell (centrifugal enhancement) and analyzed via Western blot. M28 was detected
using a HA-specific antibody. GAPDH was used as loading control.
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Since subcellular localization influences protein function, the localization of M28 was
investigated. NIH-3T3 cells were infected with MCMV-M28wtHA or M112-117+M28faHA and
investigated by immunofluorescence. As shown in Figure 10, both at 6 and 24 hours pi.,
M28wt was detected predominantly in the cytoplasm of infected cells (Figure 10A). Only in a
very small proportion of the infected NIH-3T3, M28wtHA was also detected in the nucleus
(data not shown). A comparable analysis performed with recombinant viruses expressing the
HA-tagged version of the fa mutated M28 did not indicated any difference between the
intracellular distribution of the mutated protein as compared to the wild type (Figure 10A).
The HCMV pUL29/28 homolog of M28 is located in the nucleus at early and in the cytoplasm
at later times (72 hpi.) [182], and might share functional similarities with M28. Therefore, |
tested the hypothesis whether M28 can shuttle between the two cellular compartments.
Since M28 exhibited predominantly a cytoplasmic distribution, even though due to its size
M28 (50 kDa) would be able to diffuse into the nucleus. Thus, | assumed that the sequence of
M28 could carry a nuclear export signal (NES) that would either actively exclude the protein
from the nucleus or inducing the protein to shuttle between the nucleus and cytoplasm. NIH-
3T3 cells were firstly treated for 2 hours with Leptomycin B (LMB), a CRM1/exportinl inhibitor,
to prevent active nuclear transport [183]. Cells were infected with MCMV-M28wtHA for 24
hours, fixed with 4% PFA and finally analyzed via immunofluorescence. As shown in Figure 10B,
the LMB treatment affected the cellular distribution of M28. As expected MCMV-M28wtHA
was detected in the cytoplasm in untreated cells, whereas in cells treated with LMB, M28 was
detectable in both the nucleus and cytoplasm, confirming the hypothesis that M28 is exported
from the nucleus by a potential NES or by binding to another protein exported from the
nucleus (Figure 10B).

Taken together, these findings suggest that, irrespectively on the presence of specific
mutations in ORF M28, M28 predominantly localized to the cytoplasm in a cellular
compartment topologically distinct from the nuclear viral replication compartments in which

M112 and M117 accumulate [71, 97].
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NIH-3T3
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Figure 10: MCMV M28 localizes to the cytoplasm and is excluded from the nucleus.

A: NIH-3T3 cells were infected with MCMV-M28wtHA for 6 and 9 h, or M112-117+M28faHA for 8 h, fixed with 4%
PFA and analyzed via Immunofluorescence. M28-HA (red). Nucleus stained with DAPI, MCMV-GFP as infection
control, IE1 immediate early protein 1 (blue). B: NIH-3T3 cells were treated 2 h before infection either with
methanol as control or 20 nM Leptomycin (LMB) (in methanol) and fixed at 24 hpi. with 4% PFA. white bar
represents 10um.
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5.2.2 Loss of M28 protein promotes replication in human fibroblasts

In order to address whether M28 mutations can have stabilizing or destabilizing effects on
M28 protein, expression levels of wild type and mutant M28 variants were investigated by
Western blot (Figure 11A). Notably, when M28 was mutated, lower levels of the protein were
detected in infected cells starting from 24 to 48 hours pi., indicating that the stability or
expression of the protein might have been affected (Figure 11A). Moreover, | observed that
introduction of the M28h3 variant into M112-117 led to the most efficient replication in MRC5
cells, which correlated inversely with M28 expression (Figure 11AB). This observation led to
the speculation that a complete lack of M28 protein could be advantageous for replication in
MRCS5 cells. In order to prove this hypothesis, a stop mutation was introduced at the second
start codon of ORF M28 using the backbone of M112/113-117. The replication kinetics showed
that the lack of M28 protein promoted efficient viral replication in human fibroblasts and
showed a similar phenotype like M112-117+M28h3 mutant (Figure 11B). M112-117+M28h3
reached a peak titer of 10°> TCIDso/cell at day 5, whereas introduction of a stop mutation
increased the titer by 5-fold. Nevertheless, this result supports the hypothesis that the
mutations of M28 can lead to instability of the protein, and low abundance or lack of M28
protein promote viral replication in human fibroblasts.

To assess whether M28 facilitates viral replication specifically in human fibroblasts, the
replication phenotype of M112-117+M28stop MCMYV was investigated in human epithelial
RPE-1 cells as well as in primary human foreskin fibroblasts (HFF) (Figure 12). The mutant
M112-117 with wild type M28 (M112-117+M28wt) was not able to replicate in HFF cells
whereas a moderate replication was detectable in HFF cells, upon infection with M112-
117+M28stop (Figure 12A). In RPE-1 cells both viruses replicated to high viral titers and the
lack of M28 in M112-117+M28stop seemed to confer a moderate replicative advantage but
reached the same peak titer at day 9 compared to M112-117+M28wt (Figure 12B). These
findings suggest that M28 is important for MCMV replication in human fibroblasts but not in

human epithelial cells.
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Figure 11: Lack of M28 protein promotes viral replication in human fibroblasts.

A: MRCS5 cells were infected at MOI 3 TCIDso/cell with indicated HA-tagged M112-117+M28 variants, harvested
at the indicated time points, and analyzed via SDS-PAGE and Western blot. IE1 was used as infection and GAPDH
as loading control. B: MRC5 cells were infected at MOI 0.2 TCIDso/cell to analyze the replication properties of
different M28 mutants in the M112-117 mutant backbone. Virus inoculum was removed at 2 hpi.,cells were
washed 1x with PBS and fresh media was added. Viral titers were determined by titration of the supernatant and
shown as means + SEM. DL detection limit
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Figure 12: Loss of M28 promotes replication only in human fibroblasts but not in human epithelial cells.

AB: HFF or RPE-1 cells were infected at MOI of 0.2 TCIDso/cell to analyze the replication properties of M112-
117+M28wt or M112-117+M28stop. Virus inoculum was removed at 2 hpi. and cells were washed 1x with PBS.
Viral titers were determined by titration of the supernatant and shown as means = SEM. DL Detection limit
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5.2.3 MCMV M28 is not essential for replication in murine fibroblasts

While the loss of M28 resulted in enhanced replication in human fibroblasts, whether M28
was essential for MCMV replication in murine tissue culture remained unclear. Interestingly,
the other host range determinant M117 is dispensable for in vitro replication in murine cells,
but is required for viral dissemination in vivo, whereas the large isoform of M112/113 (E1p87)
is essential for replication in NIH-3T3 cells [97, 184].

To further investigate whether M28 protein is important for replication in murine cells, viral
replication of MCMV-M28wt and MCMV-M28stop virus were investigated in immortalized
NIH-3T3 cells, primary mouse embryonic fibroblasts (MEFs), as well as murine SV40-
transformed endothelial cells (SVEC4-10). As shown in Figure 13AB, in primary MEFs as well
as in immortalized NIH-3T3 cells, MCMV-M28stop replicated to similar titers than MCMV-
M28wt. Interestingly, murine SVEC4-10 cells infected with MCMV-M28stop showed a
replication defect. At day 4, virus peak titer was 10-fold lower than the titer reached by the
virus expressing M28 (Figure 13C). Furthermore, the number of infected endothelial cells in
MCMV-M28wt or MCMV-M28stop infected cell cultures was not comparable, indicating that
the stop mutant impairs viral replication or even dissemination (Figure 13D). These
observations suggest that M28 is not essential for MCMYV replication in murine cells and loss
of M28 does not affect replication in primary as well as immortalized murine fibroblasts but

reduces viral replication in SVEC4-10.
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Figure 13: MCMV M28 protein is not essential for replication in mouse fibroblasts.

A: NIH-3T3 cells were infected at MOI 0.02 TCIDso/cell with MCMV-M28wt or MCMV-M28stop. B: Primary MEFs
p.2 were infected at MOI 0.02 TCID50/cell with MCMV-M28wt or MCMV-M28stop. C: SVEC4-10 cells were
infected at MOI 0.02 TCID50/cell with MCMV-M28wt or MCMV-M28stop. Virus inoculum was removed at 2 hpi.,
cells were washed 1x with PBS and fresh media was added. Viral titers were determined by titration of the
supernatant and shown as means + SEM. DL detection limit D: Microscopic pictures of SVEC4-10 cells infected
with MCMV-M28wt or MCMV-M28stop (MCMV-GFP) at day 5 pi..

5.3 Identification and characterization of the function of M28 protein
5.3.1 Identification of potential interaction partners of M28

The results obtained so far, indicated that the expression of M28 does not play major roles in
murine fibroblasts, however M28 is important in human fibroblasts and its presence restricts
efficient MCMV replication in MRC5 cells. In order to identify the molecular mechanism of
action of M28, potential interaction partners were identified using a SILAC-based screening
for interaction partners. Firstly, in collaboration with Tim Schommartz (HPI, Hamburg) and
Stefan Loroch (ISAS, Dortmund), an affinity-purification combined mass-spectrometry (AP-
MS) analysis was performed by using stable isotope labeling of amino acids in cell culture
(SILAC). NIH-3T3 cells, cultured in either DMEM containing heavy or light isotope labeled
amino acids, were infected with HA-tagged (MCMV-M28wtHA) or non-tagged M28 mutant

(MCMV-M28wt), respectively.
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Afterwards, lysed samples were immunoprecipitated using HA-covalent coupled beads, and
MCMV-M28wtHA samples were analyzed vs. non-tagged MCMV samples, to identify
interaction partners (Figure 14). Proteins were only considered as potential interaction
partners when they were found in both replicates, with minimum of 2 unique peptides, and a
log; ratio 2 2.8. Moreover, to exclude false positive results, a label switch of amino acids was
applied, and the experiment was done in duplicates. Proteins that are often found during

screening were excluded using CRAProme [185].
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Figure 14: Workflow of SILAC-based AP-MS screening for putative MCMV M28 interacting proteins.

NIH-3T3 cells were cultured with heavy or light isotopes and infected with non-tagged MCMV-M28wt or HA-
tagged MCMV-M28wtHA at MOI of 5 TCIDso/cell. Cell lysates were mixed, run on an SDS-PAGE and the band
(containing all proteins) was excised from gel. Isolated proteins were digested, cleaned up and subjected to MS-
analysis after affinity purification using HA-covalent coupled beads. modified from www.thermofisher.com

Five candidates fulfilling the criteria were identified to be enriched in the M28HA positive
fraction. One of the candidates was the immediate-early protein 1 (IE1). IE1 is the most
abundant protein of the IE class and acts as a transcriptional activator of early (E) gene
expression. This protein was identified in the screen with 4 and 1 unique peptides over the
control (MCMV-M28wt). Despite the high score in the SILAC screen, this candidate was
interpreted to be a false positive, as it was very unlikely that the cytoplasmic M28 protein
interacts with nuclear IE1, unless M28 would shuttle during infection. Indeed, | could confirm

by Co-immunoprecipitation (Co-IP) that IE1 is likely a false positive (data not shown).
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Moreover, the protein transcription elongation factor B (elongin B) was identified with 4 and
3 unique peptides compared to MCMV-M28wt. However, by performing Co-IP experiments
pulling HA-tagged M28, elongin B could be not detected in Western blot (data not shown).
Another candidate that was not analyzed in this study was TSC22 domain family 4, due to the
fact that two other proteins appeared to be more promising candidates, which are involved
in cell survival and cell cycle regulation: two mechanism important during cross-species
infection [80, 97]. LIMD1 could be detected with 7 and 11 unique peptides and was analyzed
in more detail. Interestingly, this protein is described as a cell cycle regulator in modulating
the interaction of pRb and E2F-trancription factors, by affecting E2F-mediated activation of
target genes [115]. Our group demonstrated that MCMV protein M117 interacts with E2F-
transcription factors and regulates E2F-dependent transcription to overcome host restriction
in human-epithelial cells [97]; this candidate seemed to be relevant.

Finally, the last candidate was the SHC-transforming protein 1 detected with 10 unique
peptides in both replicates compared to MCMV-M28wt (Table 2). In response to growth factor
stimulation, SHC1 is phosphorylated at position Y239/240 and Y317 to activate RAS-MAPK ERK
signaling pathways [129], which are involved in cell cycle regulation, proliferation, and survival
[141]. The SILAC-based screening performed in NIH-3T3 cells infected with the mutant M112-
117+M28fa-HA did not revealed any significantly enriched interaction partners (data not
shown), which could strengthen the hypothesis that mutations in M28 resulted in low

abundance of the protein (Figure 11) and therefore loss of potential interactions partners.

Unique peptide count (mascot againt uniprot (incl. MCMV) Enrichment M28wt-HA vs.
FDR < 1% on PSM level MCMV-M28wt

Accesion
number M28wt-HA heavy M28wt light M28wt-HA heavy M28wt light Replicate 1 ratio  Replicate 2 ratio

Description uniprot replicate 1 replicate 1 replicate 2 replicate 2 (log; heavy/light) _ (log, light/heavy)
M28 protein [M28] A8E1D9 95 32 110 0 2,8 12,5

LIM domain-containing protein 1

[LIMD1) QoQxDs 7 0 11 0 3,8 12,0
SHC-transforming protein 1 [SHC1] P98083 10 0 10 0 3,9 12,3
Immediate-early protein 1 [IE1] P11210 4 2 1 0 4,2 8,9

TSC22 domain family protein 4 [T22D4] Q9EQN3 4 0 8 0 3,7 11,4
Transcription elongation factor B

[Elongin B] P62869 4 0 3 0 3,1 4,0

Table 2: Potential interaction partners identified via SILAC - affinity purification-mass spectrometry (AP-MS).

Stable isotope labeled NIH-3T3 cells (heavy and light) were infected with MCMV-M28wt-HA or non-
tagged MCMV-M28wt at MOI 5 TCIDso/cell. Identified interaction partners are presented with unique
peptides, spectrum peptide match, and enrichment tagged MCMV-M28wtHA vs. control non-tagged
MCMV-M28wt.
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5.3.2 MCMV M28 protein interacts with LIMD1 during infection

Cytomegaloviruses are well known to interfere with the cell cycle in order to establish a
favorable environment for viral DNA replication by inhibiting cellular DNA synthesis. HCMV is
able to arrest the cell cycle at G1 phase whereas MCMYV results in the accumulation of cells in
G1/S and G2 phase. The cell cycle arrest goes along with the induction of S phase specific
genes to promote viral replication, which enables the virus to not interfere with cellular DNA
synthesis [100]. Most of these S phase specific genes are induced via the E2F-Retinoblastoma
protein (pRb) axis. LIMD1 is a scaffold protein belonging to the Zyxin family and acts as an
adapter for signal transduction, and is involved in cell cycle regulation [112, 114, 115, 186,
187]. LIMD1 is a tumor suppressor and cell cycle regulator, which interacts with pRb resulting
in E2F-target gene inhibition [115]. Ostermann et al. published that inhibition E2F-dependent
gene transcription is important for crossing the species barrier [97]. Therefore, | hypothesized
that a potential interaction of M28 with LIMD1 might be beneficial for replication of MCMV in
human fibroblasts.

To verify the potential interaction of M28 and LIMD1, | performed Co-IP experiments. Murine
NIH-3T3 fibroblasts and human primary fibroblasts (MRC5) were infected with C-terminal HA-
tagged M28 mutants for 24 hours. The proteins present in the cell lysate were
immunoprecipitated using a HA-specific antibody and whole lysates and IP samples were
analyzed via SDS-PAGE and Western blot, using specific antibodies for HA and endogenous
LIMD1. As shown in Figure 15, in human as well as in murine fibroblasts infected with MCMV-
M28wtHA, both M28 and LIMD1 were detectable in the whole lysate and in the IP fraction,
confirming the potential interaction revealed by mass spectrometry analysis (Table 2). On the
other hand, the mutated form of M28 (M112-117+M28faHA) was less detectable both in the
whole lysates and in the IP fraction, suggesting that the protein was less stable or less
expressed and could not interact with LIMD1. As expected, the negative control MCMV-
M45HA or MCMV-m142HA was not detected in the IP fraction and no cellular contamination
was observed in the IP fraction by staining GAPDH or [3-actin (Figure 15AB).

These results suggest that wild type M28wt interacts with LIMD1 in murine and human

fibroblasts whereas the mutated form of M28 interacts less efficiently or not at all.
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Figure 15: M28wt interacts with LIMD1 during infection in murine and human fibroblasts.

A: NIH-3T3 murine fibroblasts were infected with non-tagged MCMV-wt, M112-117+M28wt, and HA-tagged
MCMV-M28wtHA, or M112-117+M28wtHA mutants at MOI 3 TCIDso/cell and harvested at 24 hpi. in NP-40
buffer. HA-tagged proteins were affinity purified via a HA-specific antibody and corresponding beads. M28 and
LIMD1 expression was analyzed via immunoblotting against HA and LIMD1. B: MRC5 cells were infected with
non-tagged MCMV-wt, M112-117+M28wt (neg. control), and HA-tagged MCMV-M28wtHA, or M112-
117+M28faHA mutants at MOI 3 TCIDso/cell and harvested at 24 hpi. in NP-40 buffer. HA-tagged proteins were
affinity purified via an HA-specific antibody and corresponding beads. GAPDH or B-actin was used in both
experiments as a loading control and control for unspecific contamination. MCMV-m142HA or MCMV-MA45HA,
as well as non-tagged mutants were used as additional negative controls.

