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Summary

Gene expression in eukaryotic cells is regulated by the combinatorial action of numerous

gene-regulatory factors, among which microRNAs (miRNAs) play a fundamental role at

the post-transcriptional level. miRNAs are single-stranded, small non-coding RNA mo-

lecules that emerge in a cascade-like fashion via the generation of primary and precursor

miRNAs. Mature miRNAs become functional when incorporated into the RNA induced

silencing complex (RISC). miRNAs guide RISCs to target mRNAs in a sequence-speci�c

fashion. To this end, base-pairs are usually formed between the miRNA seed region, span-

ning nucleotide positions 2 to 8 (from the 5' end) and the 3'UTR of the target mRNA.

Once miRNA-mRNA interaction is established, RISC represses translation and occasion-

ally induces direct or indirect target mRNA degradation.

Interestingly, miRNAs are expressed not only in every multicellular organism but are also

encoded by several viruses, predominately by herpesviruses. By controlling both, cellular

as well as viral mRNA transcripts, virus-encoded miRNAs confer many bene�cial e�ects

on viral growth and persistence. Murine cytomegalovirus (MCMV) is a β-herpesvirus and

so far, 29 mature MCMV-encoded miRNAs have been identi�ed during lytic infection.

Computational analysis of previously conducted photoactivated ribonucleotide-enhanced

individual nucleotide resolution crosslinking immunoprecipitation (PAR-iCLIP) experi-

ments identi�ed a read cluster within the 3' untranslated region (3'UTR) of the immediate

early 3 (IE3) transcript in MCMV. Based on miRNA target predictions, two highly abund-

ant MCMV miRNAs, namely miR-m01-2-3p and miR-M23-2-3p were found to potentially

bind to two closely positioned target sites within the IE3 PAR-iCLIP peak.

To con�rm this hypothesis, we performed luciferase assays and showed that activity values

of a luciferase fused with the 3'UTR of IE3 were downregulated in the presence of miR-

m01-2 and miR-M23-2. In a second step, we investigated the e�ect of pre-expression of

miR-m01-2 and miR-M23-2 on the induction of virus replication. After optimizing the

transfection procedure by comparing di�erent reagents and conditions, plaque formation



xxii Summary

was monitored. We could demonstrate that the replication cycle of the wild-type but not

of our MCMV mutant that harbored point mutations in both miRNA binding sites within

the IE3-3'UTR, was signi�cantly delayed in the presence of miR-m01-2 and miR-M23-2.

This con�rmed that miR-m01-2 and miR-M23-2 functionally target the major transcription

factor IE3 which acts as an indispensable regulator of viral gene expression during MCMV

lytic infection.

Repression of the major immediate early genes by viral miRNAs is a conserved feature of

cytomegaloviruses. The functional role of this type of regulation can now be studied in the

MCMV mouse model.



Zusammenfassung

In eukaryotischen Zellen wird die Expression von Genen durch das Zusammenspiel vieler

verschiedener biologischer Regulatoren, wie microRNAs (miRNAs), kontrolliert. MiRNAs

sind einzelsträngige, kurze, nicht-kodierende RNA-Moleküle, die aus sogenannten primären

miRNAs und Vorläufer-miRNAs entstehen und die Genexpression auf Ebene der Posttrans-

kription beein�ussen. Um ihre Funktion ausüben zu können, werden reife miRNAs in

RNA-induzierte Silencing-Komplexe (RISCs) eingebaut und zu ihren Ziel-mRNAs geführt.

Durch Wechselwirkungen zwischen der miRNA "seed-Region�, die die Nukleotide 2 bis

8 vom 5'-Ende überspannt und der 3'UTR (3' untranslatierte Region) der Ziel-mRNA,

unterdrückt RISC die Translation der Ziel-mRNA und kann deren Abbau durch direkte

sowie indirekte Mechanismen induzieren.

Die Expression von miRNAs wurde nicht nur in multizellulären Organismen, sondern in

bereits zahlreichen Viren, insbesondere in der Virusfamilie der Herpesviridae, nachgew-

iesen. Viruskodierte miRNAs kontrollieren dabei zelluläre wie auch virale mRNA-Transkripte

und verleihen dem Virus einen Selektionsvorteil bzgl. Wachstum und Persistenz. Das mur-

ine Cytomegalievirus (MCMV) ist ein β-Herpesvirus, das nach aktuellem Wissensstand 29

reife miRNAs kodiert, die allesamt während der lytischen Infektion identi�ziert wurden.

Bioinformatische Analysen eines vor dieser Arbeit durchgeführten PAR-iCLIP-Experiments

(photoactivated ribonucleotide-enhanced individual nucleotide resolution crosslinking and

immunoprecipitation), zeigten einen PAR-iCLIP Peak in der 3'UTR (3' untranslatierte

Region) des immediate early 3-Transkripts (IE3) von MCMV. Unter Verwendung von

RNAhbybrid, einem miRNA target prediction tool, fanden sich zwei virale miRNAs, näm-

lich miR-m01-2-3p und miR-M23-2-3p mit potentiellen Bindestellen innerhalb der 3'UTR

des MCMV IE3 Transkripts. Unsere konsekutiv durchgeführten Luciferase-Assays be-

stätigten, dass sowohl miR-m01-2 als auch miR-M23-2 an die 3'UTR von IE3 binden. Beide

viralen miRNAs führten zu einer verminderten Luciferaseaktivität unter Verwendung von

Reportern, in denen die 3'UTR des IE3-Gens mit dem Luciferase-Transkript fusioniert war.



xxiv Summary

Das IE3 Protein gilt während des lytischen Zykluses als einer der wichtigsten Transkrip-

tionsfaktoren von MCMV.

Ebenfalls wurde der Ein�uss der beiden viralen miRNAs auf die virale Reproduktion von

uns untersucht. Hierfür wurden murine Zelllinien vor Infektion mit miR-m01-2 und miR-

M23-2 trans�ziert. Das Transfektionsverfahren optimierten wir zunächst durch Testung

verschiedener Reagenzien und experimenteller Bedingungen. Schlieÿlich zeigten wir mittels

Plaqueassays, dass eine vor Infektion durchgeführte Transfektion mit miR-m01-2 und miR-

M23-2 die Replikation von MCMV signi�kant verzögerte. Unter Verwendung einer MCMV-

Mutante, die durch Punktmutationen in beiden miRNA-Bindungsstellen innerhalb der IE3-

3'UTR charakterisiert war, lieÿ sich dieser E�ekt aufheben. Unsere Experimente weisen

somit stark darauf hin, dass miR-m01-2 und miR-M23-2 die Expression des IE3 Proteins

regulieren und damit indirekt Ein�uss auf die Genexpression während der lytischen Phase

des Replikationszykluses von MCMV nehmen.

Die miRNA-mediierte Repression der immediate early Genexpression stellt ein evolutionär

konserviertes Merkmal von Zytomegalieviren dar. Für eine weitere Einordnung der Rolle

dieser Genexpressionskontrolle bedarf es zukünftige Untersuchungen imMCMV-Tiermodell.



Chapter 1

Introduction

1.1 Cytomegalovirus

Cytomegaloviruses (CMVs) are a member of the beta-herpesvirinae which is one of the

three subfamilies in the family of Herpesviridae [1]. CMVs are around 200 nm in diameter

and contain the largest linear double-stranded DNA genome amongst all herpesviruses.

Indeed, CMV particles contain roughly 230 kB of genomic material, from which more than

170 proteins as well as several non-coding RNAs are expressed [2, 3, 4]. The genome

is located within a viral nucleocapsid which itself is embedded in an amorphous protein

matrix, called tegument (Figure 1.1) that presumably plays a pivotal role during the early

phases of infection. The tegument is surrounded by a lipid bilayer, which originates from

the host cells. Studded with numerous spikes composed of various viral glycoproteins,

the viral envelope is an essential element for attachment to cell surface receptors, virion

maturation, and cell-to-cell spreading [4].