5.3.3 M28 does not modulate cell cycle regulation

Previous results from our lab showed that regulation of E2F-mediated gene transcription is
important for crossing the species barrier in human epithelial cells. Moreover, it was described

that the human CMV homolog of M28, pUL29/28 together with pUL38 can arrest the cell cycle
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in GO/G1 phase [188]. It could be possible that cell cycle regulation might differ in primary
MRCS5 cells compared to immortalized human epithelial RPE-cells (Figure 11). | hypothesized
that the interaction of M28 and LIMD1 would result in impaired binding of LIMD1 to pRb and
therefore allow E2F-target gene expression and progression of the cell cycle. This impaired
binding might lead to an inappropriate cell cycle arrest at G1 or G2 phase. In order to
investigate whether M28 can modulate the cell cycle, flow cytometry was performed upon
labelling of cellular DNA with propidium iodide. NIH-3T3 or HEK293 cells were prepared
according to the protocol described in (8.3.9). | transfected cells with the expression plasmids
encoding the wild type or the mutated form of M28-HA-tagged protein (M28wt and M28mut
(fa)), respectively. A positive control pUL117-HA was transfected as well, which is able to
inhibit DNA synthesis [110]. At 24 hours after transfection, cells were proceeded as described
in (8.3.9) and stained with mouse anti-HA and fluorophore conjugated secondary antibodies.
After exclusion of dead cells and cell aggregates (doublets), the cellular DNA content was

investigated in single cells expressing HA (Figure 16).
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Figure 16: Flow cytometry- Cell cycle gating strategy

Cell cycle phases of different samples were selected with the following gating strategy. First live cells (10000
events) were selected and gated for single cells with IE1 or HA positive staining using specific primary antibodies
+ mouse AlexaFlour 647 as a secondary antibody. For analysis of specific cell cycle phases, cells were stained with
propidium iodide (PI) and DNA content was measured. The number of cells in G1, S, and G2 phase were
determined via FlowJo.
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As shown in Figure 17, HEK293 cells transfected with M28wt showed 10% less cells in G1 phase
compared to M28mut(fa) transfected cells. Conversely, HEK293 cells expressing the
M28mut(fa) showed similar G1-DNA content as the positive control pUL117. However, when
cells expressed M28wt, more cells were detectable in G2 phase compared to M28mut(fa) and
pUL117. Whereas cells expressing the fa-variant of M28 showed 10% more cells in G1 and 10%
less cells in G2 phase (Figure 17). These findings indicate that expression of the fa-mutant
variant of M28 results only in a slightly stronger accumulation of cells in G1 phase while M28wt
expression led to accumulation of few cells in G2 phase. When NIH-3T3 cells were transfected
with the same setup of expression constructs, the experiment showed a similar trend, even
though differences in cell cycle stages of cells expressing M28wt and M28mut (fa) were less
pronounced (Figure 17B). These results indicate that M28 does not alter the cell cycle to a

strong extent irrespective of M28 mutation.
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Figure 17: Expression of M28mut (fa) has only a minor effect on the cell cycle in transfected cells.

AB: NIH-3T3 or HEK293A cells were transfected with the indicated M28-HA or control plasmids. HA positive cells
were fixed with EtOH at 24 hpt. and stained with HA and anti-mouse AlexaFlour (AF) 647 antibodies. First live
cells, single, and HA positive cells were gated and analyzed with different DNA content, identified with propidium-
iodide (PI) staining. The number of cells in G1, S, and G2 phase were determined via FlowJo.

In order to analyze the impact of M28 on the cell cycle under more physiological conditions,
MRCS5 cells were infected with MCMV-wt, M112-117+M28wt, or M112-117+M28fa at MOI of
1 TCIDso/cell for 24 hours. Samples were stained with anti-IE1 antibodies in order to label
infected cells and were further proceeded as described above. MRC5 cells infected with M112-

117+M28wt or M112-117+M28fa did not show a drastic difference in the DNA-content in all
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cell cycle stages. Cells infected with M112-117+M28wt or M112-117+M28fa accumulated
with 13-15% higher proportion of cells in S phase compared to MCMV-wt infected cells (Figure
18). In contrast, more cells infected with MCMV-wt were detected in G1 phase and only a
small number in S phase compared to M112-117+M28mutants. However, non-infected cells
showed the highest number of cells in G1 and only small proportion of cells in S and G2 phase
(Figure 18). These data indicate that expression of different M28 variants does not modulate
the cell cycle during infection, which differ marginally from the results obtained in

transfection.

MRC5
° 1001
® mE MOCK
% 80- CJ MCMV-wt
~§ M112-117+M28wt
o 801 M112-117+M28fa
g -
£ 401
[
o
§_ 20-

il

nonsynchronized

Figure 18: M28 does not affect cell cycle regulation in infected MRCS5 cells.

MRCS5 cells were infected at MOI 3 TCIDso/cell with the indicated mutants. IE1 positive cells were fixed at 24 hpi.
and stained with IE1 and anti-mouse AF647 antibodies. First live cells, single cells, and IE1 positive cells were
gated and analyzed for DNA content by staining with propidium iodide. The number of cells in G1, S, and G2 phase
were determined via FlowJo.

5.3.4 M28 does not modulate phosphorylation of pRb during infection

One of the most important regulator of the cell cycle progression is the retinoblastoma protein
(pRb), which is also targeted by HCMV pp71 for proteasomal degradation and phosphorylated
by pUL97 [108, 109], which results in induction of E2F-responsive genes. So far, a protein
fulfilling this function in MCMV has not been described. As previously mentioned, LIMD1 can
regulate the cell cycle and E2F-mediated transcription via its binding to pRb, which prevents
phosphorylation of pRb and therefore inhibits entry into S-Phase [115, 121].

To investigate whether the interaction of M28 with LIMD1 would result in phosphorylation of
pRb, Western blot analysis was performed at different time points after infection using a pRb

specific antibody, detecting both the total as well as all phosphorylated forms of pRb. As
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phosphorylation of pRb results in a mobility shift in SDS-PAGE, bands of different sizes can be
detected as multiple closely spaced bands. Non-synchronized MRC5 cells were seeded and
infected at MOI 3 TCIDso/cell either with M112-117+M28wt or M112-117+M28fa. As shown
in Figure 19, while early after infection (6 to 9 hours pi.) both M112-117+M28wt as well as
M112-117+M28fa promoted pRb dephosphorylation. At 24 hours pi., pRb seemed to exist in
a strong hypo and/or slightly hyperphosphorylated state, which would indicate being cells in
early G1 or partially G1/S-phase. A slightly stronger band of pRb at 24 hours post infection was
detected in cells infected with M112-117+M28wt as compared to cells infected with M112-
117+M28fa (Figure 19).

Taken together these results showed that in transfection as well as infection, irrespective of
expression of M28 mutant variant, M28 does not alter the cell cycle and only marginally
differences could be detected. Moreover, pRb-phosphorylation is not altered by M28wt nor

M28fa variant, suggesting that the interaction with LIMD1 does not affect pRb

phosphorylation.
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Figure 19: Phosphorylation of pRb is not altered by M28.

MRCS5 cells were infected at MOI 3 TCIDsp/cell with M112-117+M28wt or M112-117+M28fa in the presence of
10% FCS, harvested in 2x Laemmli, and analyzed via Western blot. pRb was stained using an antibody specific
against all non and phosphorylated forms of pRb. IE1 was used as an infection control and B-actin as a loading
control.

5.3.5 M28 protein interacts with the cellular adapter protein SHC1

Apart from LIMD1 | studied another promising potential interaction partner identified via AP-
MS using SILAC labeling, the SHC1 protein. SHC1 is localized in the cytoplasm and is well known
for its importance during receptor tyrosine kinase signaling, in particular in the RAS-MAPK

ERK1/2 and PI3K/AKT signaling [132, 139] [129]. It was already described that the viral protein
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VP11/12 of HSV-1 interacts with SHC1, among other adaptors [144]. During HSV-1 infection,
ERK1 is phosphorylated to promote cell cycle progression towards G1/S phase and support
viral replication [163]. Moreover, HCMV upregulates PI3K and inhibits apoptosis in short-lived
monocytes [167]. The fact that downstream signaling of SHC1 regulates cell cycle and
apoptosis, known determinants of the species specificity, strengthens the potential
importance of SHC1 during cross-species infection.

First of all, | confirmed the potential interaction of M28 with SHC1. Proteins expressed in
MRC5 and NIH-3T3 infected cells, capable to bind M28-HA, were pulled down by using HA-
specific antibodies covalently bound to agarose beads. In NIH-3T3 and MRC5 cells, which were
infected with MCMV-M28wtHA or M112-117+M28wtHA, SHC1 could be detected with all
three isoforms in the IP fraction, even though the large isoform was less expressed in NIH-3T3
cells (Figure 20A). However, when cells were infected with M28 mutated forms, SHC1 was less
detectable or only detectable after long exposure times (Figure 20AB). This phenomenon
could be explained by the fact that mutations in M28 led to low abundance of the protein and
therefore less M28 protein could be affinity purified (Figure 11). In summary, M28wt interacts
with the adapter protein SHC1 during infection in both human and murine fibroblasts however

mutations in M28 seem to impair the interaction with SHC1.
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Figure 20: MCMV M28wt interacts with SHC1 during infection.

A: NIH-3T3 murine fibroblasts were infected with non-tagged MCMV-wt, M112-117+M28wt (neg. control) and
MCMV-M28wtHA and M112-117+M28variant HA-tagged mutants at MOI 3 TCIDso/cell and harvested 24 hpi. in
NP-40 buffer. Samples were affinity purified using HA-covalent coupled beads and analyzed by Western blot. B:
MRC5 human fibroblasts were infected with non-tagged MCMV-wt, M112-117+M28wt (neg. control) and
MCMV-M28wtHA and M112-117+M28variant tagged mutants at MOI 3 TCIDso/cell and harvested 24 hpi. in NP-
40 buffer. Proteins were analyzed by Western blot, staining HA and endogenous SHC1 proteins with all three
isoforms. short: short exposure time, long: long exposure time

5.3.6 M28 prevents phosphorylation of SHC1 in human fibroblasts early during infection

Previous results showed that M28wt interacts with SHC1 in murine and human fibroblasts
(Figure 20). It was observed that upon ligand binding to EGFR, SHC1 is tyrosine phosphorylated
at position Y239/240 and Y317 (Y313 murine), which results in recruitment of GRB2 to SHC1
and EGFR [135-137]. This activation leads to further downstream activation of PI3K/AKT and
MAPK/ERK1/2, which might promote cell cycle regulation and survival [129]. First of all, |
wanted to analyze the functional relevance of the interaction of SHC1 and M28 in murine cells.
Therefore, | hypothesized that upon growth factor stimulation interaction of M28wt with
SHC1 might impair phosphorylation of SHC1 at position Y239/240 and Y313 and modulate

further downstream signaling.
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To prove this hypothesis, | seeded primary MEFs at passage one, almost confluent, and
deprived them from serum for 24 hours. Afterwards, cells were infected either with MCMV-
M28wt or MCMV-M28stop in the presence of EGF containing medium to activate EGFR and
subsequently phosphorylation of SHC1.

In primary MEFs, stimulated with EGF and infected with MCMV-M28wt or MCMV-M28stop,
the phosphorylation levels of SHC1 at position Y239/240 or Y313 were comparable at early
and later time points (Figure 21). Moreover, a slight increase in phosphorylation levels were
observed in infected versus non-infected cells ( Figure 21). In general, in non-infected cells as
well as in infected cells, phosphorylation of SHC1 at position Y239/240 and Y313 increased
after EGF stimulation but then decreased after 4 hours. Altogether, MCMV-M28wt nor
MCMV-M28stop infection did not impaired the phosphorylation of SHC1 upon EGF
stimulation suggesting that the interaction between M28 and SHC1 most likely not impede

activation of SHC1 in primary MEFs.
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Figure 21: M28 does not affect phosphorylation of SHC1 in primary MEFs.

Primary MEFs p.1 were seeded almost confluent and starved for 24 h without FCS. Cells were infected with
MCMV-M28wt or MCMV-M28stop at MOI 3 TCIDso/cell in media containing 10 ng/mL EGF. Virus inoculum was
removed at 2 hpi. and cells were washed 1x with PBS. Cells were harvested with 2x Laemmli buffer and
analyzed via immunoblotting. SHC1 phosphorylation was determined using specific antibodies against
endogenous SHC1 phosphorylation at position Y239/240 and Y313. Non infected cells were either treated for
15min with or without EGF. IE1 was used as an infection control and GAPDH as a loading control.
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Previous experiments performed in primary MEFs did not demonstrate any difference in
phosphorylation levels of SHC1 ( Figure 21). However, the loss of M28 showed a replication
phenotype only in MRC5 cells, but not in murine fibroblasts (Figure 11,Figure 13). Therefore,
| hypothesized that the interaction of M28wt with SHC1 might have a different effect on SHC1
phosphorylation in human MRC5 cells. To further investigate whether the expression of M28
and its interaction with SHC1 impede phosphorylation in human fibroblasts, | performed a
phosphorylation assay in MRC5 cells infected with M112-117 recombinant M28 mutants. In
MRC5 cells infected with M112-117+M28wt, SHC1 phosphorylation was diminished at
position Y239/240 (Figure 22A) or Y317, compared to M112-M117+M28h3 or M112-
117+M28stop (Figure 22AB). Moreover, it seems that M28stop infection shows a stronger
phenotype compared to the M28h3-mutant, which is consistent with the observation that
M112+117+M28stop replicates to higher titers than M112-117+M28h3 in human MRC5 cells
(Figure 11). This could be explained as the protein of M28h3 is still detectable but to a lesser
extent. The phosphorylation of SHC1 was observed early from 15 min up to 4 hours pi. (Figure
22AB). This fast response suggests that the effect observed was modulated by incoming M28
with the virion.

Kattenhorn and colleagues detected M28 as a virion-associated protein via mass spectrometry
[181]. The results shown above suggested that SHC1 phosphorylation might be mediated by
interaction of SHC1 with the virion associated M28. In order to formally proof that M28 is
associated with the virion, | purified virions from cells infected with MCMV-M28wtHA, via a
glycerol-tartrate gradient prior to analysis of M28. For this experiment the MCMV tegument
protein M45 was used as a positive control. Firstly, the enrichment of pure virions was verified
by glycoprotein gB via immunoblotting. While in the unpurified viral preparations, still
containing cellular membranes, both full length (FL) and processed forms of gB could be
detected (Figure 22C, input). However, in the purified viral particles only the processed form
of gB was detectable. M28 as well as the positive control M45 were detected in the whole
lysate (input) as well as in purified virions (Figure 22C). These observations confirmed the data
obtained by Kattenhorn et al. and suggested that the phosphorylation of SHC1, early during
infection, could be modulated by incoming M28 with the virion. MEFs infected with M28
mutants did show a different phenotype in phosphorylation of SHC1 ( Figure 21). | speculated
that differences of SHC-phosphorylation in MEF and MRC5 cells could be due to differences in

abundance of SHC1 or its corresponding receptors in different cell lines. To investigate
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whether the expression levels of SHC1 or EGFR differ in MEF, MRC5 cells and other cell types,
| seeded equal numbers of cells, determined the overall protein concentration and analyzed
the expression levels of SHC1 and EGFR via immunoblotting. Interestingly, the expression level
of SHC1 is slightly different in NIH-3T3 cells and primary MEFs compared to human cells (HFF,
MRC5, RPE-1). Moreover, EGFR is not detectable in NIH-3T3 cells and only weakly expressed
in primary MEFs (Figure 22D). The difference in expression level of EGFR and SHC1 might
explain the difference of SHC1 phosphorylation in primary MEF and human MRC5 cells.
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Figure 22: SHC phosphorylation is diminished in presence of M28wt in human fibroblasts.

AB: MRCS5 cells were seeded almost confluent and starved for 24 h without FCS. Cells were infected with the
indicated mutants at MOI 3 TCIDso/cell, containing 50 ng/mL EGF. Virus inoculum was removed at 2 hpi., cells
were washed 1x with PBS and fresh media without serum was added. Cells were then harvested with 2x Laemmli
buffer and analyzed via immunoblotting. SHC1 phosphorylation was determined using specific antibodies against
endogenous SHC1 phosphorylation at position Y239/240 or Y317. IE1 was used as an infection control and GAPDH
as a loading control. MOCK cells were treated for 15 min with or without EGF. C: NIH-3T3 cells were infected to
produce a virus stock and cells were collected to analyze the input in the whole lysate via Western blot. After 6
days p.i., virus supernatant was collected, and gradient purified via a glycerol tartrate gradient. Enriched virions
were lysed and the abundance of M28wtHA in the virion was determined via immunoblotting and specific
antibodies. M45 was used as a positive control for a viral tegument protein. Detection of gB and GAPDH were
used to analyze cell contamination in gradient purified samples. D: Expression levels of EGFR and SHC1 were
analyzed by immunoblotting staining for endogenous SHC1 and EGFR.
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5.3.7 M28 restrains activation of ERK1/2 and AKT downstream of SHC1

Stimulation of EGFR with growth factors results in SHC1 tyrosine phosphorylation at position
Y239/240 and Y317, which serve as a binding site for GRB2 being recruited to SHC1 and EGFR
[135, 137]. Since | could demonstrate that M28wt protein interacts with SHC1 and causes a
diminished phosphorylation of SHC1 in MRCS5 cells, | hypothesized that the interaction of SHC1
with GRB2 in presence of M28 might be affected. Therefore, | performed a Co-IP experiment
of infected cells with M28HA-tagged mutants. Protein lysates were affinity purified by using
an antibody against endogenous GRB2 or HA. Unfortunately, the affinity purification of GRB2
was not successful. The pull down of M28HA was difficult to interpret, as the GRB2 staining in
Western blot was masked by the light chain, even by using a secondary antibody, which only
detected the native IgG (data not shown). Phosphorylation of SHC1 at position Y239, Y240 and
Y317 activates the downstream RAS-ERK MAPK and PI3K-AKT pathways [135-137].
Nevertheless, | hypothesized that diminished phosphorylation of SHC1 (Figure 22AB),
presumably mediated via the interaction of SHC1 and M28, might impair downstream
effectors such as ERK1/2 and AKT.