The genus CMV embraces 11 species that can be isolated from many mammals, including

humans. Unfortunately, in vivo studies on the human CMV (HCMV) have been a major

challenge, as CMV species are genetically highly adapted to their respective hosts featuring

strict species speci�city [8]. Lacking an adequate animal model for HCMV in vivo studies,

murine CMV (MCMV) infection has been a widely used model setting for studying HCMV,

in particular, as MCMV and HCMV share many characteristics [9].



2 1. Introduction

Figure 1.1: Morphology of CMV. A schematic representation (left) and an electron micrograph
(right) show structural characteristics of a CMV particle. The icosahedral, DNA-enclosing nucle-
ocapsid is embedded within a proteinaceous matrix, known as tegument, and an envelope which
is enriched with numerous di�erent viral glycoproteins forming spikes on the viral membrane. Bar
= 100 nm (right). The �gure to the left was obtained with courtesy of Dr. Marko Reschke in
Berlin (Germany) [5] and modi�ed by [6]. The �gure to the right was taken from [7] with granted
permission.

1.1.1 Prevalence, clinic, and treatment options of HCMV infection

HCMV is one of the most potent pathogens considering its ubiquitous spread. Its sero-

prevalence is estimated to range from 40 to 100% depending on the geographically socioeco-

nomic status [10, 11, 12]. Fortunately, HCMV infections are generally benign causing no

or only mild symptoms in healthy individuals [2, 13, 14]. Nevertheless, virion particles are

produced in the infected but mostly unsuspecting host and shed in body �uids like urine,

saliva, milk, tears, and semen for months to years [4].

Following the resolution of acute primary infection, HCMV persists in the host for the entire

lifetime by maintaining silenced viral genomes at privileged sites in a state termed latency.

Latency is generally de�ned by the absence of detectable viral particle production due to

a drastic downregulation of viral replication. Consequently, entering the state of latency

almost abolishes the risk of virus transmission but poses a threat of viral reactivation

[15]. Similar to primary infection, reactivation is usually asymptomatic. While CD34+

stem cells appear to constitute a viral reservoir for latency maintenance [16], de�nable

characteristics of the cellular sub-population need yet to be speci�ed [4].

In contrast to the absence of symptoms in healthy patients, clinically apparent and dev-
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astating HCMV infections occur in congenitally infected newborns and immunocomprom-

ised patients, particularly in those who su�er from human immunode�ciency virus (HIV)-

infection or who receive immunosuppressive treatment, e.g. after organ transplantation

[1, 17]. Spreading of HCMV within immunocompromised individuals is greatly facilit-

ated by the virus' ability to successfully infect many di�erent cell types, including epi-

thelial cells, smooth muscle cells, �broblasts, macrophages, dendritic cells, hepatocytes,

endothelial cells, amongst others [11, 18, 19, 20]. HCMV infection may result in severe in-

�ammation of the respective tissues (e.g. hepatitis, pneumonitis, retinitis, amongst others)

[18] rendering immunocompromised patients at risk of developing life-threatening diseases

[2]. Furthermore, the placental transmission of HCMV is a signi�cant cause of congenital

infections and subsequent disabilities worldwide [12, 21]. HCMV can lead to a broad spec-

trum of birth defects, including severe neurological disorders, e.g. sensorineural hearing

loss, mental retardation, and microcephaly [2, 12, 22, 23].

Current treatment options for CMV infection in immunocompromised patients or newborns

are restricted to antiviral drugs that slow productive replication, but do not eliminate the

virus. To date, the drug of choice for active HCMV infection is intravenous ganciclovir,

while second-line drugs include foscarnet and cidofovir. All of these drug options use the

viral polymerase pUL54 as the target and become collectively ine�ective once resistance

mutations appear in the target gene [24]. Other drugs are used o�-label, e.g. le�unom-

ide, or in investigational clinical trials, e.g. maribavir, which targets a new anti-HCMV

compound, namely the viral kinase UL97. A recently approved anti-HCMV antiviral is

letermovir, which constitutes a terminase complex inhibitor and exhibits activity only

against HCMV [24, 25]. Letermovir treatment is restricted to adult CMV-seropositive, al-

logeneic hematopoietic stem cell transplant recipients for CMV prophylaxis. Unfortunately,

despite great e�ort, no vaccine has yet been available to protect immunocompromised in-

dividuals from HCMV infections and embryos from in-utero transmission.

1.1.2 Life cycle

Mediated by glycoproteins of the envelope, CMV binds to receptors on the cellular host

membrane and crosses the latter either by direct fusion or endocytosis (Figure 1.2). Once

the nucleocapsid reaches the cytoplasm, tegument proteins interact with microtubules

which facilitate the transport to the nucleus [26]. At the nuclear pores, the linear gen-
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ome is released and either becomes degraded by the action of nucleases or circularizes

(and becomes chromatinized) which augments its stability and allows for intranuclear

persistence [8, 11]. The viral genome can further get reversibly silenced by enzymatic

multiprotein-complexes containing histone deacetylases resulting in the downregulation of

viral transcription and genome replication. As a consequence, lytic replication is inhibited

while latency is established during which only a minimal set of viral genes is transcribed

[8].

The decision between lytic and latent CMV infection is dictated by the infected cell type

[27]. Infection of fully-di�erentiated cells is usually accompanied by productive replication

cycles which invariably culminate in cell disruption and release of virions. By contrast,

protracted replication cycles are observed in less di�erentiated cells, e.g. CD34+ hema-

topoietic progenitor cells in the bone marrow or CD14+ monocytes [28, 29, 30]. Those

infected cells contain only low levels of viral transcripts and are hence believed to play a

key role in viral latency and reactivation [2, 31].

The production of CMV proteins is a highly regulated process that takes place in a se-

quential fashion and involves the action of a broad range of regulatory proteins. Three

phases are de�ned, immediate early (IE), early (E), and late (L), in which distinct sets of

genes are expressed [32]. IE gene transcription occurs in the presence of transactivators

(which are proteins originating from the viral tegument [13] or the host cell itself) and is

independent of de novo viral protein products [33]. Starting from the major immediate

early enhancer-containing promoter (MIEP), polymerase II [34] produces a primary tran-

script comprising �ve exons. Di�erential splicing gives rise to multiple isoforms [35] that

are sub-grouped into IE1 and IE2 transcripts, or IE1 and IE3 in the case of MCMV. IE1

contains exons 1 to 4, while IE2 or the MCMV homolog IE3 comprises exons 1-3 and 5

[36, 37, 38]. Translation starts at exon 2 and produces several proteins, among which the

72-kDa IE1 and the 86-kDa IE2 (in HCMV) [39, 40], or the 88-kDa IE3 (in MCMV) [38]

are the major proteins during the immediate-early phase.

Given that IE proteins are non-structural, they primarily participate in immune evasion

processes and act as transcription factors for E gene expression [40]. E gene products are

essential for viral genome replication and L gene expression. L genes encode for structural

proteins and allow for the packaging, egress, and shedding of viral particles [2, 39]. L genes

initiate the assemblage of premature capsid structures that, once generated in the nucleus

(reviewed in [41]), encapsidate the viral genome. The latter emerges from concatemeric
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Figure 1.2: Replication cycle of herpesviruses during lytic infection. The cartoon depicts key
steps of the lytic replication cycle, which are further visualized by electron micrographs. After
docking and attaching to the cell surface (1), virus particles fuse with the cellular membrane
(2) to reach the internal of the cell. Once in the cytoplasm, virions bind to microtubules (3)
to get transported to the nuclear pores (4) through which the viral DNA genomes pass. In
the nucleus, transcription and replication of the viral genomes take place (6). Furthermore,
concatemeric DNA is cut into unit-length fragments (8) and become enveloped by preformed,
icosahedral nucleocapsids (7) before such DNA-containing capsids leave the nucleus by budding (9)
and fusion with the inner and outer nuclear membrane (10,11). Final maturation steps occur in the
cytoplasm. Virions fuse with vesicles of the endoplasmic reticulum (containing viral glycoproteins,
depicted as black lines), Golgi apparatus, and endosomal machinery to become enveloped (12),
transported to the cell surface (13) and released by exocytosis (14). M, mitochondrion, MT;
microtubule; NP, nuclear pore; N, nucleus; NM, nuclear membrane; RER, rough endoplasmic
reticulum; TGN, trans-Golgi network, G, Golgi apparatus. The �gure was taken from [7]

with granted permission.

DNA which is cut into unit-length genomic strands. DNA-containing capsids leave the

nucleus and travel to the cytoplasmatic viral assembly complex (cVAC) to undergo the �nal
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maturation steps. At the cVAC, which contains parts of the endoplasmic reticulum (ER),

Golgi apparatus, and endosomal machinery [42, 43], capsids recruit tegument proteins and

becomes enveloped through fusion with vesicles. Finally, infectious virions are transported

to the cellular membrane and reach the extracellular plasma, however, the mechanistic

details of this process are not fully understood (Figure 1.2).

1.2 MiRNAs

1.2.1 MiRNAs as key regulators of gene expression

Considering that CMV adapts its life cycle to the di�erentiation state of the infected cell

and further expresses its genes in a �xed cascade-like manner, the virus must be capable

of regulating transcription in accordance with cellular cues and signals.

In general, gene expression is controlled by the combinatorial action of numerous gene-

regulatory factors. These factors build a network of intertwined signal pathways that regu-

late gene expression not only during transcription but also at the post-transcriptional level.

One important class of post-transcriptional gene regulators are microRNAs (miRNAs),

which belong to the group of small, noncoding RNAs. MiRNAs are single-stranded, 21

to 23 nucleotides in length, and usually highly conserved. Interestingly, they are encoded

by every multicellular organism, ranging from plants and fungi to animals (nematodes,

�ies, and mammals) [44, 45, 46, 47]. Ever since the �rst report about miRNAs in meta-

zoans appeared ∼25 years ago [48], miRNAs and their roles in governing cellular levels of

transcripts and proteins have become an area of intense study. Today, more than 48,000

mature miRNAs are described in hundreds and thousands of organisms [49].

MiRNAs are regarded as pivotal regulators of many if not all biological processes [46, 50].

Functional studies indicated that cellular miRNAs target mRNAs related to cell prolifera-

tion, di�erentiation, apoptosis, metabolism, and viral host defense, to list a few examples

[44, 51, 52, 53]. Therefore, miRNAs are regarded as key elements in maintaining homeo-

stasis [54], while dysregulated miRNA expression is associated with disease, including can-

cer [55, 56, 57] and neurodegeneration (e.g. Alzheimer's disease [58] or multiple sclerosis

[59]).
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1.2.2 Gene structure of miRNAs

Early analysis of the genomic localization of miRNAs indicated that most miRNAs form

autonomous transcription units in intergenic spacer regions, separated from annotated

genes by > 1 kb [47, 60, 61, 62, 63]. By contrast, more recent studies revealed that the

majority of mammalian miRNAs are encoded within de�ned transcription units, primarily

within intronic regions of protein-coding as well as non-coding genes [64, 65, 66]. Some

other miRNAs are placed in exons of non-coding genes. Roughly half of the miRNAs are

found in clusters and encode for polycistronic transcripts [47, 61, 63, 67].

1.2.3 MiRNA maturation

miRNA genes are transcribed as long primary miRNA strands (pri-miRNAs), which are

highly variable in size and contain hundreds to thousands of nucleotides [63, 68]. Transcrip-

tion is predominantly mediated by polymerase II (Pol II) [68, 69], while the involvement

of Pol III has been described for only a small number of miRNA genes [70]. Pri-miRNAs

become 3' polyadenylated and 5' capped [68, 69]. Unlike any other group of polymerase

II transcripts, pri-miRNAs form intrinsic base-pairs and fold into imperfect but character-

istic hairpin-stem structures, that are essential for enzymatic processing mediated by two

RNase III proteins, i.e. Drosha and Dicer (Figure 1.3).

In the nucleus, Drosha is associated with its cofactor DiGeorge syndrome critical region

gene 8 (DGCR8) [71] to form a large, functional protein complex, called Microprocessor.

DGCR8 possesses two double-stranded RNA-binding domains (dsRBDs) that recognize

and bind to pri-miRNAs at the single-stranded/double-stranded RNA junctions (SD junc-

tions) located at the bases of the stems [72]. Upon this interaction, Drosha positions its

two e�ector domains, which comprise RNase III sites, to conduct the catalytic reaction

(see Fang et al. [73] and Nguyen et al. [74] for mechanistic details). Around 11 bp away

from the SD junction, both strands of each stem are cleaved and the precursor miRNAs

(pre-miRNA) are released. Pre-miRNAs are usually hairpins ∼60-80 nt (nucleotides) in

length with 5' phosphate and 2 nt overhangs at the 3' ends [60, 75].

Interestingly, some studies indicated that in the case of intronic miRNAs, the binding of

Drosha occurs simultaneously (i.e. co-transcriptionally) with the assembly of transcripts

into the spliceosomal machinery. When Drosha binds to pri-miRNAs originating from

exonic regions, mRNA stability becomes reduced leading to a drop in the rate of mRNA

translation (an example of this scenario is given in [76]).
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In some rarer instances, an alternative, non-canonical pathway is used to generate pre-

miRNAs [77]. Splicing of protein-coding genes releases branched circular introns (lariats).

Upon resolving their loop-like shapes, debranched introns can fold into stem-loop structures

that might mimic pre-miRNAs [77, 78, 79, 80, 81]. This minor group of miRNA-like RNAs

are called "mirtons". They enter the miRNA biogenesis pathway during the transport

across the nuclear membrane [78, 79, 80].

Nuclear export of pre-miRNAs, including mirtons, requires Exportin-5 which binds mo-

lecules with short 3' overhangs (1-8 nt) [82] and > 14 bp of dsRNA stem. These molecules

are shuttled into the cytoplasm in a Ran-GTP dependent fashion [83, 84, 85, 86] .

Subsequently, pre-miRNAs are processed by the cytoplasmatic RNase III enzyme Dicer

that binds 3' overhangs of pre-miRNAs, similar to Exportin-5 [87]. Dicer excises the ter-

minal loops from the hairpins to liberate ∼22 nt short-lived duplexes [51, 88]. The duplexes
are incorporated into Argonaute (AGO) containing multiprotein complexes. Usually, one

strand of each duplex is non-functional (known as passenger or miRNA* strand) and be-

comes actively degraded. The other strand remains within the complex which is called

RNA-induced silencing complex (RISC) once a single-stranded miRNA is bound [89, 90].

Mechanistic details of strand selection have been derived from studies of siRNA (small

interfering RNA) duplexes indicating that thermodynamic properties of the Watson-Crick

base pairing at the 5' end most probably explain the observed strand-bias for selection

and degradation [91, 90, 92]. Analysis of the mechanisms of RISC formation in Drosophila

melanogaster provided evidence that R2D2, a protein containing two dsRBDs, acts as a

sensor for thermodynamic di�erences and binds to the more stable ends of siRNA duplexes

and some miRNA duplexes [93, 94]. Following R2D2 interaction, AGO2 (found in Droso-

phila as well as in human and mice [95]) is directed to the duplexes to slice the passenger

strand (miRNA* strand) by its endonucleolytic enzymatic cleavage activity accelerating

the generation of a single-stranded RNA [96]. Unlike siRNAs duplexes, however, most

miRNA duplexes contain central bulges and mismatches that hamper R2D2 interaction

and prevent the loading into AGO2 complexes. This restricts the majority of miRNAs

duplexes to AGO e�ectors other than AGO2 (e.g. AGO1, AGO3 or AGO4 in humans)

[97, 98]. Unlike AGO2, many of them lack the slicing activity of the passenger strand as

well as of the targeted mRNA.
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Figure 1.3: Schematic model of miRNA maturation and RISC formation. Pri-miRNAs are
primarily transcribed by RNA polymerase II (Pol II) (and only rarely by RNA pol III) and
frequently contain a cluster of stem-loop shaped miRNAs. The �rst processing step is carried out
by the nuclear Drosha-DGRC8 Microprocessor complex which crops pri-miRNA into a ∼ 70 nt
pre-miRNA with 2 nt overhangs at the 3'. The latter feature is recognized by Exportin-5, which
shuttles pre-miRNAs in complex with Ran GTP through nuclear pores. The second procession step
occurs in the cytoplasm and is mediated by Dicer to produce miRNA duplexes which are loaded
onto human AGO1-4 to form RISCs (RNA-induced silencing complexes). Normally, one strand of
each duplex is selected (guide strand), while the other one becomes degraded (passenger strand).
Of note, mammals encode four Argonaute proteins (AGO1-4) that induce translational repression.
Slicing activity, however, is restricted to AGO2, which performs endonucleolytic cleavage in the
case of perfect base-pairing between miRNA and target sequence. One out of several non-canonical
pathways of miRNA maturation is bypassing Drosha-mediated cropping. Mirtons are pre-miRNAs
that are produced upon splicing and debranching. They enter the canonical pathway at the step
of Exportin-5-mediated shuttling. The scheme was crafted by modifying �gures from [50, 60, 99]
with granted permission.
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1.3 MiRNA-mRNA interaction

1.3.1 Principles of miRNA targeting

In the scope of functional miRNA analysis, it is important to decipher the mechanisms of

how mRNA targets are identi�ed by RISC for subsequent RNA silencing.