To determine whether M28 modulates ERK1/2 or AKT signaling downstream of SHC1, MRC5
cells were deprived from serum for 24 hours, treated with EGF and infected with MCMV
recombinant mutants M112-117+M28wt or M112-117+M28stop. ERK1/2 and AKT activation
was evaluated by Western blot analysis of their respective levels of phosphorylation. As shown
in Figure 23, starting at 15 min pi. and until 2 hours pi., cells infected with M112-117+M28wt
showed a reduced phosphorylation of ERK1/2 and AKT, in contrast to cells infected with M112-
117+M28stop (Figure 23). Phosphorylation of ERK1/2 and AKT was less pronounced in cells
infected with M112-117+M28stop than in non-infected cells. At 8 hours pi., ERK1/2 and AKT
phosphorylation was almost not detectable and reached the basal level in non-infected and
infected cells (Figure 23). The results show that at 4 hours pi., phospho-ERK1/2 is only slightly
detectable in cells infected with either M112-117+M28wt, M112-117+M28stop compared to
non-infected cells. Phosphorylation of ERK1/2 and AKT at early times corresponds with the
timing of SHC phosphorylation immediately after infection (Figure 22), which strengthens the
hypothesis that M28 impairs ERK1/2 and AKT activation via the interaction with SHC1. These
results suggest that presence of M28 restrains SHC1 phosphorylation and further downstream

signaling of ERK1/2 and AKT.
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Figure 23: M28wt restricts phosphorylation of ERK1/2 and AKT in human fibroblasts.

MRCS5 cells were seeded almost confluent and starved for 24 h without FCS and afterwards treated with 50 ng/mL
EGF. Cells were infected with M112-117+M28wt or M112-117+M28stop at MOI 3 TCIDso/cell in the presence of
EGF. Input virus was removed at 2 hpi. and cells were washed 1x with PBS. At the indicated timepoints, cells were
harvested in 2x Laemmli buffer and analyzed viaimmunoblotting and corresponding antibodies. Phospho-ERK1/2
was analyzed at position Y202/204 and AKT phosphorylation was detected at position S473. IE1 was used as an
infection control and GAPDH as a loading control.

MRCS5 cells infected with M112-117+M28wt showed reduced phosphorylation levels of
ERK1/2 and AKT (Figure 23). It was shown that activation of ERK1 resulted in cell cycle
progression and facilitation of viral replication of HSV-1 [163]. ERK1/2 dependent activation
of the pro-survival MCL-1 protein prevented HCMV latently infected cells from cell death
[157]. Two mechanism, which might be beneficial for replication of MCMV in human
fibroblasts. Therefore, it was worth to investigate whether ERK1/2 and AKT might be
important for viral replication. | hypothesized that inhibition of ERK1/2 and AKT might restrict
viral replication of M112-117+M28stop in human fibroblast.

In order to proof this hypothesis, replication kinetics in the presence of inhibitors specific for
MEK1/2 and PI3K, upstream of ERK1/2 and AKT, were performed. Cells were infected at low
MOI TCIDsg/cell, 2 hours pi. virus inoculum was removed, and cells were left either untreated
(DMSO) or incubated with the MEK1/2 inhibitor U0126 and the PI3K inhibitor LY294002,
respectively. Cells were maintained throughout the complete experiment with the inhibitors,
which were replaced every 48 hours. As shown in Figure 24, the replication of M112-

117+M28stop was impaired in presence of the inhibitors U0126 or LY294002, and the peak

titer of 10* TCIDso/mL was reached two days later than in non-treated cells. Interestingly, at
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day 5 post infection U0126 as well as LY294002 reduced viral replication of M112-
117+M28stop more than 10-fold (Figure 24). These results confirm the previous results of the
phosphorylation assay, suggesting that the presence of M28 reduced activation of ERK1/2 and

AKT, which restricts replication in human fibroblasts.
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Figure 24: Inhibition of ERK1/2 or AKT leads to impaired replication in human fibroblasts.

A: MRC5 cells were infected at MOl 0.02 TCIDso/cell with M112-117+M28wt or M112-117+M28stop and
maintained with 10nM U0126 after the virus inoculum was removed after 2 hpi. Supernatant was collected every
2 days and media replaced with fresh media containing the inhibitor or DMSO as control B: MRC5 cells were
infected as described above but maintained with 10nM LY294002 after the input was removed after 2hpi.
Supernatant was collected every 2 days and media replaced with fresh media containing the inhibitor or DMSO

as control. Viral titers were determined by titration of the supernatant and shown as means + SEM. DL detection
limit

5.3.8 Knockdown of SHC1 impairs viral gene expression and replication

Since the previous findings suggested that activation of ERK1/2 and AKT are important for
efficient replication of MCMV in human fibroblasts, most likely via a SHC1 mediated
mechanisms, | wanted to investigate the impact of SHC1 on viral gene expression and viral
replication in human fibroblasts. For this purpose, the expression of SHC1 was transiently
silenced in MRC5 cells, by using specific siRNA. 48 hours later, cells were infected with M112-
117+M28wt or M112-117+M28stop at high MOI. The expression of the viral genes IE1, E1 and
the late protein gB was analyzed by immunoblotting.

As shown in Figure 25, IE1 and E1 proteins were expressed in cells infected with either M112-
117+M28wt or M112-117+M28stop irrespective of the SHC1 knockdown. Interestingly E1
expression was stronger in both infected SHC1 knockdown cells, even though at 48 hours pi.
the expression of E1 proteins decreased in both mutant infected cells. This might be explained
by the fact that also gB, a late protein is not detectable in SHC1-knockdown cells, neither in

M112-117+M28wt nor in M112-117+M28stop infected cells. These results might indicate a
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delayed or non-progressive infection (Figure 25). In summary, infection with M112-
117+M28stop indicates that viral gene expression is impaired in SHC1 knockdown cells. The
results suggest that E1 protein expression accumulates and gB expression is inhibited or
delayed, when SHC1 is knocked down (Figure 25). These results suggest that SHC1 is needed

for efficient late gene expression of MCMV in human fibroblasts.
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Figure 25: Knockdown of SHC1 affects viral late gene expression in human fibroblasts.

MRCS5 cells were transfected with 30puM siRNA_SHC1 or siRNA_scramble (CTR) for 48 h and infected at MOI 3
TCIDso/cell. Virus inoculum was removed at 2 hpi., replaced by fresh media and samples were collected at the
indicated timed points. Viral gene expression was analyzed via immunoblotting. Efficient knockdown was
determined via total level of SHC1, and GAPDH was used as a loading control.

To verify whether knockdown of SHC1 impacts viral late gene expression and therefore viral
replication in human fibroblasts, replication kinetics were performed at low MOI. Previous
results suggested that only in SHC1-knockdown cells, infected with M112-117+M28stop, viral
replication is impaired or delayed when M28 is not present.

First of all, the expression control of SHC1 showed that SHC1 is sufficiently knocked down, up
to 5 days pi., compared to cells transfected with scramble siRNA (control) (Figure 26C). MRC5
SHC-knockdown cells infected with M112-117+M28wt did not show a drastic difference in
viral titers up to day 5 post infection as compared to control cells (Figure 26B). However, when
SHC1-knockdown cells were infected with M112-117+M28stop viral titer decreased more

than 10-fold at day 5 post infection, in comparison to cells treated with scramble siRNA (Figure

65



Results

26A). These findings indicate that in the absence of SHC1 viral replication of M112-
117+M28stop is restricted in human fibroblasts. The fact that modulation of ERK1/2 and AKT
phosphorylation, most likely via SHC1, impairs viral replication in human fibroblasts
strengthens the hypothesis that SHC1-downstream signaling is important for crossing the

species barrier in human fibroblasts.
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Figure 26: Knockdown of SHC1 leads to a decrease in viral yield in human fibroblasts.

AB: MRCS5 cells were transfected with 30uM siRNA_SHC1 or siRNA_scramble for 48 h and infected with the
indicated mutants at MOI 0.2 TCIDso/cell. Input virus was removed after 2 hpi. and viral titers were determined
by titration of the supernatant and shown as means + SEM. C: Efficient knockdown and expression of SHC1 was
determined via total level of SHC1, and GAPDH was used as a loading control.

In conclusion, the results showed that M28 interacts with the adaptor protein SHC1 and
prevents its phosphorylation in human MRC5 cells but not in murine fibroblasts. Moreover,
the presence of M28 restricts activation of ERK1/2 and AKT, downstream of SHC1. Transient
knockdown of SHC1 in MRC5 cells impaired replication of an M28-deficient MCMV. These
findings suggest that the interaction of M28 with SHC1 blocks EGFR downstream signaling to

restrict MCMV replication in human fibroblasts.
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6 Discussion

Cytomegaloviruses have a narrowed host range and are strictly species specific. However, the
underlying mechanism involved in cross-species infections have remained poorly understood.
In the past years, our lab has established a novel system of stepwise adaptation of MCMV to
human cells [45]. With this approach, two host range determinants, M112/113 and M117,
have been identified and revealed new insights into the molecular mechanisms of the species
specificity of MCMV [71, 97]. It was shown that inhibition of apoptosis as well as inhibition of
E2F-mediated target gene transcription facilitated viral replication of MCMV in human
epithelial cells whereas replication in human fibroblasts was more restricted [71, 80, 97].
However, the underlying mechanisms of why MCMV is more restricted in human fibroblasts
have not been elucidated. The aim of this study was to examine the molecular mechanisms
involved in the adaptation of MCMV to human fibroblasts through identifying M28 as a host
range determinant and characterizing its function in cross-species infection. In this study, |
could identify M28 as a novel host range determinant important for fibroblast adaptation.
SILAC-based affinity purification combined MS-analysis and Co-IP experiments revealed that,
during infection, M28 interacts with the tumor suppressor LIMD1 and the adapter protein
SHC1. The interaction with LIMD1 does not alter pRb-phosphorylation and cell cycle regulation
hence the biological relevance of LIMD1 interaction remains to be elucidated. The results
presented in this work demonstrated that early after infection, M28 interacts with the cellular
protein SHC1 to prevent its phosphorylation and further downstream signaling of MAPK/ERK

and PI3K/AKT, which in turn restricts viral replicationin human fibroblasts.

6.1 Identification of M28 as a novel host range determinant

While activation of E2F-mediated target gene transcirption is detrimental for MCMV
replication in human epithelial cells [97], the molecular mechasnims of the attenuated
replication in human fibroblasts has been not addressed. In order to understand the
underlying mechanism of adaptation of MCMV to primary human fibroblasts, | constructed
different recombinant MCMVs and studied their replication kinetics. Introduction of missense
or stop mutations in M28, in addition to those already described in M112 and M117 (Figure 8,
Figure 11B), were required for efficient MCMV replication in human fibroblasts. These results

confirm preliminary observations that M28 is as an important determinant of the MCMV
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species barrier in human fibroblasts [180]. Mutations in M112, M117, and M28 were not
sufficient for MCMV to replicate to comparable titers as the human fibroblast-adapted
MCMVs (Figure 8). Remarkably, the constructed M112-117+M28 fa-variants did not reach the
same peak titer as the adapted MCMV/h1-fa and MCMV/112-117-fa2 thus, suggesting that
additional genomic alterations in genes apart from M112, M117 and M28 contribute to MCMV
adaptation to human fibroblasts [45, 180]. In a previous study we identified three additional
gene regions (m153, m164 and M25) being mutated in MCMV/h1-fa [45, 180]. It would be
conceivable that these mutations enhance replication in human fibroblasts. However, those
mutations did not appear in the fibroblasts adapted MCMV/112-117-fa2 and would argue
against this [45, 180]. It would be worth investigating whether the additional alterations in
MCMV/h1-fa and MCMV/112-117-fa2 would facilitate replication to comparable titers as the
fibroblast-adapted MCMVs. Nevertheless, introducing an M28 variant into wild type MCMV
did not facilitated MCMYV replication in MRC5 cells and additional mutations in M112 and/or
M117 are required (Figure 8). Interestingly, mutations in M28 appeared only in combination
with mutated M117 in all three human cell-adapted MCMV/h1-fa, MMCMV/112-117-fa2 and
MCMV/h3 [45] (Table 1). For Influenza virus the mechanism of epistasis was described during
adaptations to new hosts. Specific mutations aquired during evolution only apeared to
counteract adverse phynotypic effects of other mutations [189, 190]. Thus, a similar
mechanism might promote the appearance of M28 mutation in presence of mutated M117.
Preliminary results indicated that M117 in combination with M28 is not sufficient to promote
efficient replication in MRC5 cells, however it was observed that a truncated M117 mutant
was able to replicate to low titers in MRC5 cells [97]. This discrepancy can be explained by
differences in the experimental conditions using low MOI infection and no centrifugal
enhancement. It was demonstrated that shear stress in endothelial cells, induced by flow, led
to phosphorylation of SHC1 [191]. It might be likely that centrifugal enhancement would also
lead to phosphorylation of SHC1 and can compensate for M28wt-mediated restriction of
SHC1 phosphorylation in M117 mutant-infected MRC5 cells. This would support the
hypothesis that M112+M28, or the combination of M112+M117+M28, are required for
adaptation to human fibroblasts.

Expression kinetics of different recombinant M28HA-mutants, as well as SHC1-phoshorylation
assays revealed that the loss of M28 promoted viral replication in MRC5 cells (Figure 11AB,

Figure 22AB), thus indicating that M28 mutations are loss-of-function mutations. Interestingly,
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truncation mutants of two other proteins M117 and M139 facilitated replication in human
epithelial cells [97], (Puhach, unpublished). A large-scale screen of different human cell-
adapted MCMVs would increase knowledge about frequently mutated gene regions that are
essential for replication in human cells and would give new insights whether loss of function
mutations are commonly acquired during cross-species infection of MCMV.

In the present study | could show that expression of M28 restricts replication of M112-
117+M28wt in human fibroblast but not in human epithelial cells (Figure 12). The underlying
mechanism of this restriction and the differences between human epithelial cells and
fibroblasts are still unclear. A previous study indicated that induction of IFN-3 upon infection
with MCMV or HCMV is less pronounced in RPE-1 cells as compared to MRC5 cells [45]. While,
comparable IFN-3 induction was observed in MRC5 infected with the epithelial cell-adapted
MCMV (MCMV/h1) or the fibroblast-adapted MCMV (MCMV/h1-fa), thus suggesting that IFN-
B levels might not be responsible for the different phenotype [45]. Notably, MCMV/h1
produced larger plaques when IFN-B-neutralizing antibodies were added to infected MRC5
cells [45]. Even though, there was no formal proof for a role of IFN-[3 during the adaptation in
human fibroblasts, some studies would support this hypothesis. Infection of MRC5 cells with
a MCMV mutant expressing M28 resulted in diminished phosphorylation of SHC1 (Y317)
(Figure 22). A study investigating breast cancer immune suppression demonstrated that cells
from transgenic mice defective in phosphorylation of SHC1 (Y313) showed increased STAT1,
STAT3 and subsequently absent or low IFN-a, B, ¥ expression levels [192]. Moreover,
activation of MAPK/ERK pathway in RAS-transformed NIH-3T3 cells inhibited reovirus-induced
IFN-B expression [193]. It would be interesting to investigate whether M28wt induces
elevated IFN-f3 levels while preventing SHC1 phosphorylation in MRCS5 cells. One study showed
that hTERT immortalized RPE-1 cells carry an activating mutation in the RAS gene, which likely
resulted in keeping RAS in its GTP-bound active state [194]. In this study, | showed that M28wt
restricts SHC1-phosphorylation and RAS/MAPK downstream signaling (Figure 22, Figure 24).
It might be possible that RPE-1 cells exhibit a modulated or constitutive active RAS signaling
resulting in a dispensable function of M28 in RPE-1 cells. Interestingly, M112-117+M28wt was
not able to replicate in HFF fibroblasts and introduction of an M28stop mutation resulted only
in moderate replication in those cells (Figure 12A). One possible explanation for this
phenotype is that cell cycle regulation or MAPK signaling might differ in those cells. This

hypothesis is supported by studies indicating that cell cycle regulation and in particular
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expression of EGR1, a transcription factor induced downstream of ERK1/2, is involved in
senescence, which is differentially regulated in HFF and MRC5 cells [195, 196].

To conclude, M28 could be identified as novel host range determinant important for crossing
the species barrier in human fibroblasts while mutations in M112 and M117 contribute to the
adaptation, suggesting that an effective adaptation of MCMV to human fibroblasts requires
more than one viral factor. Moreover, the results indicate that M28 is important for cross-
species infection only in human fibroblasts but not in epithelial cells. It might be feasible that
M28 modulates STAT1-mediated IFN-f signaling or cell cycle regulation via interaction with

SHC1, however the exact mechanism remains to be elucidated.