In a sequence-speci�c fashion, miRNAs guide RISCs to target mRNAs. The process of

miRNA-mRNA pairing was originally thought to be initiated by a so-called miRNA seed

region that spans nucleotide positions 2 to 8 (beginning at the 5' end of the aligned miRNA)

[44]. Today, crystal structures of miRNAs in AGO have revealed that only a sub-segment

of the miRNA seed, namely nucleotides 2-5, is readily accessible for target pairing, while

nucleotides 6-8 are sterically blocked by AGO α-helix 7 [100]. Consequently, miRNA

nucleotides 2-5 are considered the lead segment to nucleate and propagate miRNA-mRNA

pairing [101]. As interaction extends to miRNA nucleotides 6-8, α-helix 7 undergoes a

conformational change to potentially catalyze the seed target complementarity [102].

MiRNA seeds can bind to complementary sequences along the entire mRNA target strands

[103, 104, 105]. However, post-transcriptional repression is most e�cient when miRNA

target sites are positioned within the 3' untranslated region (3'UTR) [106, 107]. Among

several theories concerning the primacy of miRNA binding at mRNA 3'UTR, one suggests

that interactions of RISCs with the 5' untranslated region (5'UTR) or an open reading

frame (ORF) are directly hampered by ribosomes that move from 5' to 3' during active

translation [44, 107, 108].

While base-pairing between the miRNA seed and the 3'UTR of mRNAs seems to be a major

determinant for interactions, several additional factors have been identi�ed either exper-

imentally or via in silico analysis, that contribute to the architecture of miRNA-mRNA

binding and determine target site a�nity and e�cacy. The canonical miRNA-mRNA as-

sociation generally requires perfect base pairing of the miRNA seed to the target site.

As such, a 6-nt seed match (6mer site) denotes a zone of six contiguous nucleotides with

Watson-Crick pairing to the miRNA seed (nucleotides 2-7). A 6mer may be further rimmed

by an adenosine opposite of miRNA position 1 (7mer-A1-site) [109] or base pairs to miRNA

nucleotide 8 (7mer-m8-site) [109, 110, 111], or both (8mer site) [109]. Downregulation of

mRNA translation is most e�cient with 8mer sites, followed by 7mer-m8, 7mer-A1, and

6mer [106].

While the central region of the miRNA-mRNA duplex commonly forms bulge structures
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due to mismatches [112], supplementary base pairing is frequently found along the miRNA

3' region, in particular at miRNA nucleotides 13-16 [110, 113]. However additional 3'-

base complementarity increases site e�cacy in less than 5% of canonical sites [107, 114].

Furthermore, e�ective miRNA-mRNA interactions require accessible seeds and target sites

[115]. Weak secondary structures due to a local AU context as well as site positions close

to the polyA-tail are favorable in this regard [107, 116].

1.3.2 Modes of miRNA silencing mechanisms

Once mRNAs are captured by RISC-bound miRNAs via base pairing, translation and sta-

bility of the transcripts can be a�ected in multiple ways (Figure 1.3, lower part) (reviewed

by Filipowicz et al. [50] and Fabian et al. [117]). First, translation might be blocked at the

initiation [118, 119, 120] or elongation step [121, 122]. Second, bound transcripts might be

destabilized [51, 123, 124], e.g. by inducing poly-A tail trimming [125, 126, 127] followed

by 5' decapping [128, 129]. Third, RNA-cleaving enzymes within RISCs (e.g. AGO2 in

humans) might directly slice mRNAs [98, 129, 130, 131].

The balance between suppression of productive translation and destabilization or degrada-

tion of mRNAs within RISCs is primarily achieved through the extent of complementarity

between miRNA and mRNA. When there is a mismatch in the sequence that results in

RNA bulges on miRNA binding, RISCs primarily inhibit translation rather than directly

cleaving mRNA [88, 132]. AGO-catalyzed degradation generally requires strong miRNA-

mRNA interactions through full-length complementarity, although few exceptions have

been described [109]. This mode of translational repression is frequently found in plants

[133] as well as in sea anemones [134] and is further used in RNA interference-based ther-

apies [135]. While perfect or near-perfect complementarity is a hallmark of most miRNAs

of plants, almost all mammalian miRNAs base pair to mRNAs only with partial com-

plementarity [50, 129, 136]. Consequently, AGO-mediated slicing of the target mRNA is

rarely seen in mammals.

The relative distribution of the di�erent mechanisms of repressing mammalian protein

synthesis was a long-term matter of debate. While several studies revealed that miRNA

binding predominantly induces translational repression without changing mRNA levels

(summarized by [50]), some other reports claimed that most mRNAs become destabilized

after removing the 3' poly-A tail or the 5' cap upon RISC binding [123, 137]. Today, mRNA

decay is commonly believed to play a more crucial role in controlling protein synthesis than
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direct translational repression, at least in post-embryonic cells [138].

1.3.3 Bioinformatic approaches for miRNA target site predictions

Within the last decades, many algorithms have been developed to detect putative miRNA

targets, among which miRanda [139], PicTar [111], PITA [140], TargetScan [109] and

RNAhybrid are most prominent. Although much e�ort has been made to improve such

tools [141, 142], no adequate algorithm has yet been developed that would reliably predict

miRNA targets. Bioinformaticians are challenged with the complex nature of miRNA-

mRNA interactions. MiRNAs target up to several hundreds of mRNAs and most targeted

mRNAs contain multiple binding sites either for the same or di�erent miRNAs [109, 110,

143]. Finally, several types of miRNA-mRNA interaction patterns exist [144], canoncial as

well as non-canonical ones, that bioinformaticians must consider. On top of that, miRNAs

are rather small, which makes it tricky to identify targets with statistical signi�cance [144].

Currently, a multitude of di�erent prediction algorithms exist. They identify and rank

targets based on di�erent rules that potentially govern the miRNA-mRNA network. Most

programs incorporate base pairing patterns [109, 110, 111, 144] combined with additional

features, including target site accessibility, thermodynamic characteristics [109, 145, 146,

147], and the evolutionary conservation status across related species [114, 144, 146]. These

biological elements, which are commonly implemented in computational algorithms, are

described in the following.

Base pairing pattern: Predictions algorithms usually start �ltering miRNA targets by

identifying base pairing patterns [148]. As it is commonly assumed that binding sites are

most e�cient when located in the 3'UTR (see section 1.3.1), a vast majority of prediction

tools limit their search for target sites to datasets containing merely the 3'UTR segments

of mRNAs. Only a few prediction tools check the 5'UTR and ORFs for target sites (e.g.

RNA22 [149] and miRTar [18]). Most, if not all prediction tools test for complementarity

between the miRNA seed regions and the 3'UTR of mRNAs. This step is often implemented

as the key feature for predictions. Of note, base pairing is not necessarily restricted to the

seed but might also occur in the miRNA 3' region, which is considered e.g. by miRanda.