6.2 Characterization of MCMV M28 protein

Up to now, only limited data was available of M28 protein. Even though Ashan and colleagues
suggested that ORF M28 and m29.1 are expressed from a bicistronic messenger RNA (mRNA)
infrequently spliced [197], RNA-seq analysis performed in our lab by Tim Schommartz did not
confirm these data. Mass spectrometry analyses performed by Kattenhorn and colleagues
demonstrated that the M28 protein is as a virion-associated protein [181]. Expression kinetics,
a CHX/ActD release assay and intracellular localization experiments, performed in NIH-3T3
cells infected with HA-tagged MCMV-M28wt, revealed that M28 belongs to the class of early
genes and is localized predominantly in the cytoplasm (Figure 9AB, Figure 10). Replication
kinetics in mouse embryonic, as well as immortalized murine fibroblasts and endothelial cells,
demonstrated that M28 is not essential for replication in murine fibroblasts, but required for
efficient replication in endothelial SVEC4-10 cells (Figure 13CD).

The human CMV homolog of M28, pUL29/28 has been described as a virion-associated protein
expressed with early kinetics, localized to the nucleus and later in the cytoplasm [182]. Due
to the sequence homology of M28 with pUL29/28 | hypothesized, that M28 might share
similar protein functions and properties with pUL29/28. Purification of MCMV-M28wtHA
virions showed that M28 could be detected in the virion (Figure 22C). In contrast to M28
human homolog pUL29/28, M28 was observed predominantly in the cytoplasm and possibly
excluded from the nucleus (Figure 10). Interestingly, two other host range determinants,
M112/113 and M117, are also expressed with early kinetics. Both proteins are recruited to
viral replication compartments and localize to the nucleus [71, 97]. Even though, it has not

been fully elucidated whether M28 can shuttle between the nucleus and cytoplasm during the
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course of infection, the fact that M28 interacts with the cytoplasmic protein SHC1 (Figure 20)
strengthens the hypothesis that M28 fulfills its functions mainly in the cytoplasm and likely
differs from the function of pUL29/28. Notably, the subcellular localization was not altered by
introduction of M28(fa) mutation, which excludes mislocalization as a potential mechanism to
promote viral replication in human fibroblasts (Figure 10A). Expression kinetics of infected
NIH-3T3 cells with different M28 variants revealed that mutations in M28 led to low
detectable expression levels in Western blot (Figure 11A). Introduction of a M28stop mutation
demonstrated that a complete loss of M28 is favorable for the virus (Figure 11AB). Correlation
with SHC1 activity suggests that mutations of M28 affect its protein stability. These data
indicate that the replication phenotype is presumable promoted by low abundance of M28
protein.

The data obtained from replication kinetics revealed that the loss of M28 promoted
replication in human fibroblasts while M28 expression did not impair replication in primary
mouse embryonic as well as immortalized murine fibroblasts (Figure 8, Figure 13AB).
Remarkably, another host range determinant, M117, is dispensable for replication in murine
fibroblasts in vitro but is required for efficient dissemination in vivo [97], whereas the large
isoform of M112 (E1p87), mutated in M112-117, is essential for replication in NIH-3T3 [184].
Moreover, the spontaneously human cell-adapted MCMV/h did not show a replication defect
in murine 10.1 fibroblasts [71]. These data suggest that the function of M28 is less important
in murine fibroblasts in vitro. Remarkably, in immortalized murine SVEC4-10 cells, expression
of M28 was required for efficient replication and loss of the protein resulted in 10-fold
decrease of viral titer (Figure 13CD). However, the underlying mechanism of the different
replication property of MCMV-M28stop in murine endothelial cells remains to be elucidated,
although the observation might be explained by cell-type specific viral tropism in endothelial
cells. Interestingly, another MCMV protein, m139, is involved in cross-species infection. A
deletion of the gene region m139 resulted in a replication defect in SVEC4-10 cells (Puhach,
unpublished). This could indicate some overlapping function. However, the molecular
mechanism of m139 during cross-species infection has not been further studied.

In conclusion, M28 is a virion-associated protein expressed with early kinetics and likely fulfills
its function in the cytoplasm by being excluded from the nucleus. Moreover, mutationsin M28
likely affect the stability of the protein and loss of the protein impairs only replication in

murine endothelial cells, whereas the function of M28 in murine fibroblasts is less important.
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6.3 Identification of LIMD1 as an interaction partner of M28

In order to understand the molecular mechanism of action of M28, a SILAC-based affinity
purification and MS approach, using isotope labeled NIH-3T3 cells, was performed. With this
approach, potential interaction partner could be identified to reveal new insights into protein
functions. SILAC-based AP-MS has been successfully established to study interaction partners
of MCMV [198]. The screening discovered several potential interaction partners, and two
candidates, LIMD1 and SHC1, were investigated in more detail (Table 2). Interestingly, when
cells were infected with the mutant M28 virus, no potential interaction partner could be found
inthe screen (data not shown). A feasible explanation might be that mutations in M28 resulted
in low stable state expression (Figure 11AB). Due to its low abundance or impaired folding,
most likely only limited proteins could stably interact with M28 and did not appear in the
screen. The speculation that M28 is degraded would need further investigation by performing
expression analysis in the presence of lysosomal or proteasomal inhibitors or pulse chase
experiments.

Several studies observed overexpression of LIMD1 in malignant tumors, highlighting its role in
cell cycle regulation [117, 186]. LIMD1 is a tumor suppressor and cell cycle regulator, which
interacts with pRb resulting in E2F-mediated target gene inhibition [115]. Moreover, in the
context of herpesvirus infection, LIMD1 interacts with the LMP1 protein of the gamma-
herpesvirus EBV to regulate latency [122], suggesting that LIMD1 plays a potential role during
MCMYV infection to regulate the cell cycle. Firstly, the interaction of LIMD1 with M28wt was
confirmed in mouse and human fibroblasts whereas the mutated form of M28mut(fa) did not
interacted with LIMD1 (Figure 15AB). In order to analyze whether M28 could regulate the cell
cycle upon binding to LIMD1, flow cytometry analysis of transfected NIH-3T3 or HEK293 with
M28wt or M28mut(fa) was performed. The results demonstrated that expression of
M28mut(fa) resulted in 10% more cells accumulating in G1 phase to a similar extent to those
expressing the positive control pUL117, whereas only a small proportion of cells, expressing
M28wt, progressed through the cell cycle (Figure 17). The fact that only a limited number of
cells accumulated in G1 phase in M28mut(fa) expressing cells, suggests that M28 does not
alter the cell cycle via interaction with LIMD1 or only to a minor extent. Human MRC5
fibroblasts infected with M28wt or fa-specific mutant did not show differences cell cycle
regulation (Figure 18). Hence there is no evidence that M28 modulates the cell cycle via

interaction of LIMD1 in transfected or infected cells. The results obtained in this study indicate
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that the function of M28 differs from the human CMV homolog of M28 pUL29/28, which is
able together with pUL38 to arrest the cell cycle in GO/G1 phase [188].

As previously mentioned, pRb is important for cell cycle progression. In uninfected cells at late
G1 and S phases, pRb is hyperphosphorylated by CDKs to promote cell cycle progression.
During HCMV infection, this process is modulated in at least two steps: pRb is targeted by
pp71 for proteasomal degradation [108], and in addition, pUL97 phosphorylates pRb at CDK
specific target sites [109] thus resulting in induction of E2F-responsive genes. However, a
protein fulfilling this function during MCMV infection is not known. Activation of E2F-
mediated gene transcription was detrimental for replication in human epithelial cells [97]. The
reason why activation of E2F-mediated transcription is detrimental for the replication in
human cells still needs to be elucidated. One might speculate that mutations in M117 arrest
MRCS5 cells too late or too early at G1 or G2 phase and thus restricts efficient replication. M28
was thought to be a potential candidate to promote pRb phosphorylation and progression of
the cell cycle, via its interaction with LIMD1. At the time of infection of MRC5 cells, pRb was
hyperphosphorylated (early G1 or late G1/S phase), but dephosphorylated at 6-9 hours and
finally accumulated in a hypophosphorylated state at 24 hours after infection, regardless of
M28 mutation (Figure 19). These data suggest that infection of MRC5 cells with M112-117
mutants results in accumulation of cells with hypophosphorylated pRb (G1 or G2 phase)
irrespective of M28 interaction with LIMD1. The hypothesis that M28 activates E2F-mediated
gene transcription via binding to LIMD1 and release of pRB to promote cell cycle progression
could be not confirmed during this study and needs further investigations. However, it would
be still possible that a complete loss of M28 promotes pRb phosphorylation via a LIMD1

independent mechanism.

6.4 M28 interacts with SHC1 and restricts viral replication in human
fibroblasts

The second promising interaction partner of M28 identified via SILAC-based AP-MS was the

SHC1 adapter protein (Table 2). Upon stimulation of EGFR, the adapter protein SHC1 is

tyrosine-phosphorylated at position Y239/240 and Y317, activates mitogen-activated protein

kinases (MAPK) and phosphoinositide-3-kinase/AKT (PI3K/AKT) signaling pathways, which are

involved in cell cycle regulation, proliferation and survival [125]. Results obtained in this study

showed that M28wt interacts with SHC1 during infection while presence of M28 prevents
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phosphorylation of SHC1 at position Y239/240 and Y317 and restricts further downstream
signaling of MAPK and PI3K, presumably via a SHC1 dependent mechanism (Figure 20, Figure
22, Figure 24). In primary MEFs, the phosphorylation of SHC1 was not impaired (Figure 21).
Co-IP experiments demonstrated that M28wt interacts with SHC1 during infection in murine
and human fibroblasts, whereas mutations in M28 impaired the interaction (Figure 20).
Moreover, introduction of different M28 variants into M112-117+M28wt revealed that the C-
terminus of the protein is likely to be important for efficient replication in human fibroblasts
(Table 1). Introduction of deletions into M28 would give insights into whether the C-terminus
is important for interactions with the adapter protein SHC1 to promote viral replication.
Several studies have shown that other viral proteins interact with cellular adapter proteins.
Felicia Goodrum’s group demonstrated that pUL135 of HCMV regulates EGFR signaling and
trafficking via interactions with another host adapter protein CIN85, to facilitate reactivation
from latency [154, 155]. Remarkably, sequence alignment of pUL135 and M28 identified a
conserved proline-rich SH3 binding motif (PxxxPR), which is important for binding to CIN85
[155]. Interestingly, during infection with another herpesvirus, protein VP11/12 of HSV-1
interacts with SHC1 [144]. More recently, an interactome study of HCMV identified pUS22 as
a potential interaction partner of SHC1 [199]. The HCMV homolog of M28, pUL29/28 was
described as a US22 family protein member, and it is likely that M28 exhibits a similar function
as US22. These studies show that interaction of viral proteins with host adapter proteins is a
common strategy to manipulate the host cell.

Van der Geer and colleagues observed that tyrosine phosphorylation of SHC1 at position
Y239/240 and Y317 leads to the activation of further downstream signaling [135]. In infected
MRCS5 cells stimulated with EGF, phosphorylation of SHC1 was inhibited when M28wt was
present, indicating that the interaction of M28wt with SHC1 diminished phosphorylation
(Figure 20). This phenomenon was observed early (15 min) after infection suggesting that the
inhibitory effect was likely caused by the virion associated M28 and not by the de novo
synthesized protein (Figure 22C). Even though, this study and Kattenhorn et al. detected M28
as a virion-associated protein [181] this aspect should be verified in our setting by performing
experiments with UV-inactivated MCMVs. Tyrosine phosphorylation of SHC1 at position
239/240 and 317 serve as binding sites for GRB2, which is recruited to the plasma membrane
upon stimulation with RTKs [135, 136]. | this study, | investigated whether presence of M28

prevents phosphorylation of SHC1 and subsequent impaired interaction with GRB2. Despite
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several attemps, GRB2 could not be affinity purified in Co-IP experiments (data not shown).
Alternatively, a glutathione-S-transferasen (GST)-tagged GRB2 protein can be used to affinity
purifiy GRB2 instead of purifiying endogenous GRB2. In addition, the use of a fluorophore-
labeled GRB2 protein would allow to detect recruitment of GRB2 to the plasma membrane in
presence of absence of M28. Hence, primary MRC5 cells are difficult to transfect and do not
tolerate additional starvation as well as they have only limited passage capacity, this question
can be only addressed in immortalized cells.

Surprisingly, SHC1 phosphorylation was not altered in primary MEFs infected with MCMV-
M28wt nor MCMV-M28stop (Figure 21), irrespective of low or high EGF concentrations (data
not shown). In non-infected primary MEFs, SHC phosphorylation was slightly stronger (Figure
21), which might lead to the speculation that MCMV itself can phosphorylate SHC1, even
though preliminary experiments performed under serum deprived conditions (data not shown)
did not confirmed this hypothesis. Since EGFR-dependent phosphorylation of SHC1 has been
described in primary MEFs [200], | investigated whether the expression levels of SHC1 or EGFR
differ in MEFs and MRCS5 cells. Expression analysis of different cell types revealed that SHC1
expression indeed slightly differed in primary MEFs as compared to MRC5 cells, whereas
differences in abundance of EGFR were more pronounced (Figure 22D). Although,
phosphorylation of SHC1 via EGFR was described in primary MEFs and this mechanism seem
to be conserved among other cell types [200], this observation was unexpected. Altogether,
differences in SHC1 and EGFR expression levels might explain why primary MEFs responded
less than MRC5 to EGF stimulation, and differences cannot be detected in Western blot (Figure
22D). Moreover, it could be hypothesized that M28 binds to higher affinity to EGFR than SHC1,
and phosphorylation of SHC1 is mediated by another receptor at the plasma membrane. It
was shown that phosphorylation of SHC1 can be also mediated by other RTKs via Integrins
[131, 201, 202], thus suggesting that SHC1 phosphorylation is mediated by another receptor
in primary MEFs. Moreover, it might be possible that the interaction of M28 with SHC1 is only
transient or impaired in primary MEFs. In general, the results demonstrated that
phosphorylation of SHC1 returns to basal levels after 4 hours post infection. This could be
explained by the virus inoculum being replaced by new media without EGF (Figure 21). To
conclude, these results would be in line with the fact that the presence of M28 also did not
affect viral replication in primary MEFs as well as in NIH-3T3 cells (Figure 13AB). In primary

MEFs no aberrant phosphorylation of SHC1 was observed during MCMV-M28stop infection
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(Figure 21). The role of SHC1 has been addressed in SHC1 knockout mice, while knockout of
SHC1 resulted in embryonic lethality after 11.5 days [200, 203] thus, it would be worth
investigating whether infection with M28stop does lead to attenuated replication in mice.
Moreover, phosphorylation levels of SHC1 need to be further investigated in SVEC4-10 cells.
Infection of SVEC4-10 cells with M28stop mutant reduced viral titers by 10-fold (Figure 13CD).
Preliminary experiments of infected SVEC4-10 cells did not show altered phosphorylation
levels of SHC1 at early timepoints however this need to be ivestigated under experimental
conditions. Taken together, these results suggest that the function of M28 is less important in
murine fibroblasts.

Nevertheless, the impact of SHC1 on viral gene expression and replication was investigated in
cross-species infection. Transient knockdown of SHC1 in MRC5 cells impaired viral late gene
(gB) expression of an M28-deficient MCMV as well as its replication (Figure 25, Figure 26). This
would be consistent with previous findings that showed that human cells infected with MCMV
resulted in altered or delayed viral late gene expression [71, 80]. Notably, mutation in
M112/113 as well as M117 resulted in a delayed replication phenotype [71, 97], which differs
from the replication property observed for the triple mutant M112-117+M28stop (Figure 11).
These results suggest a pro-viral function of SHC1 during cross-species infection in human

fibroblasts.

6.5 M28 restrains downstram signaling of SHC1

Phosphorylation of SHC1 at position Y239/240 and Y317 stimulates and activates RAS-
MAPK/ERK and PI3K/AKT pathways. Upon stimulation with EGF, phosphorylation levels of
ERK1/2 (Y202/Y204) and AKT (S473) were reduced in MRC5 cells infected with M112-
117+M28wt as compared to M112-117+M28stop (Figure 23), suggesting that the presence of
M28 restrains phosphorylation of ERK1/2 and AKT downstream of SHC1. These results are
consistent with published data obtained by infection experiments with HCMV leading to
phosphorylation of ERK1/2 and AKT [32, 162]. A similar mechanism could be proposed for
MCMV. Later during infection (8 hours pi.), phosphorylation of ERK1/2 and AKT was almost
not detectable and in non-infected and infected cells, had returned to basal level (Figure 23).
This can be explained by the fact that cells were only stimulated once with EGF before

infection, which does not result in sustained activation.
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Nevertheless, by inhibiting PI3K and MEK1/2 using the inhibitor LY294002 and U0126,
respectively, viral replication was impaired and delayed in MRC5 cells infected with M112-
117+M28stop (Figure 24). These observations suggest that inhibition of MEK1/2 and PI3K,
downstream of SHC1, restrict viral replication of M112-117+M28stop in MRC5 cells.
Compensatory effects of the inhibitor on PI3K or MAPK pathways could explain reasons for
the delayed peak titer or transient replication inhibition. It was described that inhibition with
U0126 can lead to a compensatory activation of EGFR mediated activation of AKT [204, 205].
Moreover, LY294002 treatment of HCMV infected cells led to a delayed replication phenotype
[166], which is consistent with results obtained in this study. As SHC1 targets both branches
of the pathway, it would be possible that inhibition of both PI3K and MEK1/2 would have
additive effects and completely abolish replication in MRC5 cells. However, this would need
further investigation. Nevertheless, activation of ERK in HCMV latently infected cells, early
during infection, induced the anti-apoptotic gene MCL-1 and protected cells from cell death
[157]. Such a mechanism might be favorable during cross-species infection in human
fibroblasts. Interestingly, by inhibiting ERK signaling or disrupting STAT1-mediated IFN-f3
induction during a myxoma virus (poxvirus family) infection, this virus was able to cross the
species barrier from rabbit to primary MEFs [206]. While ERK1/2 activation seems to be
detrimental for cross-species infection of myxoma virus, several other viruses, such as HCMV
and Influenza, exploit ERK1/2 signaling to promote replication [160, 207].