Thermodynamic aspects: Putative miRNA-mRNA interactions can be assessed by tak-

ing into account the thermodynamic binding properties. In general, reactions with a negat-

ive change in the free energy (4G) result in more stable products. Consequently, calculat-

ing 4G of the duplex formation allows for estimating the strength of the miRNA-mRNA
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binding. However, thresholds of free energy for stable vs. non-stable interactions haven't

been yet determined, which renders the choice for appropriate cut-o� values fairly arbit-

rary [146]. Knowledge of the minimum free energy can further be exploited for evaluating

secondary structures of mRNAs that potentially hamper miRNA binding. In that way,

4G further helps to assess target site accessibility [140, 150]. Commonly, algorithms that

conduct thermodynamic analysis, implement the Vienna RNA package [151] for calculating

energy values and estimating secondary structures.

Conservation: Many tools conduct comparative sequence analysis of putative binding

sites (i.e. of orthologous 3'UTR sequences) to maximize speci�city [152]. In accordance

to evolutionary gene selection, the degree of target site conservation across closely related

species can be correlated with the reliability of predictions [114].

Unfortunately, in silico predictions generally su�er from high numbers of false positive and

false negative results [153]. Furthermore, comparing high-ranked targets between di�er-

ent tools usually yields only poor overlaps. As such, the performance of each prediction

algorithm requires critical evaluation, and more than one tool might be used to �lter

high-con�dence predictions that are made by several algorithms [141, 153]. A clearer un-

derstanding of the regulatory network that dictates miRNA-mRNA pairing is critical for

building more accurate target prediction models.

1.3.4 Experimental methodologies for validating miRNA target

predictions

After an algorithm search has been performed for determining miRNA binding sites, the

functionality of predicted targets needs to be experimentally validated [154]. Unfortunately,

virtually every tool produces long lists of miRNA-mRNA interactions, among which biolo-

gists have to identify those that are worthy to experimentally verify. Assays that identify

functional miRNA-mRNA interactions are usually labor-intensive, time-consuming, and

expensive. In general, they are classi�ed into low- and high-throughput techniques de-

pending on the amount of data output they deliver [155].

Low-throughput techniques: Luciferase Assay and indirect methodologies

Low-throughput techniques are usually applied to conduct gene-speci�c analyses, among

which reporter assays are most convenient for identifying and validating the exact loca-
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tions of miRNA binding sites. One of the commonly used reporter methodologies employs

plasmids that contain a reporter gene fused with a segment of the target gene in which the

predicted target site is embedded. Most frequently, it is the entire 3'UTR that is cloned

behind a reporter gene [154, 156]. The latter generally encodes for a luciferase that pro-

duces luminescence signals when adding luciferin reagents after inducing cell lysis. Often,

a so-called dual-luciferase system is used, which implies that a second luciferase gene is

encoded on either a di�erent plasmid or the same reporter plasmid but driven by a separ-

ate promotor. The additional luciferase gene lacks any downstream miRNA binding site

and hence features a constitutive luciferase expression that serves as an internal normal-

ization reference to account for variances in translation, transfection e�ciency, and cell

viability [156, 157]. To investigate miRNA binding sites by luciferase reporter assays, co-

transfections with miRNAs and luciferase reporter vectors are usually conducted, ideally

in cells with high transfection e�ciency [156]. When using cells that already express the

miRNA(s) of interest, e.g. after stable transfection, only the luciferase reporter constructs

need to be transfected. At 16-24 hours post-transfection, luciferase measurements are

generally conducted that allow for indirect measurement of miRNA-mediated repression

of translation by measuring the reporter activities after adding the respective enzymatic

substrates.

Apart from reporter assays, other methodologies exist, including western blot, ELISA, or

qRT-PCR that measure the downstream e�ects of miRNAs on protein and mRNA levels.

However, these approaches do not di�erentiate between the primary and secondary e�ects

of miRNAs [53].

High-throughput methods: Immunoprecipitation of RISC

Recent progress in next-generation sequencing (NGS) methodologies has greatly a�ected

the experimental approach for characterizing mRNA targets in large numbers [155]. The

vast majority of miRNAs were detected by deep (i.e high-throughput) sequencing of small

RNAs [49].

mRNA targets can be isolated by immunoprecipitating RISC protein components, such as

AGO [158, 159, 160] which is usually followed by analyzing the co-puri�ed RNA strands

by high-throughput methods, including microarray assays and NGS [53]. However, one

considerable drawback of co-immunoprecipitation experiments is the inability of excluding

arti�cial ribonucleoprotein complexes that are formed due to the breakdown of cellular

compartments after cell lysis [161]. Additionally, reliable results from immunoprecipita-
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tion approaches require strong bondage between miRNA-mRNA target pairs and AGO

within RISC to withstand the puri�cation steps [53]. A more recent methodology, which

is referred to as Crosslinking immunoprecipitation (CLIP)-seq, employs ultraviolet light

(245 nm) to crosslink RNA with RNA-binding proteins for enhanced RNA recovery after

immunoprecipitation. Unfortunately, the e�ciency of introducing covalent bonds between

RNA and associated proteins by UV irradiation is limited. To address this major problem,

a superior technique has been introduced that uses modi�ed, photoactivatable nucleotides,

e.g. 4-thiouridine, which are added to the culture medium for incorporation into newly

transcribed RNA. This technique, known as photoactivated ribonucleotide-enhanced indi-

vidual nucleotide resolution crosslinking and immunoprecipitation (PAR-iCLIP) achieves

greatly improved immunoprecipitation results due to a substantial increase in the num-

ber of UV crosslinking events at 365 nm as compared to CLIP-seq [162]. Additionally,

PAR-iCLIP experiments allow to precisely identify sites of interaction by thymidine (T)

to cytidine (C) conversions introduced during complementary DNA (cDNA) preparation

due to erroneous transcription of incorporated 4-thiouridine at cross-linked sites. After

deep sequencing and mapping of the reads, T to C mismatches are not only enriched at

cross-linked sites but more speci�cally, predominate within the corresponding seed seg-

ments. Hence T to C transitions o�er the possibility to pinpoint the locations of miRNA

target sites [162]. PAR-iCLIP is one of the most potent high-throughput techniques among

currently available miRNA target identi�cation methodologies [163].

1.4 Viral miRNAs

In 2004, the existence of virally encoded miRNA was �rst described in EBV-infected B-cells

[164]. Since then, several hundreds of viral miRNAs have been discovered, among which a

vast majority were assigned to herpesviruses [49, 88, 165]. Human herpesviruses that were

shown to express miRNAs include HSV 1 and 2 [166], HCMV [167], EBV [168] and KSHV

[169]. Recently, also VZV was con�rmed for miRNA expression [170].

Since miRNA expression in CMV was �rst reported by Pfe�er et al. in 2005 [171], 29

mature MCMV and 22 mature HCMV miRNAs have been identi�ed during lytic infection

[49, 172, 173]. MiRNAs of CMVs are located along the entire viral genome [171, 174]. By

contrast, α herpesviruses, including HSV 1/2 and VZV, encode miRNAs within genomic

clusters [2, 175] and express them in particular during latency [176].
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A plethora of studies have been published, demonstrating the role of CMV-encoded miRNAs

in regulating viral replication [177, 178, 179, 180, 181, 182, 183] and manipulating cellular

immune responses [184, 185, 186]. In general, the expression of miRNAs by viruses is asso-

ciated with several potential bene�ts to the viral life cycle. First, a single viral miRNA can

bind and manipulate a great number of viral and cellular targets, which enables the virus

to modulate various signal pathways. Second, miRNAs are non-immunogenic (i.e. they

are invisible to the immune system). Third, they are small and encoded within only short

regions of the viral genome [187]. Notably, miRNAs mostly account for subtle decreases

in transcript levels (roughly 2 fold [136]), which nonetheless may enable them to exert

functional e�ects [188]. Considering these aspects, viral miRNAs are powerful elements in

reshaping the cellular environment, supporting virus proliferation, and increasing infection

rates [88]. It is thus not surprising that most herpesviruses have independently evolved to

encode miRNAs.