Activation of ERK1/2 could modulate cell cycle via induction of cyclin D1 and CDK4 thus
promoting G1/S phase progression [208], which could in turn support MCMV replication in
human fibroblasts. It is described that ERK1 activation is supportive for viral replication of HSV,
resulting in cell cycle progression towards G1/S phase [163]. To speculate, M28wt expression
might inhibit cell cycle progression and arrest cells at early G1 phase via an ERK-dependent
mechanism. However, this would require sustained or at least two phases of ERK1/2 activation
[208]. Moreover, Wiebusch et al. demonstrated that MCMV arrests the cell cycle by de novo
expression of MCMV viral genes [101], therefore it would be worth investigating whether de
novo expression of M28 can impair SHC1 downstream signaling at later times in the presence
of EGF.

Furthermore, PI3K/AKT can modulate other transcriptions factors like AP-1 [125], which is able
bind to the promoter region of the MIEP [209] or inhibits other pro-apoptotic BCL-2 family

members [210]. This could be an advantage for replication of MCMV in human fibroblasts to
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prevent induction of apoptosis in foreign hosts [71, 80]. Moreover, activation of AKT and its
phosphorylation leads to a transient induction of the cyclin inhibitor p21°? and progression of
cells from G1 to S phase [211]. It is possible that reduced phosphorylation levels of ERK1/2 by
M28wt could lead to reduced levels of cyclin D and a cell cycle arrest at early G1 phase before
passing the restriction point, which would result in an abortive replication. It is well known
that at early G1 phase, the cell cycle is only promoted by mitogens [212], thus indicating that
early cell cycle regulation depends on M28 at early time points. Moreover, activation of
ERK1/2 can activate nuclear targets such as c-fos or c-myc to promote cell cycle progression
[125], which would be supportive for replication in human fibroblasts.

Taken together these findings suggest that the interaction of M28 with SHC1 restricts MCMV
replication during cross-species infection in human fibroblasts while preventing SHC1
phosphorylation and further downstream signaling of MAPK/ERK and PI3K/AKT. This
mechanism might inhibit apoptosis, IFN-B induction or promote cell cycle regulation early

within the G1 phase to promote crossing the species barrier in human fibroblasts.

6.6 Concluding remarks

Cytomegaloviruses are described as strictly species specific viruses with a very narrow host
range and normally, CMVs can only replicate in cells of their own or a very closely related host
species [20]. Our group has established a system to adapt murine CMV to human epithelial
cells and successfully identified new host range determinants. However, we observed that an
epithelial cell-adapted MCMV did not completely cross the human species barrier and its
replication remained attenuated in human fibroblasts [45, 71, 97].

This study aimed to understand why MCMV adaptation was more restricted in human
fibroblasts. Preliminary studies indicated that M28 is an important factor of the species
specificity. Therefore, investigating the molecular mechanism of M28 as a potential host range
determinant was of particular interest. In the present study, | could identify M28 as a novel
host range factor being important for cross-species infection in human fibroblasts. Mutations
as well as the complete lack of M28 protein, in addition to mutations in M112+M117,
promoted replication in human MRC5 and HFF fibroblasts. M28 was classified as an early
protein, demonstrated to be incorporated into the virion, and localized predominantly in the
cytoplasm, whilst interacting with two cellular proteins LIMD1 and SHC1. While the impact of

the M28-LIMD1 interaction during infection remains unknown, | could show that upon EGFR
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stimulation M28 interacts with SHC1 early during infection and consequently prevents its
phosphorylation at position Y239/240 and Y317. The diminished phosphorylation of SHC1
restricts further downstream activation of ERK1/2 and AKT, which is detrimental for
replication in human fibroblasts. Nevertheless, a transient knockdown of SHC1 in MRC5 cells
resulted in impaired replication of M28 deficient virus, thus highlighting SHC1 as pro-viral
factor during cross-species infection in human fibroblasts.

Inthe last 50 years the underlying mechanism of the species specificity of CMV have been not
extensively investigated. However, due to emergence of zoonotic viruses like influenza, SARS
or Ebola viruses, which pose health risk for the worldwide population, understanding general
restricting mechanisms of cross-species infections are of particular interest. Moreover,
understanding the molecular mechanism of the species specificity of CMV are of high
importance as no suitable mouse model, apart from humanized mice, exist to study HCMV in
vivo. New insights into the underlying mechanism can be applied to investigate the
mechanism restricting HCMV replication in murine cells. The novel findings in this study
regarding cross-species infection of MCMV in human fibroblasts, cells in which HCMV is
usually propagated in, will help to study HCMV adaptation to murine cells in the future. The
potential to study HCMV in mice in the future would generate new possibilities to study

antivirals or vaccines against HCMV.
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7 Material

7.1 Cell lines and cell culture media

fibroblasts

Cell line Description Reference/Supplier
10.1 Spontaneously immortalized | [213]

mouse embryonic

fibroblasts from BALB/c

mice, defect in p53
HFF Primary human foreskin Prof. Thomas Mertens

Institute of Virology, Ulm
University Medical Center,
Ulm

hTERT-RPE-1 (RPE-1)

Human telomerase reverse
transcriptase (hTERT)
immortalized human retinal
pigmented epithelial cells

ATCC: CRL: 4000

epithelial cells, subclone of
293 cells

MRC5 Primary human embryonic ATCC:CCL171
lung fibroblasts

NIH-3T3 Murine embryonal ATCC: CRL-1658
fibroblasts from NIH/Swiss,
spontaneously immortalized

Primary MEF Primary mouse embryonic Isolation of embryos
fibroblasts (MEF) were followed standard
isolated from 13.5 days old | procedures described in [97]
C56BL/6 embryos

SVEC4-10 Murine endothelial cells, ATCC (CRL-2181)
immortalized using SV40
large T antigen

HEK293A Human embryonic kidney Invitrogen (R705-07)
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7.1.1 Cell culture media and solutions

Description Reference/Supplier

SILAC DMEM heavy (R6K6) DMEM for SILAC + 10 % (v/v) dFCS and 1
% (v/v) penicillin/streptomycin additionally:
84 mg/l L-arginine-13Cs, 143 mg/| L-lysine-
13Cs, 200 mg/l L-proline, 584 mg/l stable L-
glutamine sterile filtered

Dulbecco’s Modified Eagels Medium Gibco® Life technologies
(DMEM) with D-Glucose and L-Glutamin

Dulbecco’s phosphate buffered saline 1x Sigma Aldrich

(PBS)

Fetal bovine serum, dialysed (dFBS) Thermo Fisher Scientific

Fetal Calf Serum (FCS) PAN Biotech GmbH

Newborn calf serum (NCS) Pan Biotech GmbH

OptiMEM-I Gibco® Life technologies

Penicillin-Streptomycin (10mg/ml) Sigma Aldrich

Recombinant human EGF (animal free R&D Systems

protein)

SILAC DMEM Sigma Aldrich

SILAC DMEM light (ROKO) DMEM for SILAC + 10 % (v/v) dFCS and 1
% (v/v) penicillin/streptomycin additionally:
84 mg/I L-arginine, 143 mg/I L-lysine, 200
mg/| L-proline,584 mg/| stable L-glutamine
sterile filtered

Tetracyclin free FCS Pan Biotech GmbH

Trypsin-EDTA-Solution 1x Sigma Aldrich -Life Science

Virion purification
NaPOs-Buffer (0,04 M) 8 mM NaH2PO4+H20
32 mM Na2HPOas+(H20)2pH 7,4

15 % Sodium tartrate 15 % (w/v) NazTartrates(H20)2
30 % (v/v) Glycerol
in 0,04 M NaPOas-Buffer pH 7,4

35 % (w/v) NazTartratets(H20)2

35% Sodium Tartrate in 0,04 M NaPOu-Buffer pH 7,4
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7.2 Bacteria and bacteria culture media

Strain

Description

Reference/Supplier

E.coli GS1783

DH10B A ¢/857 A (cro-bioA)
<>araC-PBADIScel

(Tischer et al. 2010)

E.coliDH10 B

F- mcrA A(mrr-hsdRMS-
mcrBC) ®80dlacZAM15
AlacX74 endA1 recA1 deoR
A(ara,leu)7697 araD139
galU GalK nupG rpsL A-

Thermo Fisher Scientific

7.2.1 Bacteria cell culture media

0,5 % NacCl
15 g/L Agar-Agar

1 % Bacto tryptone, 0,5 % Yeast extract

Description Reference/Supplier
LB-Media Roth

1 % Bacto tryptone

0,5 % Yeast extract

0,5 % NaCl

LB-Agar-plates Roth

7.2.2 Antibiotics

Description Reference/Supplier
Chloramphenicol 15ug/ml Roth

Kanamycin 50ug/mL Roth

Penicillin 100ug/mL Sigma Aldrich
Streptomycin 100ug/mL Sigma Aldrich
Blasticidin 5ug/mL Invivogen
Doxycycline 1pg/mL Biomol

Zeocin Invivogen
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7.3 Viruses

Virus

Description

Reference

MCMV-wt
Strain Smith- GFP

Recombinant murine CMV
cloned as BAC with an
expressing green
fluorescent protein (GFP)

[214]

M112-117+M28wt

Recombinant murine CMV
cloned as BAC with GFP and
mutations in M112 and
M117 170 055 C->A

Eléonore Ostermann
(unpublished data)

M112-117+ M28fa

Recombinant murine CMV
M112-117mut cloned as
BAC with GFP and additional
mutation in M28 L166Q

[180]

M112-117+ M28fa2

Recombinant murine CMV
M112-117mut cloned as
BAC with GFP and additional
mutation in M28 E300K

constructed in this study

M112-117+M28stop

Recombinant murine CMV
M112-117mut cloned as
BAC with GFP and additional
stop mutation in M28
E18stop

constructed in this study

M112-117mut cloned as
BAC with GFP and additional
mutation in M28 L166Q and
C-terminal HA-Tag

M112-117+M28wtHA Recombinant murine CMV [180]
M112-117mut cloned as
BAC with GFP and C-
terminal HA-Tag
M112-117+M28faHA Recombinant murine CMV [180]
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M112-117+M28fa2HA

Recombinant murine CMV
M112-117mut cloned as
BAC with GFP and additional
mutation in M28 E300K and
C-terminal HA-Tag

constructed in this study

M112-117+M28h3HA

Recombinant murine CMV
M112-117mut cloned as
BAC with GFP and additional
mutation in M28 G360V and
C-terminal HA-Tag

constructed in this study

MCMV-M28wtHA

Recombinant murine CMV
cloned as BAC with GFP and
a M28 C-terminal HA-tag

[180]

MCMV-M28fa2HA

Recombinant murine CMV
cloned as BAC with GFP and
additional mutation in M28
E300K and C-terminal HA-
Tag

constructed in this study

MCMV-M28stop

Recombinant murine CMV
cloned as BAC with GFP and
additional stop mutation in
M28 E18stop

constructed in this study

MCMV/h1 (GFP)

Spontaneously occurred
human adapted MCMV-GFP
after 15 days culturing in
RPE-1 cells

[71]

MCMV/h3 (GFP)

Spontaneously occurred
human adapted MCMV-GFP
after 15-21 days culturing in
RPE-1 cells

[45]

MCMV/h1-fa (GFP)

Human fibroblast-adapted
MCMV/h occurred during
IFN-Antibody treatment 14
d.p.i

[45]

MCMV/112-117/fa2 (GFP)

Human fibroblast adapted

MCMV/M112mut-117mut-
GFP isolated after 4 weeks

passaging on MRC5

[180]
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MCMV-M45HA (rev) MCMV Smith pSM3fr-MCK- | [215]
2fl with reinserted M45 full
length ORF including a C-
terminal HA tag

MCMV-m142HA Recombinant murine CMV [64]

cloned as BAC with GFP and
with m142 HA-tag

7.4 Plasmids

Plasmid Description Reference/Supplier
pEPKanS Template plasmid for “en [216]

passant” mutagenesis with

I-Scel-aphAl cassette
pcDNA3 Plasmid expression vector Invitrogen

with CMV promoter and neo
and ampicillin resistance

pcDNA3_M28wt_HA

pCDNA3_M28WT cloned
with Hindlll and Mfel and C-
terminal HA-tag

constructed in this study

pcDNA3_M28fa_HA

pCDNA3_M28fa cloned with
Hindlll and Mfel and C-
terminal HA-tag

constructed in this study

pcDNA3_UL117_HA

pPCDNA3_UL117 (HCMV)
cloned with HA-tag

Osterman et al. unpublished
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7.5 Oligonucleotides

GACGACGACCTCGATTAGGTGTTCC
TTCGCGACGATAGGGATAACAGGGT
AATCGATTT

Primer Sequence Application

M28mut fw GTCATCTCGGAGGACCGCTCGCTAC | en passant

(fa-specific) AGCGGTAGCCAAGCTGCTTTTCTAC | mutagenesis primer
GTCGAACGTGTAGGGATAACAGGG | M28 L166Q
TAATCGATTT

M28mut rev GATGCCGATAACATCTGTCCCACGTT | en passant

(fa-specific) CGACGTAGAAAAGCAGCTTGGCTAC | mutagenesis primer
CGCTGTAGCGCCAGTGTTACAACCA | M28 L166Q
ATTAACC

MCMV_M28mut_fa2 fw ACCCGTCCGGGCACCACCTGGCCCA | en passant
ATCTCAAACTCTCTTTATCACCGACC | mutagenesis primer
ATGAAATAGCTAGGGATAACAGGGT | M28 E300K
AATCGATTT

MCMV_M28mut_fa2_rev GTTTATGGGCGAGTTCTTCGGCTATT | en passant
TCATGGTCGGTGATAAAGAGAGTTT | mutagenesis primer
GAGATTGGGCCGCCAGTGTTACAAC | M28 E300K
CAATTAACC

M28 h3mut_fw GTAGGGCTGCAGGTTGATCCTGAGC | en passant
CGGTCCCGGAGGAATACCGCTATCG | mutagenesis primer
TGTTGGCCACTAGGGATAACAGGGT | M28 G360V
AATCGATTT

M28 h3mut_rev GCGGCGCCCGCGTCTTGAAGGTGGC | en passant
CAACACGATAGCGGTATTCCTCCGG | mutagenesis primer
GACCGGCTCAGCCAGTGTT M28 G360V
ACAACCAATTAACC

MCMV_M28stop_fw AGCTGTCGGTATGCGGATCATCAGC | en passant

mutagenesis primer
M28 E18stop

MCMV_M28stop_rev

CGACAGGGTCCCCCTGTTCATCGTC
GCGAAGGAACACCTAATCGAGGTCG
TCGTCGCTGAGCCAGTGTT
ACAACCAATTAACC

en passant
mutagenesis primer
M28 E18stop

M28 fw-HA-tag C-terminal

AACTGCAAGAGAGGGGAAAAGCGG
TCGATCCCAGCCGTCAAGCGTAGTC
TGGGACGTCGTATGGGTATAGGGAT
AACAGGGTAATCGATTT

en passant
mutagenesis primer
M28HAtag C-term

M28 rev-HA-tag C-terminal

GGGATAGCCGAGACCTGCGTGCCCA
CGCTCGGGTACCCATACGACGTCCC
AGACTACGCTTGACGGCTGGGATCG
ACCGCGCCAGTGTTACAACCAATTA

en passant
mutagenesis primer
M28HAtag C-term
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Kan rev

CCCGTTGAATATGGCTCAT

cointegrates en
passant
mutagenesis

M28_pcDNA_Hindlll_
fw

GTCGG

TATAAAGCTTATGAGCCTGGAAGCT

cloning M28HA

M28_pcDNA_Mfel_
rev

GACGT

TTAACAATTGTCAAGCGTAGTCTGG

cloning M28HA

*underlined pEPKanS sequence; all primers were supplied by Life Technologies

siRNAs

Description

Sequence

Reference/Supplier

SiGENOME non-targeting

SMART pool#2

#1UAAGGCUAUGAAGAGAUAC
#2AUGUAUUGGCCUGUAUUAG
#3AUGAACGUGAAUUGCUCAA
#4UGGUUUACAUGUCGACUAA

Dharmacon/Horizon

SIGENOME SHC1 human

SMARTpool (6464)

#1CCAAAGACCCUGUGAAUCA
#2GAUGAUCCCUCCUAUGUCA
#3GAGUUGCGCUUCAAACAAU
#4CAGCCGAGUAUGUCGCCUA

Dharmacon/Horizon

7.6 Antibodies

Sequencing primer

Antigen Description/ Species Application Reference/ Supplier
clone
Primary
antibodies
HA 3F10 Rat 1:1000 (WB) | Roche
1:300 (IF)
HA 16B12 Mouse 1:1000 (WB) | Covance research
HA Cat.no H 6908 Rabbit 1:1000 (WB) | Santa Cruz
GAPDH 14C10 Rabbit 1:1000 (WB) | Cell Signaling
MCMV IE1 Chromal01 Mouse 1:1000 (WB) | Stipan Jonjic
(Univ.of Rijeka)
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MCMV E1 Chroma 103 Mouse 1:1000 (WB) | Stipan Jonjic
(Univ.of Rijeka)
MCMV gB HR-MCMV-05 Mouse 1:1000 (WB) | Stipan Jonjic
(Copri)
B-actin Ac-15 Mouse 1:1000 (Wb) | Sigma Aldrich
B-actin Ac-15 Mouse 1:1000 (Wb) | Sigma Aldrich
AKT Rabbit 1:1000 (WB) | Cell Signaling
EGFR Rabbit 1:1000 (WB) | Millipore
ERK1/2 L34F12 Mouse 1:2000 (WB) | Cell Signaling
GAPDH 14C10 Rabbit 1:1000 (WB) | Cell Signaling
HA 3F10 Rat 1:1000 (WB) | Roche
1:300 (IF)
HA 16B12 Mouse 1:1000 (WB) | Covance research
HA H6908 Rabbit 1:1000 (WB) | Sigma Cruz
LIMD1 E-10 Mouse 1: 3000 (WB) | Santa Cruz
1:100 (IP)
MCMV E1 Chroma 103 Mouse 1:1000 (WB) | Stipan Jonjic
(Univ.of Rijeka)
MCMV gB HR-MCMV-05 Mouse 1:1000 (WB) | Stipan Jonjic
(Copri)
MCMV IE1 Chromal01 Mouse 1:1000 (WB) | Stipan Jonjic
(Univ.of Rijeka)
Phospho E10 Mouse 1:1000 (WB) | Cell Signaling
ERK1/2
(Thr202/Tyr204)
Phospho SHC1 Rabbit 1:500 (WB) Cell Signaling
Y239/240
Phospho SHC1 Rabbit 1:5000 (WB) | Cell Signaling
Y317
Phospho Akt Mouse 1:2000 (WB) | Cell Signaling
S 473
Rat-1gG anti-rat Goat 1:3000 (WB) | Jackson
HRP-coupled 1:500 (IF) Immuno-
Research
PRb G3-245 Mouse 1:500 (WB) BD Bioscience
SHC1 PG-797 Mouse 1:500 (WB) Santa Cruz
1:100 (IP)
SHC1 30/SHC Mouse 1:1000 (WB) | BD Bioscience
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M45 Mouse 1:50 Stipan Jonjic
(Univ.of Rijeka)

Secondary

antibodies

Mouse IgG-light | anti-mouse Goat 1:3000 (WB) | Jackson

chain HRP light chain ImmunoResearch

Mouse-IgG anti-rat Goat 1:5000 (WB) | Dako
HRP-coupled

Mouse-IgG anti-mouse Goat 1:3000 (WB) | Jackson
HRP-coupled ImmunoResearch

Rabbit IgG anti-rabbit Goat 1:3000 (WB) | Jackson
HRP-coupled ImmunoResearch

Rabbit IgG-light Anti-rabbit Goat 1:3000 (WB) | Jackson

chain HRP light chain ImmunoResearch

Rabbit-1gG anti-rabbit Goat 1:5000 (WB) | DAKO
HRP-coupled

Rat IgG anti-rat Goat 1:500 (IF) Life technologies
AlexaFlour 555-
coupled

Mouse IgG anti-mouse Goat 1:500 (Flow Life technologies
AlexaFlour 647- cytometry)
coupled

7.7 Enzymes

Description Reference/Supplier

Dream Taq Green DNA Polymerase Thermo Fisher Scientific

Fast alkaline phosphatase Thermo Fisher Scientific

Fast Digest restriction enzymes (10U/pl) Thermo Fisher Scientific

PRECISIOR High Fidelity DNA Polymerase BioCat

Proteinase K Thermo Fisher Scientific

RevertAid H Minus Reverse Transcriptase Thermo Fisher Scientific

RNAse A Applichem

T4-DNA-Ligase and buffer Thermo Fisher Scientific

TURBO™ DNase Ambion Life Technologies
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7.8 Marker

Description

Reference/Supplier

PageRuler™ Prestained Protein Ladder

Thermo Fisher Scientific

Generuler™ 1kb DNA Ladder

Thermo Fisher Scientific

7.9 SILAC-reagents

Description Reference/Supplier
L-arginine Sigma-Aldrich
L-arginine-13Ceg Sigma-Aldrich
L-lysine Sigma-Aldrich
L-lysine-13Ce Sigma-Aldrich
Proline Sigma-Aldrich
stable L-glutamine Sigma-Aldrich
7.10 Kits
Description Reference

BCA Protein Assay

Thermo Fisher Scientific

complete™mini, EDTA-free Protease Roche
Inhibitor cocktail
dNTP-Mix Promega

ECL Western Detection Reagents

Amersham Biosciences

HA-affinity Matrix-rat covalent 3F10

Roche

Hiperfect

Qiagen

Innuprep DNA- Mini Kit

Analytic Jena

Lumigen TMA-6

Bioquote

NucleoBond Gel and PCR Clean-up

Macherey-Nagel

NucleoBond Xtra Midi

Macherey-Nagel

GBO003

Polyfect Qiagen
protein G or A agarose beads Roche
Whatman® gel blotting paper, grade Sigma-Aldrich
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7.11 Buffer and Solutions

Description

TE9 buffer 50 mM Tris
20 mM EDTA pH 9.0
10 mM NaCl

BAC DNA extraction (Mini-Prep)
S1-Buffer 50 mM Tris, 10 mM EDTA, 100 pg/ml
RNase A, pH 8.0

S2-Buffer 200 mM NaOH, 1 % (v/v) SDS
S3-Buffer 2,8 M KAc pH 5,1 with AcOH

10mM Tris pH 8.5
Tris elution buffer

Agarose Gelelectrophoresis

Agarose gels 1% or 0,6% Agarose in TBE or TAE buffer
TAE buffer 2 M Tris, 50 mM EDTA, 5,7% AcOH, pH 8,0
TBE buffer
445 mM Tris, 20 mM EDTA, 445 mM Borat
pH 8,0
SDS-Polyacrylamide gel electrophoresis
(SDS-PAGE)
3M Tris-HCL pH 8.45
Gel buffer
0.3% SDS
4x Laemmli loading buffer 0,3 M Tris pH 6,8
12 % SDS

40 % Glycerol

0,02 % Bromophenolblue
20% B-Mercaptoethanol
1M Tris-HCL pH 8,9

Anode buffer 1M TF?S?HCL
1M Tricine
1%SDS

Cathode buffer 50 mM Tris
150 mM NacCl

1 % Triton X-100
0,1 % SDS
1 % Deoxycholat
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50M Tris pH7,5

NP-40 (500mL) 150M NacCl
1% NP-40

Western Blot 50mM Tris
40mM Glycine

Transfer buffer 0.04% SDS

20% Methanol

TBS-Tween buffer (10x) 100mM Tris
1.5 M NadCl pH7.5
1.5% Tween20

Blocking buffer 4% milk or 4% BSA in TBS-T-buffer
milk or BSA in TBS-T

Immunoprecipitation

minimal washing buffer 50 mM Tris

150 mM NacCl
(sterile filtered for SILAC samples)

SILAC sample buffer

50 mM Tris
(sterile filtered) 150 mM NaCl

1% (v/v) SDS
IP-Washing buffer #1 50 mM Tris*-HCI, pH 7.5;

150 mM sodium chloride;

1% Nonidet P40*; 0.5% sodium
deoxycholate;

1 tablet complete protein inhibitor
cocktail/50 ml

IP-Washing buffer #2 50 m.M Tris*-HCI, pH 7.5; 500 mM sodium
chloride;

0.1% Nonidet 40*; 0.05% sodium

deoxycholate

IP-Washing buffer #3 50 mM Tris*-HCI, pH 7.5; 0.1% Nonidet
P40*;
0.05% sodium deoxycholate
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Immunoflourescence
Fixation

Aldehyde blocking
Permeabilization
Blocking buffer

4%PFA in PBS pH7,5
50mM NH4Cl in PBS
0.3% Trition x-100 in PBS
0.2% Gelatine in PBS

Flow cytometry
PI (propidium iodide) solution

1mg/mL Pl containing ribonuclease and
Triton X-100

7.12 Chemicals

Description Reference/Supplier
Actinomycin D Sigma

Borat Roth
Bromphenolblue Roth

Chloroform Roth
Cycloheximide (CHX) Sigma

DAPI Sigma Aldrich
Deoxycholat Roth

Drag5 BioStatu Limeted
Ethidiumbromide Serva
Gelatine Merck
Glycerine Roth

L- (+) Arabinose Sigma- Aldrich
LE Agarose Biozym
Leptomycin B Sigma Aldrich
LY294002 Cell Signaling
Methanol Roth

N, N, N, N’ —Tetramethylendiamin (TEMED) | Roth
Paraformaldehyd Roth

Phenol Roth
Phosphonoacetic acid (PAA) Sigma
Polyfect Transfection Agent Qiagen
Protease inhibitor Aprotinin Sigma-Aldrich
Protease inhibitor Leupeptin Sigma
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Protease inhibitor Pefablock Sigma
Rothiphorese Gel 30 (37.5:1) Roth
(acrylamide:bisacrylamide)

SDS Roth
-Mercaptoethanol Roth

Tris Sigma

Triton X-100 Roth
Tween20 Roth

U0126 Cell signaling

7.13 Equipment and special material

Description

Reference/Supplier

Axiovert 40 CFL Fluorescence-Microscope
HXP 120 C

Zeiss

BD FACS CANTO I

BD Bioscience

Beckmann ultracentrifuge L-70 Beckmann
Centrifuge 5415D Eppendorf
Centrifuge 5415R Eppendorf
Electroporation cuvettes Eurogentec
Equipment

FLUOstar Omega BMG LABTECH
Fusion SI-4 3500 WI molecular imaging Peqlab

Gel doc XR+ system BioRad

Gene Pulser Xcell BioRad

Hybond ECL/Nitrocellulose Membrane

GE Healthcare

NanoDrop ND-1000 Spectrometer Peqlab
Nicodenze Axa-Shield
Nikon Al confocal laser scanning Nikon
microscope (cLSM)

Nikon C2* confocal microscope Nikon

pH-meter 211

Hanna Instruments

Primo Vert Microscope

Zeiss

Shaking incubator HT (bacteria)

Infors
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Sorvall RC 6+ Zentrifuge

Thermo Fisher Scientific

TC20™ automated cell counter BioRad
Thermomixer comfort 555 Eppendorf
Trans-Blot turbo transfer system BioRad
Whatman paper Roth

Zeiss LSM510 META/FCS Zeiss
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8 Methods

8.1 Cell culture and virology methods
8.1.1 Cell culture

All cell lines as well as primary cells were cultured in Dulbecco’s modified Eagle’s media
(DMEM) supplemented with 5 or 10% fetal calf serum (FCS) or 10% newborn calf serum (NCS)
and 1% penicillin/streptomycin. Cells were incubated at 37°C, 80% humidity and 5% CO; and
passaged once they reached 80% confluence. Therefore, cells were first washed with
prewarmed phosphate buffered saline (PBS) before adding 2-3ml Trypsin/EDTA in order to
detach adherent cells from the culture plate. Once the monolayer was detached, cells were
resuspended with appropriate volume of fresh DMEM, supplemented with serum, to
inactivate trypsin and splitted according to their replication properties. In order to seed cells,
10ul of resuspended cells were counted and the appropriate volume of cells was added to
fresh culture media (cell counter TC10, BioRad). All cell culture procedures were performed

under sterile conditions using a sterile bench (HeraSafe, Heraeus).

8.1.2 Thawing and freezing of cells

In order to freeze cells, a confluent monolayer of one plate (145mm?) was trypsinized,
resuspended in 10ml completed DMEM and cells were pelleted (5min, 500g at RT). The cell
pellet was washed and resuspended in 3ml FCS containing 10% DMSO and transferred into 3
cryotubes for short term storage at -80°C or long-term storage at -196°C (liquid nitrogen). Cells
were thawed using a water bath at 37°C and were immediately transferred in 15ml tubes with
10ml of prewarmed growth media, followed by a centrifugation step (5min, 200g at 37°C) to
remove residual DMSO. Afterwards, cells were resuspended with 10ml of prewarmed DMEM
and seeded in a 100mm? culture dish. When cells were attached to the culture plate, media

was replaced by fresh media.

8.1.3 Stable isotope labelling with amino acids of cell culture (SILAC)

In order to identify specific interaction partners of proteins of interest, a SILAC based affinity
purification and mass spectrometry (AP-MS) approach was used. The technique is based on
the different labelling of mammalian cell cultures with heavy and light amino acid isotopes by

using specialized media. The different labelling with heavy isotopes ensures a difference in

97



Methods

mass detectable in the spectrometer. This allows identification of specific interaction partners
when different conditions are compared. In this study infected cells with non-tagged MCMV-
M28wt were compared to tagged MCMV-M28wtHA. Therefore, NIH-3T3 or HFF cells were
cultured for at least 8 passages, in SILAC DMEM+ 10% dialysed FCS containing heavy labelled
13Ce L-arginine, 13C L-lysine and unlabelled proline, to ensure 97% of incorporation of labelled
amino-acid during protein turnover. The corresponding light culture was supplemented with
light L-arginine, L-lysine and proline. Afterwards, cells (heavy and light) were seeded 3x10°
cells/well (NIH-3T3) or 1x10° (HFF) (6-well) and were infected with either MCMV-M28wt or
MCMV-M28wtHA using centrifugal enhancement (1500g, 30min at 37°C). To reduced false
negative and positive results a so-called label-switch was performed, meaning heavy and light
cultures were once infected with the tagged or non-tagged virus respectively, each in

duplicates.

8.1.4 Transfection of cells with plasmid DNA

To transfect plasmid DNA, cells were seeded 3x10° per well (6-well) or x 10° cells per 100mm?
dishes and transfected with 1-3ug DNA using Lipofectamine (Thermo Fisher Scientific)
according to the manufacture’s protocol. Therefore, 1-3ug DNA was diluted in 100ul of
OptiMEM and incubated for 10min at RT. In parallel 100ul OptiMEM were incubated with 10pl
Lipofectamine. Afterwards, samples were pooled, slightly vortexed and incubated for
additional 20min at RT. Afterwards, the mixture was gently added to the cells. Transfected

cells were incubated at least for 24-48h before harvesting.

8.1.5 Transfection of cells with siRNA

To establish a transient knockdown of cells the principle of RNA-interference using small
interfering RNA (siRNA) was employed. A complementary sequence of the target gene was
designed, which couples with mRNA and therefore prevents expression of messenger RNAs
(mRNAs) [217]. With this technique expression of specific genes can be transiently and
efficiently downregulated. To improve efficient silencing of the target gene, a pool of 4
different siRNAs was used (Dharmacon). In addition, scramble siRNA with an unspecific target
was applied to ensure no off- target effect as well as using an appropriate control system. For
this purpose, siRNA was transfected using the transfection kit Hiperfect (Qiagen) according to

the manufacture’s protocol. First of all, suitable concentrations of siRNA were tested in
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Western blot. This ensures efficient silencing of the gene while keeping siRNA-concentration
as low as possible. After selection of the suitable concentration 30nM of siRNA was diluted in
the total volume of 100pl DMEM and vortexed for 5s. Afterwards, 6ul of Hiperfect was added
to the solution, vortexed again for 10s and incubated for 10min at RT. Meanwhile, cells were
trypsinized and seeded with a density of 0,8x10° per well (12-well). siRNA mixtures were

added to a total volume of 1100ul cell suspension, immediately after seeding.

8.1.6 Transfection of BAC-DNA and virus reconstitution

To reconstitute MCMV from BAC-DNA, 1,5 x10°> murine 10.1 cells were seeded on a 6-well
plate and transfected the next day with 3ug fresh BAC-DNA using Polyfect (Qiagen) according
to the manufacture’s protocol. By using the transfection reagent Polyfect, DNA binds to the
reagent and forms complexes, which can enter the cells. BAC-DNA was mixed with 100uL non-
supplemented DMEM incubated for 5 min at RT. Afterwards, 10uL Polyfect was added to the
mixture followed by an additional incubation step for 20min at RT. 500uL DMEM was added
to the mixture and gently transferred to the cells. Virus reconstitution was monitored for the
next 3-7 days. When small foci and a cytopathic effect could be observed, cells were splitted
and further expanded. The virus reconstitution was completed after 14 days and virus

supernatant was harvested for a virus stock.