1.4.1 Herpesvirus miRNAs repress immediate early gene expres-

sion

Herpesviruses' miRNAs in�uence both cellular and viral transcripts. Despite a lack of

sequence conservation, the function of several herpesviruses' miRNAs appears to be similar

(summarized by Skalsky et al. [189]). Their cellular mRNA targets commonly encode

proteins involved in cell proliferation, apoptosis, and host defense [190]. Viral mRNA

targets are associated with immune evasion and guidance of lytic infection and latency

[190, 191, 192]. Accordingly, studies have reported on disparate miRNA expression pro�les

in lytically and latently infected cells [193]. Several herpesvirus-encoded miRNAs were

identi�ed that counter viral replication and viral protein synthesis, possibly to drive the

virus from productive infection into latency or to maintain the latter [178, 194]. MiRNAs

encoded by KSHV were shown to suppress the lytic switch protein, RTA, hence supporting

the viral life cycle during latent infection [195, 196]. Three HCMV miRNAs, miR-US25-1,

miR-US25-2, and miR-UL112-1, were detected to e�ectively block viral growth, e.g. by

targeting the 3'UTR of the immediate early gene IE72 amongst others, which culminates

in a signi�cant decrease in virus DNA levels and viral titers, thereby supporting latency

[2, 178, 183]. Two miRNAs in HSV-1 were reported to reduce ICP0 and ICP4 protein levels

in latently infected neurons, leading to an inhibition of immediate early and early gene

expression [197]. Collectively, these examples suggest that several herpesviruses encode
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for viral miRNAs that support the establishment and maintenance of latency or suppress

reactivation, in particular by regulating key immediate early gene expression.

1.4.2 Identi�cation of MCMV miRNAs targeting IE3 transcripts

MCMV encodes for a 88-kDA IE3 protein [38] that is deemed crucial in triggering the lytic

replication cycle during primary infection and upon viral reactivation [33]. IE3 is produced

with immediate early kinetics from the major immediate-early gene region which is regu-

lated by a strong promotor on the viral chromosome. IE3 protein plays an indispensable

role in early and late viral gene expression [33] and is hence a major viral transcription

factor if not the master regulator of MCMV gene expression.

Consistent with the notion presented above that repression of immediate early gene expres-

sion is a conserved feature of various herpesviruses, IE3 was recently predicted to contain

two closely positioned miRNA target sites [198]. Computational analysis of a PAR-iCLIP

dataset identi�ed a read cluster within the 3'UTR of the IE3 transcript (Figure 1.4).

MiRNA target predictions (using RNAhybrid) indicated two viral miRNAs, i.e. miR-m01-

2-3p and miR-M23-2-3p to bind within the IE3 PAR-iCLIP cluster (Figure 1.5). We hence

hypothesized that both miR-m01-2-3p (8-mer seed match) and miR-M23-2-3p (6-mer seed

match) regulate the IE3 transcript in MCMV.

TCMK (mock) TCMK (MCMV)

500
0

1000
1500

Figure 1.4: Computational analysis of a PAR-iCLIP dataset revealed a putative miRNA binding
site within the IE3-3'UTR in MCMV. A murine cell line (i.e. TCMK) was infected with either
MCMV or mock (negative control) to perform an AGO2 pull-down 72 h post-infection. A PAR-
iCLIP read cluster was found within the IE3-3'UTR.
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A

B

Figure 1.5: The IE3 transcript expressed by MCMV harbors two putative miRNA target sites in
its 3'UTR. A IE3 is assumed to be directly regulated by two MCMV miRNAs, i.e. miR-m01-2-3p
and miR-M23-2-3p. Their putative target sites are both located within the 3'UTR. B Sequences
of the mature miRNAs and the IE3-3'UTR. 5' seeds of miR-m01-2 as well as of miR-M23-2 base
pair to their putative target sites in the 3'UTR. MiRNA seed regions are highlighted in red and
target sites are underlined. Note the di�erences in length of the respective seed regions. While
seed and target site interact via 8 nt in the case of miR-m01-2-3p (8-mer seed match), only 6 nt
are involved in the case of miR-M23-2-3p (6-mer seed match). CDS = coding sequence.

1.5 MCMV infection: An animal model system for the

pathogenesis of HCMV

CMV species virtually exist in all mammalians and are characterized by a strict host-species

speci�city [199]. Thus, HCMV infection and replication are completely restricted to cells

of human origin. In vivo studies of HCMV use closely related CMVs in appropriate animal

settings. CMVs adopted to non-human primates are phylogenetic more related to HCMV

than any CMV species [199, 200]. In this way, investigating Rhesus CMV (RhCMV) infec-

tion has been suitable for studying HCMV proteins and can further be used to interrogate

the relevance of CMV miRNAs in a closely related in vivo system [2, 201]. However, con-

sidering ethics, costs, and scalability, infecting mice with MCMV has resulted in a more

widespread and well-established model for HCMV infection [202]. Despite genetic and

phenotypical di�erences, the pathogenesis of MCMV and HCMV displays remarkable sim-

ilarities [2, 203]. Of note, MCMV investigations in mouse models have contributed towards
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elaborating the role of CMV-encoded miRNAs in the pathogenesis of lytic infection, viral

latency, and reactivation in vivo [172, 177]. To this end, we performed our in vitro studies

on MCMV (instead of HCMV) to allow feature research to use an animal model.

1.6 Goal of this study

The �rst goal of this study was to validate functional miRNA targeting of IE3, a major

immediate early gene product of MCMV. On the basis of an in silico analysis of previously

conducted PAR-iCLIP experiments, we performed luciferase assays and con�rmed that the

IE3-3'UTR is subjected to translational repression by two viral miRNAs, miR-m01-2 and

miR-M23-2. Both miRNAs are highly abundant in the viral life cycle during lytic infection

[172, 177]. Denoted as a multifunctional protein, IE3 regulates viral gene expression and

might further be involved in evading host defenses. Most importantly, IE3 is essentially

required for e�ective viral replication [9, 33].

Considering the indispensable role of IE3 during acute infection, we set our second goal in

investigating the e�ect of the pre-expression of both miRNAs prior to MCMV infection.

To this end, we scheduled to engineer NIH-3T3 cells with stable expression of the two viral

miRNAs, miR-m01-2 and miR-M23-2. However, owing to a failed approach, we instead

transfected mimics of the two viral miRNAs to achieve transient expressions. Ultimately,

we performed plaque assays and analyzed the infectivity of mutant (harboring point muta-

tions in the two miRNA seed target sites of IE3) and revertant MCMVs in transiently

transfected NIH-3T3 cells.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Reagents

Name Manufacturer Catalog #
1-Methylimidazole Sigma-Aldrich M50834
Agarose Carl Roth 2267.3
APS ThermoFisher 17874
BioScience Grade Water Carl Roth T143
Blasticidin bioWORLD 40210012-4
BLOCK-iTTM Fluorescent Oligo ThermoFisher 13750062
Collagen coating solution Cell Applications 125-50
CutSmartr Bu�er NEB B7204S
DEPC Sigma-Aldrich D5758
Dimethyl sulfoxide (DMSO) Sigma-Aldrich D4540
DMEM (1x) Gibco 41966029
dNTP mix NEB N0447S
DPBS Sigma-Aldrich D8537
Ethanol Carl Roth 5054.5
Ethidium bromide Carl Roth 2218.3
Fetal bovine serum (FBS) In house -
Gel Loading Dye, Purple (6x) NEB B7024S
Isopropanol Carl Roth 6752.5
LB-Medium (Lennox) Carl Roth X964.3
N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride

Sigma-Aldrich E7750
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List of table continued:

Name Manufacturer Catalog #
NEBu�er 3.1 (10x) NEB B9200S
Newborn calf serum (NCS) In house -
OptiMEMr I (1x) Gibco 31985062
Penicilline/Streptomycin Sigma-Aldrich P4333
Polythylenimine (PEI) Polysciences, Inc. 23966
Q5r Reaction Bu�er NEB B9027S
Q5r Reaction Enhancer NEB B9028A
Quick Load 1 kb DNA Ladder NEB N3232S
Quick Load 100bp DNA Ladder NEB N3231S
RNA loading dye (2x) NEB B0363A
Rotiphoreser Gel 40 (Acrylamide solu-
tion)