8.1.7 Preparation of virus stocks

For the preparation of a MCMV virus stocks, 5-10 plates (145mm?) with 2x108 cells (10.1 cells)
were infected with a multiplicity of infection (MOI) of 0.025 TCIDso/cell and incubated for 6-8
days. 3- and 6-days post infection virus supernatant was collected, and cell debris removed by
centrifugation (15min, 6000g at 4°C). Afterwards, the infectious supernatant was transferred
into a new 250ml tube and centrifuged again (4h, 27000g at 4°C). After centrifugation,
supernatant was discarded, and the virus pellet was resuspended in 300ul of DMEM (10% FCS
or w/o FCS) overnight at 4 °C. The next day, the pellet was resuspended in 2mL DMEM and
additionally purified by adding 18mL PBS with 10% nicodenze. After resuspension, the virus
solution was additionally ultra-centrifuged at 27000rpm for 90min at 4°C (Beckmann
Ultracentrifuge, rotor 70Ti). The residual pellet was resuspended in 300uL DMEM with
optional FCS and incubated overnight at 4°C. Next day, the virus pellet was resuspended,

aliqguoted and stored at — 80°C.
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8.1.8 Gradient purification of virions

First, a virus stock of 10-15 dishes (15cm?) was prepared and viral supernatant was collected
at day 5-6 when infected cells showed a clear cytopathic effect. 5x10° cells were lysed using
RIPA buffer and collected for further analysis and stored at -20°C. In a second step, cells and
cell debris from the virus stock supernatant were removed by centrifugation for 15min 6000g
4°C. Afterwards, virus particles were pelleted from supernatant in a precooled centrifuge
27000 rpm for 90min at 4°C (Beckmann, rotor 70Ti). Afterwards, the residual supernatant was
removed and resuspended with 250ul 0,04M sodium phosphate buffer overnight at 4°C and
then filled up to 2mL with the same buffer. To ensure sufficient resuspension of the viral
particle solution, the complete volume was resuspended again by pipetting up and down for
at least 30 times. Afterwards, fresh gradients were prepared using 15% sodium/glycerol
tartrate and 30% sodium tartrate solution. Both solutions were mixed with a standard gradient
maker with constant circulation of both chambers using a magnetic field. The solution was
collected in semi-soft Beckmann centrifugal tubes via a thin plastic tube. The freshly prepared
gradient was immediately used and 2mL of the viral particle solution was gently layered on
top of the gradient by avoiding any drops. The prepared gradient with the overlayered virus
suspension was centrifuged without brake at 23000rmp for 45min at 10°C (Beckmann,
Swinging rotor SW41Ti). After centrifugation the middle band of the gradient containing the
virions was aspirated with a syringe and transferred to a new tube. The suspension containing
the virions was resuspended in 18mL PBS and pelleted again for 60min at 23000rpm at 4°C.
The pelleted virions were lysed in RIPA buffer for 15min and protein concentration was
measured (BCA) including the lysed samples. Equal protein concentration was analysed via

SDS-PAGE and Western Blot.

8.1.9 Infection of cells and virus quantification

To determine viral replication and the quantification of infectious particles, the tissue culture
infectious dose (TCIDsg), calculated by the Spearman-Karber method, was used [218] . The
TCIDsois described as a dilution of virus particles, which are required to infect 50% of a defined
number of cells. Therefore, 2x10% 10.1 cells per well were seeded in a 96-well plate with 10%

DMEM+ 10% FCS. The cells were infected with 100ul of a logarithmic serial dilution 103-10%°

in triplicates with and without centrifugal enhancement (30min, 1000g at 37°C) [219]. The
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infected cells were monitored 6-7 days post infection and the number of wells, showing a
cytopathic effect was counted for each dilution and TCIDso was calculated.

For infection experiments, cells were infected by using a defined multiplicity of infection (MOI)
based on the infectious titer of a virus stock (TCIDso/mL). By using the following equation, the

defined volume of virus stock was defined and added to the cells.

(number of cells) x MOI

TCID50/mL = volume of virus stock in mL

8.1.10 Viral replication kinetics

To investigate different replication properties of viruses, for instance in different cell types,
viral replication kinetics were performed. To perform a growth kinetic at low MOI (0.1-0.2
TCIDso/cell), 1.5 x10° cells/well were seeded in a 6-well plate and inoculated with the
appropriate dose of virus without centrifugal enhancement. All virus replication kinetics were
done in triplicates. 4 hours post infection viruses entered the cells. Virus inoculum was
removed by washing 1x with PBS and fresh completed DMEM was added to the cells. The
initial virus input and the virus supernatant were collected and determined every second day

via the TCIDsp method. The viral replication kinetics were monitored for 7-14 days p.i..

8.2 Molecular Methods
8.2.1 Preparation of electro competent bacteria

For preparation of electro competent bacteria 200ml of LB-Media, supplemented with
appropriate antibiotics, was inoculated with 5-10ml (overnight culture) of E.coli and incubated
at 30°C (GS1783) or 37°C (DH10B) with constant shaking. If not differently clarified, all
constant shaking steps were proceeded at 160rpm using a HR shaking incubator. When the
bacteria culture reached the exponential phase at ODsgo of 0.5-0.6, they were immediately
cooled onice for 20min. While bacteria GS1783 were heat shocked (shaking) at 42°C for 15min
to induce the expression of Red genes, DH10B were further proceeded without heat shock.
After the cooling step, cells were centrifuged (10min, 5000g at 4°C). The pellets were washed
with 100ml sterile dH,0 and centrifuged again, followed by an additional washing step with

dH;0. The pellets were centrifuged again, resuspended in 10ml cold and sterile 10% glycerol
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and centrifuged (10min, 5000g at 4°C). The resulting pellet was resuspended in 1.2ml cold

sterile 10% glycerol, aliquoted and frozen at -80°C.

8.2.2 Transformation of electrocompetent bacteria

In order to introduce DNA into bacteria they were transformed via electroporation. Therefore,
50uL of frozen electrocompetent bacteria were thawed on ice and incubated for 10min on ice
with 2-4 ul of ligation product or 100-200ng of linear PCR product. Afterwards, bacteria were
transferred to 2mm electroporation cuvettes and pulsed with 2000V 25 pF and 200 Q.
Immediately after, pulsed bacteria were transferred in 1ml prewarmed LB-media to a fresh
tube and incubated at 30 or 37°C with constant shaking for 1h. Cultured bacteria were then
pelleted, resuspended in 200ul LB-media, plated and incubated for 24- 32 hours at 30°C
(GS1783) or 37°C (DH108B).

8.2.3 Cloning of pcDNA-M28wt-HA

To investigate M28 protein expression in uninfected cells, a plasmid inserted with the gene
region of M28, including a C-terminal HA-Tag, was constructed. Therefore, the mammalian
expression vector pcDNA3 was used. A PCR product was generated by using specific primers,
including a restriction site for Xhol and Mfel, using BAC-MCMV-M28wtHA as a template. The
PCR-amplified M28-insert was ligated using a T4-Ligase from Thermo Fisher Scientific in the
ration 1:5 to vector in a total volume of 20uL, according to the manufacturer’s protocol. After
ligation, 4uL of the ligated construct was transformed into electro-competent DH10B bacteria
and plated on agar-plates containing ampicillin. Positive clones were selected and screened

via restriction analysis and Sanger sequencing.

8.2.4 Extraction of plasmid DNA (mini-Prep)

Plasmid DNA was isolated from 5mL of LB-media containing the indicated bacteria by using a
mini-Plasmid extraction Kit (Macherey-Nagel). 4ml of overnight bacteria culture was pelleted
and proceeded according to the manufacturer’s protocol. ImL of mini-DNA culture was kept

for inoculation of a midi-culture. Plasmid DNA was eluted in 30ul EL-buffer.

8.2.5 Extraction of BAC-DNA (mini-Prep)

In order to extract BAC-DNA the principle of alkaline lyses was used. 5mL of LB-Media with the
suitableappropriate antibiotic was inoculated with a single picked colony and incubated
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overnight at 30°C with constant shaking. 4mL of the overnight culture was centrifuged (1min,
6000g at 4°C). Afterwards, the bacteria pellet was resuspended in 300ul S1 buffer. After
resuspension, the bacteria were lysed with 300ul S2 buffer, inverted and incubated for 3-4min
at RT. 300ul of S3-buffer was added and the sample was incubated for 8min on ice to
precipitate proteins and bacterial chromosomal DNA. The neutralization was followed by a
centrifugation step (20min, 11000g at 4°C) to pellet precipitated proteins. Afterwards, 800ul
of the supernatant containing the BAC-DNA was transferred to fresh tubes and BAC-DNA was
precipitated by using 640ul of isopropanol followed by additional centrifugation (30min 1500g
at 4°C). Supernatant was removed and the BAC-DNA pellet was washed two times with 500l
of 70% Ethanol. The extraction was completed by removing residual Ethanol and drying the
DNA pellet at RT. Finally, the DNA pellet was resolved in 50ul 10mM Tris pH 8.0 or TE buffer

at 37°C with 1h constant shaking (Thermomixer 300rmp) or incubated overnight at 4°C.

8.2.6 Extraction of plasmid DNA or BAC-DNA (midi-Prep)

In order to extract BAC or plasmid DNA for larger scales, 200ml of LB-Media, and suitable
antibiotics, were inoculated with 50l of bacteria culture (mini-prep) and incubated overnight
at 30°C or 37°C with constant shaking. The extraction of DNA was performed according to the
manufacturer’s manual with the NucleoBond Midi Xtra Kit (Macherey-Nagel). DNA was eluted
in 150ul 10mM Tris pH 8.0 or TE buffer and incubated for 1h at 37°C with constant shaking or

at incubated at 4°C overnight.

8.2.7 Storage of bacteria

For long time storage of bacteria containing BACs or plasmids, 700uL of bacteria culture was

mixed with 300uL 86% Glycerol (v/v) and stored at -80°C.

8.2.8 Polymerase chain reaction (PCR)

PCR was performed by using either Dream Taq polymerase or Precisor polymerase according
to the manufacturer’s protocol. Dream Taq polymerase was only used for BAC mutagenesis
and Precisor DNA Polymerase was used for amplification before sequencing or cloning

purposes. The general PCR set up and cycle parameters are described below.
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Reagent volume
5xGC-buffer 10pL
dNTPs 0,75uL
Template 10-50ng
Primers (20pL) 2uL

DNA Polymerase lul

DMSO (optional) 1,5uL
ddH20 up to 50puL

Standard cycling condition

Cycling step Temperature Time Number of cycle(s)
Initial denaturation  98°C 2min 1
Denaturation 98°C 30s
Annealing 2-5°C lower than Tm 30s 35x
. of primer
Extension 7213(: 30s/kb
Final extension 72°C S5min 1
Cooling 4°C o0

8.2.9 Restriction digestion of DNA

BAC or plasmid DNA of interest was analyzed by using restriction digestion with suitable fast
digest enzymes according to manufacturer’s protocol (Thermo Fisher Scientific). To analyze
BAC DNA, 1-2ug DNA was digested for 1h at 37°C and analyzed on a TBE-gel overnight at 40V.
In order to analyze plasmid DNA, 1ug DNA was digested for 20min at 37°C and analyzed on an
agarose gel. For prior ligation, vector DNA was treated additionally with 1ulL Fast Alkaline

Phosphatase (AP) according to the guidelines of Thermo Fisher Scientific.

8.2.10 DNA Gel electrophoreses and BAC-Gels

PCR products and digested BAC or plasmid DNA was analyzed on a 1% or TAE or 0,75% (w/v)
TBE agarose gel. TAE gels were run for 1h at 120V and TBE gels were run overnight. at 40V,
containing 0.5 pg/mL ethidium bromide, respectively. To analyze the size of expected bands

10ul O’GeneRuler (Thermo Fisher Scientific) was used as a standard. Furthermore, bands of
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interest were either documented by using an UV transilluminator (GelDoc XR+ BioRad system)

or bands were cut out under UV light for purification.

8.2.11 Purification and quantification of DNA fragments

In order to extract DNA fragments from an agarose gel, bands of interest were cut out from
the gel. Samples were purified according to the manufacturer’s protocol using the NucleoSpin
and PCR clean up Kit (Macherey-Nagel). Purified DNA was eluted in 30-50ul TE buffer.
Concentration and quality were determined by using the photometer NanoDrop 1000
(Peglab). The measurement was performed at 260nm and the purity of DNA was determined

by the ratio of OD260/0D2so. Extracted DNA was stored at 4°C or for long time storage at -20°C.

8.2.12 DNA sequencing

PCR fragments or plasmid DNA were Sanger sequenced by the company Seglab Microsynth
GmbH, Gottingen. For sequencing of lager DNA constructs and BACs, next generation
sequencing was performed and analyzed in collaboration with the Research department Prof.

Adam Grundhoff (lllumina mySeq).

8.2.13 en-passant BAC mutagenesis

In order to generate recombinant MCMV-BAC mutants, en-passant mutagenesis was
performed to introduce specific single nucleotide polymorphisms (SNP) or tags. The principle
is based on the insertion of a linear stranded DNA fragment, containing a |-Sce-l-aphAl-
cassette, the homologues regions of the gene of interest with the mutation or tag, into a BAC
[216]. This method was used because the principle cloning techniques, like restriction and
ligation cannot be applied to large DNA constructs such as BACs. The recombination method
is based on the Red recombination system. First the target sequence is inserted via
homologues recombination followed by cleavage of a marker cassette in the second
recombination by the endonuclease Scel. To introduce an HA-tag or point mutations, a pair of
mutagenesis primers was designed with 50bp including flanking regions, a sequence
duplication and followed by the marker cassette sequence. The target sequence was amplified
by PCR using as a template pEPKanS plasmid. The PCR product was digested for 20min at 37°C
with Dpnl and purified from a TAE-agarose gel using the PCR-clean up kit (Macherey-Nagel).
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150ng of the purified sequence was transformed into electrocompetent bacteria GS1783,
which harbored already a BAC with either MCMV-wt (GFP) or M112-117+M28wt (GFP).
Transformation was performed as described in (8.2.2). Afterwards, bacteria were plated on
kanamycin and chloramphenicol agar plates and incubated for 32- 48 hours at 37°C. Single
clones were picked and incubated overnight at 37°C in 5mL LB-culture supplemented with
chloramphenicol and kanamycin. BAC-DNA was purified according to the protocol described
in (8.2.5). Clones were digested with appropriate restriction enzymes and analyzed on a 0.7%
TBE BAC gel or via analytical PCR. In a second recombination step positive clones were
incubated for 2h in LB-Medium + chloramphenicol/kanamycin and then further cultured for
an additional hour after adding 2% (w/v) L-arabinose to induce the Scel-endonuclease.
Afterwards, bacteria were transfer to a water bath at 42°C for 20min, with constant shaking,
to induce the expression of Red genes. The resulting cleavage of the |-Scel sites results in a
new substrate for a second Red recombination. Afterwards, bacteria cultures were
transferred back to incubation at 30°C and constant shaking until the OD reached 0.5-06.
Bacteria were plated on agar plates, containing only chloramphenicol and 1% L-arabinose, and
incubated for 24 hours at 30 °C. Positive clones were screened again using restriction analysis
and sequencing to ensure the introduction of the specific point mutations or HA-tags. Positive
clones were used to prepare a midi-prep and a subsequent BAC transfection to prepare a virus
stock. To ensure that additional mutations were not introduced during BAC-mutagenesis,

sequences of MCMV-mutants were analyzed via NGS.

8.3 Protein biochemistry methods
8.3.1 Preparation of cell lysates

In order to prepare cell lysates to analyze proteins via immunoblotting, cells were washed 1x
PBS and lysed in 100-200uL 2x laemmli-buffer per well (6-well plate). Afterwards, samples
were incubated at 95°C for 10min and transferred for storage at -20°C or directly used for SDS-
PAGE. For IP-experiments or to determine protein concentration via a BCA standard, cells
were lysed for 15min on ice with RIPA or NP-40 buffer + protease inhibitors. Afterwards,
samples were centrifuged to remove cell debris at 4°C for 15min at 11000g. The supernatant
containing the proteins was collected. To determine the protein concentration of samples, a
BCA assay was performed according to manufacturer’s protocol (Thermo Fisher Scientific).
Finally, protein concentration was measured via an ELISA omega reader at 562nm absorbance.

106



Methods

To ensure that all samples contain the same amount of protein, RIPA or NP-40 buffer was
added to adjust the concentration. 4x laemmli buffer was added to the sample which was then

incubated at 95°C for 10min and stored at -20°C or directly used for SDS-PAGE.