Carl Roth A515.1

RPMI Medium 1640 (1x) Gibco 21875034
SDS (10%, ultra pure) Invitrogen 24730020
SSC bu�er (20x, ultra pure) Invitrogen 15557044
SYBRr Green I Nucleic Acid Gel Stain
(10,000x)

Invitrogen S7563

T4 DNA Ligase Reaction Bu�er NEB B0202S
T4 polynucleotide kinase bu�er NEB B0201S
TBE bu�er (10x, ultra pure) Invitrogen 15581044
TEMED (Sure CastTM) Invitrogen HC2006
TransIT-X2r Transfection Reagent Mirus MIR 6004
Tri Reagent Sigma-Aldrich T9424
Urea Carl Roth 3941.1
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2.1.2 Commercially available kits

Name Manufacturer
Dual-Glor Luciferase Assay System Promega
GenEluteTM Plasmid Miniprep Kit Sigma-Aldrich
In-Fusionr HD Cloning Kit Takara Clontech
Lipofectaminer 3000 Transfection Kit Invitrogen
MycoAltertTM Mycoplasma Detection Kit Biozym
NucleoSpinr Gel and PCR Clean-up Macherey-Nagel
PureYieldTM Plasmid Midiprep System Promega
QIAquick Gel Extraction Kit Qiagen
QubitTM RNA BR Assay Kit Thermo Fisher
QuickTM -DNA Microprep Kit Zymo Research

2.1.3 Software

Name Manufacturer
Excel 2001 Microsoft
Geneious 9.2.1 Biomatters
Inkscape 0.92.4 Inkscape Community
LAS X software 1.1 Leica
Prism 8.3.0 GraphPad Software
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2.1.4 Plasmids

Table 2.1: Plasmids available in the lab

Name Comments

F6gw 3rd generation lentiviral plasmid expressing eGFP

pBAD-mTag-BFP exclusively expressed in bacteria; employed as carrier
DNA for transfection of small RNA into NIH-3T3 cells
using TransIT-X2

pCMV-VSV-G [204]; encodes for VSV-G glycoprotein

pLenti-Blast-eGFPintron [205]; encodes for the human EF1a promotor that regu-
lates the expression of an intron containing eGFP gene

psPax2 packaging plasmid which encodes for Gag, Pol, rev, and
tat; provided by Axel Rethwilm

pW-MR8Ch encodes for mCherry

p/empty Dual-luciferase reporter which lacks any additional se-
quence in the �re�y UTR

p/PM-m01-2 Dual-luciferase reporter which encodes for a recombin-
ant �re�y transcript fused with a 22 bp long sequence
perfectly matching miR-m01-2-3p

p/PM-M23-24N1 Dual-luciferase reporter which encodes for a recombin-
ant �re�y transcript fused with a 21 bp long sequence
perfectly matching miR-M23-2-3p. This reporter lacks
the N1 sequence upstream of the �re�y ORF.

p/IE3-3'UTR (WT) Dual-luciferase reporter which encodes for a recombin-
ant �re�y transcript fused with MCMV IE3-3'UTR

p/IE3-3'UTR/mut-m01-2 Dual-luciferase reporter which encodes for a recombin-
ant �re�y transcript fused with MCMV IE3-3'UTR. The
latter features a 3-nt change within the seed target site
of miR-m01-2-3p.
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Table 2.1 continued

p/IE3-3'UTR/
mut-m01-2

Dual-luciferase reporter which encodes for a recombinant �re�y
transcript fused with MCMV IE3-3'UTR. The latter features
a 3-nt change within the seed target site of miR-m01-2-3p.

p/IE3-3'UTR/
mut-M23-2

Dual-luciferase reporter which encodes for a recombinant �re�y
transcript fused with MCMV IE3-3'UTR. The latter features
a 3-nt change within the seed target site of miR-M23-2-3p.

p/IE3-3'UTR/
mut-m01-2/M23-2

Dual-luciferase reporter which encodes for a recombinant �re�y
transcript fused with MCMV IE3-3'UTR. The latter features
two 3-nt changes within the seed target sites of miR-m01-2-3p
and miR-M23-2-3p.

Table 2.2: Plasmids generated during this study

Name
(resistance)

Backbone and
enzymatic
digestion

Insert1 Cloning
method

Constitutive
expression of

pSH1-
m01-2.NheI
(amp, blast)

pLenti-Blast-
eGFPintron

treated with NheI

oligo pair
1/2

infusion pre-miR-m01-2

pSH2-
m01-2.NsiI
(amp, blast)

pLenti-Blast-
eGFPintron

treated with NsiI

oligo pair
3/4

infusion pre-miR-m01-2

pSH3-
M23-2.NheI
(amp, blast)

pLenti-Blast-
eGFPintron

treated with NheI

oligo pair
5/6

infusion pre-miR-M23-2

pSH4-
M23-2.NsiI
(amp, blast)

pLenti-Blast-
eGFPintron

treated with NsiI

oligo pair
7/8

infusion pre-miR-M23-2

pSH5-
m01-2.NheI-
M23-2.NsiI
(amp, blast)

pSH1-m01-2(NheI)
treated with NsiI

oligo pair
7/8

infusion pre-miR-m01-2 +
pre-miR-M23-2

1Sequences of oligonucleotide pairs encoding for the forward and reverse strands of either pre-
miR-m01-2 or pre-miR-M23-2 are listed in Table 5.2.
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Table 2.2 continued

pSH6-
M23-2.NheI-
m01-2.NsiI
(amp, blast)

pSH2-m01-2(NsiI)
treated with NheI

oligo pair
5/6

infusion pre-miR-m01-2 +
pre-miR-M23-2

p/PM-M23-2
(amp)

p/IE3-
3'UTR(WT)

treated with XbaI

XbaI-
treated
amplicon
generated
by PCR on
p/PM-M23-

24N1
(Table 2.4)

ligation luciferases
(Renilla and
recombinant
�re�y)

1Sequences of oligonucleotide pairs, encoding the forward and reverse strands of either pre-miR-
m01-2 or pre-miR-M23-2, are listed in Table 5.2 (section 5).

Dual-luciferase reporters (psiCHECK2 vectors)

To prove the validity of miRNA-mRNA interactions between the 3'UTR of MCMV IE3

and miR-m01-2-3p as well as miR-M23-2-3p (henceforth referred to as miR-m01-2 and

miR-M23-2, respectively), psiCHECK2 vectors (Promega) were employed that expressed

two luciferases, i.e. �re�y and Renilla that served as the reporter and control luciferases,

respectively (Figure 2.1). Within this dual-luciferase system, the 5' end of the �re�y-

encoding sequence was fused to the 3' UTR of IE3, which contained the wild-type or

mutated miRNA target sites of interest (Figure 2.2, Table 2.1).

Fire�y expression was driven by the HSV TK promotor and further enhanced by a m169

5'UTR sequence (N1 sequence). Renilla luciferase expression was dependent on a SV40

early promotor and functioned as a normalization reference to correct for reporter delivery

(i.e. transfection e�ciency), cell number, and cell viability as well as for other unknown

factors that a�ect translation [156]. Further, two positive psiCHECK2 control vectors were

used that lacked the 3'UTR, but instead contained either a 22 or 21 nt long sequence that

perfectly matched with miR-m01-2 and miR-M23-2, respectively (Figure 2.3, Table 2.1).

Utilized as a negative control vector, one psiCHECK2 vector was deprived of any miRNA

binding site downstream of the �re�y luciferase (Table 2.1).

psiCHECK2 vectors were constructed previously [198], except for the one containing the

perfect match sequence for miR-M23-2. This plasmid was manipulated during my studies
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by introducing the missing N1 sequence upstream of the �re�y luciferase gene (Table 2.2

and section 3.1.1).

Figure 2.1: Scheme of a psiCHECK2 vector in which the full-length IE3-3'UTR of MCMV was
cloned behind the �re�y luciferase gene. The 5'UTR of the �re�y luciferase was replaced by
the MCMV m169 5'UTR (referred to N1 sequence) to enable enhanced expression at comparable
levels as the control Renilla luciferase. The inserted IE3-3'UTR contained either wild-type or
mutated miRNA binding sites.