8.3.2 (Co-) Immunoprecipitation (Co-IP)

Potential interaction partners of a protein of interest can be investigated via the principle of
Co-immunoprecipitation. The principal is based on the binding of an agarose-coupled protein
A or G, which binds to a specific antibody, that again binds the protein of interest and its
potential interaction partners. First of all, cells were seeded in a 6-well (2-3x10° cells per well)
and either transfected or infected with HA-tagged M28-MCMV mutants. After 24 hours cells
were 1x washed with PBS and then harvested with 160uL NP-40+ cOmplete mini EDTA free
protease inhibitor tablets using a cell scraper. Cell lysates were incubated for 15min onice and
then centrifuged to remove cell debris (15min 11000g 4°C). Afterwards, the supernatant
containing the proteins was transferred to a fresh 1,5mL tube. 100uL was used to prepare
lysate/input controls with 4x Laemmli buffer. The lysate control was incubated at 95°C for
10min and stored at -20°C. The residual 900uL of lysate were first precleared with 20uL
protein A or G agarose beads for 60min at 4°C at a rotating platform. This avoids any unspecific
binding to the beads. After preclearing, beads were pelleted 30s full speed and supernatant,
containing the proteins, was transferred to a fresh tube. Next, the specific antibody against
the protein of interest was added to the lysate (mouse/rabbit- HA 1:300) and incubated
overnight at 4°C on a rotating platform. After binding of proteins to the antibody, suitable
agarose beads were added to the lysate to affinity purify the tagged protein. Afterwards,
samples were incubated for additional 2h at 4°C rotating. Next, beads were washed 3x with
IP-buffer #1, 2x IP-buffer #2 and 1x IP-buffer #3 with reducing salt concentrations to prepare
the elution. After the last washing step, the whole liquid was removed using a fine tip and
120pL of 1x Laemmli buffer was added to the dried beads. To disrupt the binding of beads
from the antibody, lysates were incubated for 8min at 95°C. Samples were centrifuges for 30s
at full speed to pellet residual beads. Finally, supernatant was transferred to fresh tubes,

stored at -20°C or directly used for SDS-PAGE and Western blot.
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8.3.3 IP sample preparation for SILAC-mass spectrometry

To prepare samples for SILAC- based affinity purification and mass spectrometry (AP-MS), one
set of heavy and light labeled cells were seeded in a 6-well plate with 1-3x10° cells per well.
Each set of heavy or light cell cultures were infected with MCMV-M28wt or MCMV-M28wtHA,
respectively. In all steps, only disposable pipettes and stuffed dips, as well as filtrated buffers
were used. The preparation partially differed from the standard protocol. The protein
concentration was determined via BCA-assay and the pull down of the M28 protein was
performed by using 70uL HA-covalent coupled beads (Roche HA-affinity matrix 3F10). All
washing steps were performed using 3x minimal washing buffer. Cell lysates were added with
2x Laemmli buffer following an incubation step for 10 min at 95°C. 10ul of the lysate control
as well as 20puL of the IP-sample was kept for a control via SDS-PAGE and Western blot. Heavy
and light samples were mixed in the ration 1:1 and stored at -80°C before shipment. All steps
of affinity purification and mass spectrometry (AP-MS) analysis were performed in

collaboration with Prof. Albert Stickman’s group, Stefan Loroch ,at ISAS (Dortmund, Germany).

8.3.4 SDS-PAGE

Protein samples were harvested as described above and analyzed via SDS-PAGE. First, protein
samples and a protein ladder (Thermo Fisher Scientific) were concentrated on a 4% stacking
gel at 60V for 35min and then separated at 80V for 4h on a 10% resolving gel. If necessary, the
SDS-PAGE was cooled on ice. Afterwards, separated proteins were further processed via
Western blot (8.3.5). For all SDS-PAGEs the Mini-PROTEAN Tetra Cell-System, (Bio Rad) was

used.

10% Resolving Gel

30% Acrylamide (Rotiphorese-Gel 30) 3.3 ml
Gel buffer 3.0ml
dH20 1.0 ml
50% Glycerol 2.5ml
10% APS (Ammoniumpersulfate) 50 ul

TEMED (N,N,N’,N’-Tetramethylethylendiamin) 20 ul
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4 % Stacking Gel

30% Acrylamide (Rotiphorese-Gel 30) 0.67 ml
Gel buffer 0.67 ml
dH20 3.67 ml
10% APS (Ammoniumpersulfate) 40 pl

TEMED (N,N,N’,N’-Tetramethylethylendiamin) 10 ul

8.3.5 Western blot (semi-dry)

After separation of proteins by SDS-PAGE, SDS-Gels containing the proteins were transferred
to a nitrocellulose membrane in order to visualize them later via chemiluminescence.
Therefore, 4 pieces of whatman paper were soaked with transfer buffer and were mounted
on a cathode of a Trans-Turbo-Blot (BioRad). First two layers of whatman paper were placed
on the cathode followed up by a layer of nitrocellulose membrane. The nitrocellulose
membrane and also the gel were previously incubated for 3min in transfer buffer. The
incubated gel containing the proteins was transferred on top of the membrane and layered
with 2 additional soaked pieces of Whatman paper. Residual bubbles or air were removed by
rolling the stack before closing the chamber with the anode lid. Proteins were transferred for
60-75min at 2 mA/cm?. Afterwards, the membrane was washed 1x with TBS-T buffer and
blocked with either 4% milk or 4% BSA in TBS-T for 30min at RT. After blocking, the membrane
was incubated with the primary antibody against the protein of interest at 4°C overnight, while
constantly shaking. Next day, the membrane was rinsed 3x and washed 3x 10min in TBS-T
followed by incubation with an HRP-coupled secondary antibody for 1h RT. The membrane
was washed again 3x to remove residual antibodies. After all washing steps, the membrane
was incubated with 800mL of ECL-solution (Thermo Fisher Scientific) in the dark for 5min at
RT. Detection of proteins was performed using a film machine (GE) and x-Ray films or Fusion

SL-4 3500WL Molecular Imaging.

8.3.6 Mass spectrometry analysis of SILAC IP samples

The following steps including (8.3.6, 8.3.7) were performed by our collaboration partner
Stefan Loroch at ISAS in Dortmund. The detailed and following procedure is citated and
described in [97]. Cysteines were reduced in the presence of 10 mM DTT for 30 min at 56'C

and alkylated using 20 mM IAA for 30 min at RT in the dark. Proteins were precipitated by
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diluting the samples 1:10 with ice-cold ethanol (-40°C) and incubation at -40°C for 1 h.
Precipitated proteins were spun down at 20,000 x g for 40 min at 4C and the pellet was
washed with 50 pl ice-cold acetone (-40 C). After 15 minutes of incubation at -40 C, proteins
were spun down for 15 min at 20,000 x g and 4 C. The sediment was solubilized in 7.5 pul 2 M
guanidinium hydro- chloride (GuHCIl) and diluted 1:10 using 50 mM ABC and 1 mM CacCl,.
Proteins were digested by adding 5 pl of a 0.1 pg/ul trypsin solution (Sigma-Aldrich T-1426)
followed by incubation for 12.5 h at 37 C. The reaction was stopped by adding TFA to a final
concentration of 1%. Samples were dried in a vacuum centrifuge, reconstituted in 0.1% TFA
and subjected to LC-MS. NanoLC-MS/MS was conducted using a U3000 HPLC system online
coupled to a Q Exac- tive HF (both Thermo Scientific). Samples were loaded in 0.1% TFA on a
C18 trap column (HiChrom ACE, 100 um x 2 cm, 5 um particles) and separated on a C18 main
column (HiChrom ACE, 75 pum x 30 cm, 5 um particles) using a 60 min linear gradient-program
from 2.5% to 35% ACN in the presence of 0.1% FA at 60°C and a flow rate of 270 nL/min. The
column effluent was introduced to the MS by nanoESI using a PicoTip emitter (new objectives)
operated at 1.5 kV. The MS was operated in positive ion-mode using a topl5 HCD data-
dependent acquisition method with a resolution of 60,000 for MS and a resolution of 15,000
for MS/MS. The normalized collision energy was set to 27 and only ions with an assigned
charge state of 2—4 were selected for fragmentation. Automatic gain control target values
were set to 106 and 5x104 with maximum ion injection times of 120 and 250 ms for MS and
MS/MS, respectively. The dynamic exclusion was set to 12 sec and the m/z = 371.10124 lock

mass was used for internal calibration.

8.3.7 Data analysis for mass spectrometry analysis

Database search was done using Mascot v2.4.1 implemented in Proteome Discoverer v1.4
against a merged database comprising all Uniprot entries of Mus musculus and all Uniprot/
TreEMBL entries of MCMV strain Smith and K181 (January 2013, 16,799 target sequences).
The decoy search option was enabled, and mass error tolerances were set to 10 ppm and 0.02
Da for MS and MS/MS. A maximum of 2 missed cleavages was allowed, oxidation of Met and
heavy labelled Arg/Lys was allowed as variable modifications and carbamidomethylation of
Cys was set as static modification. Results were filtered for 1% FDR at the PSM level and
feature quantification was performed within a 2ppm mass precision window using the

precursor ion quantifier. PSM tables were exported and further processed with Microsoft
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Excel and R to calculate the number of unique peptides per protein in each condition and
median-normalized heavy/light ratios. Proteins identified with 2 unique peptides and a log2

ratio 2,8 in both replicates were considered as potential interaction partners.

8.3.8 Immunofluorescence

To visualize subcellular localizations of proteins immunofluorescence was applied. Therefore,
cells were seeded on 4% gelatine pre-coated coverslips with a cell density of 1x1075 or on
impede slides with 4x10% cells per well. Cells were then infected with MCMV mutants at MOI
of 1. After 6- 24 hours, cells were washed 1x with PBS and cellular proteins were fixed with 4%
paraformaldehyde (PFA) for 20min at RT. Cells were washed again 2x in PBS and aldehyde
groups were neutralized with 50mM NH4Cl in PBS for 15min at RT. After additional 3 washing
steps, cells were permeabilized with 0,3% Triton X-100 for 15min at RT. Cells were first washed
and then blocked with 0.2 % gelatine for 15min at RT. Afterwards, cells were incubated with
the primary antibody (1:300) for 1h at RT. Next, cells were washed again 3x and incubated for
45 — 60 min at RT in the dark with secondary AlexaFlour-conjugated antibody (1:1000) diluted
in PBS containing 0.2 % gelatine. The last step was optional, staining of the nucleus with either
DAPI or Draqg5 (1:1000) in PBS for 10min at RT. To remove residual antibodies or DAPI staining,
cells were washed again 3x with PBS. Coverslips were rinsed with water, mounted with 1 drop

on an object slide and dried at least for 12 h. Impede slides where kept at 4°C in PBS.

8.3.9 Flow cytometry

Properties of cell populations or single cells can be analyzed via the technique of flow
cytometry using specific antibodies. To analyze specific cell cycle stages of transfected cells or
MCMV- infected cells, cells were cultivated asynchronized with a density of 8x10° cells per
6cm? dish (transfection) or 3x10° (6-Well). After 24 hours after transfection or infection cells
were washed 1x with PBS and then trypsinized with 1mL for 3min at RT. Cells were
resuspended in 5mL complemented DMEM with a fine tip to remove all cell clumps and
subsequently pelleted at 200g for 5min at RT. The cell pellet was washed with 1mL PBS and
again centrifuged at 200g for 5min at RT. Afterwards, the cell pellet was resuspended in 100uL
PBS and adjusted to the final volume of 1mL by adding ice-cold 70% ethanol. Samples were
gently vortexed during this step and fixed for at least 12h at 4°C. Ethanol was removed and

cells were washed with PBS for 300g for 5min at RT. Cells were permebilized with 0,3% Triton-
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X100 for 15min at RT. Cells were washed 3x and then stained with primary antibodies against
IE1 (1:250) or HA (1:250) in PBS for 30min- 1hour on a rotating platform at RT. This step was
followed by additional 3 washing steps and staining of the cells with AlexaFlour-linked
secondary antibody (1:500) for 30min rotating at RT. Cells were washed again (300g 5min RT).
To determine the cell cycle phases of the cells, the DNA content of cells was measured by
using 800 pl propidium iodide (Pl) solution which was gently added to the cells under
constantly vortexing. The specific gating strategy is shown in (Figure 16). First, cells were gated
for the live cells and then for single cells and afterwards for HA or IE1 positive cells. In each
experiment 10.000 events were acquired by using a flow cytometer FACS canto Il (BD

Bioscience). The acquired data was analyzed via Flowjo software.
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10.3 List of abbreviations

ActD
AIDS
AlM2
AKT
AP
AP-1
BAD
BAK
BAX
BCL-2
CDK
cGAS
CHX
cMmv
CREB
DAXX
DP

E

E2F
EBV
EGFR
elFa2
ELK1
ER
ERK1/2
GAB1/2
gB

GFP
GRB2
GSK-3p
HA
HAART
HCMV
HIF-alpha
HIV
HPC
HPI
HPV
HSV-1
IE

IFI16
IFN

IFN

IKK

IL

IRF

Actinomycin D

Acquired immunodeficiency syndrome
Absent in melanoma 2

Proteinkinase B

affinity purification

c-fos and c-jun

Bcl2-associated agonist of cell death
BCL-2 antagonist

Apoptosis regulator BAX

B-cell lymphoma protein 2

Cylin dependent kinase

Cyclic GMP—-AMP synthase
Cycloheximide

Cytomegalovirus

Cyclic AMP-responsive element-binding protein 1
Death-associated protein

Dimerization protein

Early

E2F transcription factor

Epstein-Barr virus

Epidermal growth factor receptor
elFa2-Translation initiation factor

ETS domain-containing protein 1
Endoplasmic reticulum

Extracellular signal-regulated kinases 1/2
GRB2-associated-binding protein 1 is a protein
Glycoprotein B

Green fluorescent protein

Growth factor receptor-bound 2
Glycogen synthase kinase 3 beta
Hemagglutinin

Highly antiretroviral therapy

Human cytomegalovirus
Hypoxia-inducible factor 1-alpha
Human immunodeficiency virus
Hematopoietic progenitor cells

hours post infection

Human papilloma virus

Herpes simplex virus 1
Immediate-early
Gamma-interferon-inducible protein 16
Interferon

Interferon

IkB kinase

Interleukin

Interferon regulatory factor
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IRS1
ISG
JAK

L
LIMD1
LTV
MAPK
MCL-1
MCMV
MDM2
MIEP
MOl
mRNA
MS
mTOR
mTORC
ND10
NES
NF-kb
NLR
ORF
p204
PAMP
PCNA
PCR
PDGFRa
PDK
PI3K
PI3K
PKR
PLCy1
PML-NB
pRb
PRR
PYD
RCMV
RIG-I
RIPK
RLR
RTK
SHC1
SILAC
SOS
Spl
SP100
STAT
STING
TBK1

Internal repeat short 1

Interferon-stimulated gene

Janus kinase

Late

LIM domain containing protein |

Letermovir

Mitogen-activated protein kinase

Induced myeloid leukemia cell differentiation protein Mcl-1
Murine cytomegalovirus

Mouse double minute 2 homolog

Major immediate early promoter

multiplicity of infection

messenger RNA

mass spectrometry

mammalian target of rapamycin

mammalian target of rapamycin complex
Nuclear domain 10

nuclear export signal

Nuclear factor 'kappa-light-chain-enhancer' of activated B-cells
Nod-like receptor

Open reading frame

Phosphoprotein 204

Pathogen-associated molecular pattern
Proliferating cell nuclear antigen

polymerase chain reaction

Platelet-derived growth factor receptor alpha
3-phosphoinositide-dependent protein kinase
phosphoinositide 3-kinase
Phosphatidylinositol 3-kinase

Protein kinase R

Phospholipase C-gamma-Isoenzyme
Promyelocytic leukemia nuclear body
Retinoblastoma protein

Pathogen recognition receptor

Pyrin domain

Rat CMV

Retinoic acid-inducible gene |

Receptor interacting protein

Retinoic acid-inducible gene | like receptor
Receptor tyrosine kinase

SHC-transforming protein 1

stable isotope labelling amino acids in cell culture
Son of sevenless

Specificity protein 1

Sp100 nuclear antigen

Signal transducer and activator of transcription
Stimulator of interferon genes

TANK-binding kinase 1
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TCIDso
TLR
TNF
TRS1
vAC
WT

tissue culture infectious dose 50 %

Toll-like receptor
Tumor necrosis factor
Terminal repeat short
Viral assembly complex
wildtype
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10.4 List of hazardous substances

substance GHS symbol hazard statements precautionary statements
Q H301 + H331-H310- P261-P280-P301 + P310 +
2 H315.H317.H318. P330-P302 + P352 + P310-
mercaptoethanol H373-H410 P305 + P351 + P338 + P310-
P403 + P233
acetic acid 6 H226-H314 P280-P305 + P351 + P338-
P310
E;g;::;ﬁ;gfj} P201-P280-P301 + P310-
acrylamide @ H340-H350-H361f- Eg‘l)g +P351 +P338-P308 +
H372
ammonium

bicarbonate

D>

H302

P301 + P312 + P330

ammonium @ H272-H302-H315- P220-P261-P280-P305 +

persulfate @ H317-H319-H334-H335 | P351 + P338-P342 + P311

N H315-H317-H319- P261-P280-P305 + P351 +
P H334-H335 P338-P342 + P311

bis-acrylamide @ H302 + H332

boric acid H360FD P201-P308 + P313

chloramphenicol H350 P201-P308 + P313

cycloheximide

O

H302-H330-H341

P260-P281-P284-P310

EDTA @ H319 P305 + P351 + P338
P210-P280-P305 + P351 +

ethanol @@ H225-H319 P338-P337 + P313-P403 +
P235

ethidium <,1,.> H302-H330-H341 P260-P281-P284-P310

bromide

hydrochloric acid

OO

H290-H314-H335

P261-P280-P305 + P351 +
P338-P310

isopropanol

&b

H225-H319-H336

P210-P261-P305 + P351 +
P338

kanamycin

H360

P201-P308 + P313
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leptomycin B

©®
®

H225
H301 + H311 + H331
H370

P210
P280
P301 + P310 + P330
P302 + P352 + P312
P304 + P340 + P311

liquid nitrogen

H281

P202-P271 + P403-P282

®

H225-H301 + H311 +

P210-P260-P280-P301 +

methanol H331-H370 P310-P311

NP-40 H319+H315 P264+P280

penicillin H317-H334 P261-P280-P342 + P311
protein A- H226

agarose

protein G-

agarose H226

puromycin H373

sodium dodecyl
sulfate

&

H315-H318-H335

P280-P304 + P340 + P312-
P305 + P351 + P338 + P310

OQOe OO

sodium P280-P305 + P351 + P338-
hydroxide H290-H314 P310
streptomycin @@ H302-H361 p281

@
O

P210-P280-P305 + P351 +

TEMED H225-H302-H314-H332 | 12 o0
P273-P280-P301 + P312 +
Triton X-100 @@ H302-H319-H411 P330-P337 + P313-P391-

P501
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