MiRNA-expressing vectors

The lentiviral expression plasmid pLenti-Blast-eGFPintron (kindly provided by Robert

Jan Lebbink Department of Medical Microbiology, University Medical Center Utrecht) was

chosen for stable expression of MCMV miR-01-2 and miR-M23-2, as previous experiments

showed high expression levels of miRNAs and GFP �uorescence from this vector [205].

Pre-miRNA sequences of mcmv-miR-m01-2 and mcmv-miR-M23-2 along with the �anking

segments of 10 nt at either side of the precursors were cloned into the eGFP intron after

NheI or NsiI treatment of the plasmid (Table 2.2).

2.1.5 Oligonucleotides

Sequences of miRNA mimics and the siRNA utilized in this study are listed in Table

2.3. Sequences of single-stranded oligonucleotides, encoding pre-miRNAs (i.e. MCMV
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p/IE3-3‘UTR (WT)

FF-luc p/IE3-3‘UTR/mut-
m01-2/mut-M23-2

FF-luc p/IE3-3‘UTR/mut-M23-2

FF-luc p/IE3-3‘UTR/mut-m01-2

HSV TK-
promotor

IE3-3‘UTR

WT target site

mutated target site

FF-luc

�

�

�

�

N1

5‘ -AGACCCCCAATCTTAACTCATGTCGAACCCT- 3‘

5‘ -AGAaaCaCAATCTTAACTCATaTaGcACCCT- 3‘

5‘ -AGAaaCaCAATCTTAACTCATGTCGAACCCT- 3‘

5‘ -AGACCCCCAATCTTAACTCATaTaGcACCCT- 3‘

mut-M23-2

mut-M23-2

mut-m01-2

mut-m01-2
�

�

�

�

Figure 2.2: Illustrations of the IE3-3'UTR reporter constructs which were used to validate
candidate miRNA target sites by luciferase assays. Four di�erent reporter plasmids were used to
test miR-m01-2, miR-M23-2, and a non-targeting control (scramble) miRNA on wild-type as well
as on mutated targets in the IE3-3'UTR which was cloned behind the ORF of the �re�y luciferase
(FF-luc). MiRNA seed regions are underlined while introduced point mutations are highlighted in
red. Expression of the recombinant reporter gene is driven by the HSV TK promotor, and further
enhanced by an N1 segment which comprises a shortened 5'UTR compared to the canonical
psiCHECK vector thereby removing unknown inhibitory elements.
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p/PM-M23-2

5’ –AAGCCTCGAAGGAAACCGTGTCGAACGATTAG- 3’

5’ –AGCCACCGCTTGACCGAGGCCCCCATATTAG- 3’

3‘ GGCGAACTGGCTCCGGGGGTA 5‘ miR-M23-2-3p

3‘ AGCTTCCTTTGGCACAGCTTGC 5‘ miR-m01-2-3p

FF-luc

FF-luc

HSV TK-
promotor

PM

�

�

PM

p/PM-m01-2

�

�

N1

Figure 2.3: Illustrations and sequences of the perfect match reporter constructs. In luciferase
reporter assays, positive control reporter vectors were used in which a sequence of perfect comple-
mentarity to either miR-m01-2-3p (22 bp in length) or miR-M23-2-3p (21 bp in length) was fused
behind the ORF of �re�y luciferase (FF-luc). The resulting plasmids were named p/PM-m01-2
and p/PM-M23-2, respectively. Base pairing between the perfect match constructs and respective
miRNAs is illustrated. Expression of the recombinant reporter gene is driven by the HSV TK
promotor, and further enhanced by the N1 segment which comprises a shortened 5'UTR compared
to the canonical psiCHECK vector thereby removing unknown inhibitory elements. PM = perfect
match.

pre-miR-m01-2-3p and pre-miR-M23-2-3p), are listed in Table 5.2 (see section 5). In a

�rst step, each oligo was diluted in nf (nuclease-free) water to yield 100 µM stock solutions

that were incubated at 98 ◦C for 3 min to disrupt any strand-internal secondary structure.

After mixing equimolar amounts of each oligonucleotide, annealing was performed in a

thermocycler which was pre-heated to 98 ◦C and cooled down to 25 ◦C within 74 min (-1
◦C/min).

2.1.6 Viruses

Mutant (C5X-mCherry/GFP-IE3-3'UTR-mut) and revertant (C5X-mCh/GFP-IE3-mut

Rev) MCMVs that were used during this study had been made previously [198]. While

mutant MCMVs featured point mutations in both miRNA binding sites within the 3'UTR

of the IE3 gene, the wild-type sequences were restored in the case of the revertant viruses

(Figure 2.4). Both MCMV constructs were con�rmed by sequencing (see section 2.8.3).
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Table 2.3: Sequences of small RNA oligos including miRNAs and siRNA

Name of small dsRNA Sequence (5'-3') Thermo
Fisher Cata-
log #

MCMV miR-m01-2-3p
GGATGAAGAGAATCGGGTTGGAACGGTGTTTC

TTAAGTACGAGCTACCGTTCGACACGGTTTCC

TTCGACT

4464066

MCMV miR-M23-2-3p
CCCCGGCTTGAACGTGTCCCCTATCGGTGGTA

GTTTACTGCGTGTGCACGATGGGGGCCTCGGT

CAAGCGGGG

4464066

scramble miRNA
publicly not available, requires a
con�dential disclosure agreement with
Thermo Fisher

4464058

siRNA-IE3 GTTCGACATGAGTTAAGATTGG 4399665

Furthermore, each virus contained an IRES-mCherry cassette for mCherry protein expres-

sion with late kinetics.

2.2 Preparation of lentiviral plasmids

2.2.1 DNA restriction enzyme digest

In the scope preparative digestion, the pLenti-Blast-eGFPintron vector (Table 2.1), selected

for subsequent cloning experiments, was linearized by the action of the restriction enzymes

NheI or NsiI. Two 50 µL reactions were prepared with 5 µg of plasmid DNA, 5 µL of 10x

reaction bu�er (CutSmart bu�er), 20 U (1 µL) of the respective restriction enzyme, and

nf water. Reactions were incubated for 3 h at 37 ◦C. The linearized vector was puri�ed by

gel electrophoresis (see section 2.4.6).

2.2.2 In-Fusion cloning

To engineer plasmids expressing miRNAs of interest (Table 5.2), annealed oligonucleotide

pairs encoding for respective pre-miRNAs were cloned into linearized pLenti-Blast-eGFP-

intron vectors, using the In-Fusion HD Cloning Kit (Takara Bio USA) and following the

manufacturer's instruction (Section B: In-Fusion Cloning Procedure for Spin-Column Puri-
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Figure 2.4: Sequences of revertant and mutant MCMVs. Mutant (mut) MCMVs harbored
mutations in the seed sites of miR-M23-2 and miR-m01-2 located in the 3'UTR of IE3. By
contrast, the wild-type sequence was restored in revertant (rev) MCMVs. MiRNA seed regions
are underlined while introduced point mutations are highlighted in blue. CDS = coding sequence.

�ed PCR Fragments). To test for di�erent vector-to-insert ratios, 50 ng of linearized vector

(around 10 kb in length) was mixed with either 0.5 ng, 1.5 ng, or 5 ng of insert (around

100 nt in length) in a total volume of 5 µL. 2 µL of In-Fusion HD Enzyme Premix (5x)

was added to the DNA mix and nf water was used to adjust the reaction volume to 10

µL. Replacing the insert with water in one reaction served as a negative control. Cloning

reactions were mixed and incubated for 15 min at 50 ◦C. After a short cooling on ice (1-2

min), reactions were used to transform Stellar Competent Cells according to section 2.4.1.

2.3 Preparation of luciferase reporter plasmid p/PM-

M23-2

2.3.1 PCR and restriction enzyme digest of the insert

To amplify the insert for subsequent cloning experiments, a PCR reaction mix was prepared

on ice, which contained 3 ng of template DNA (i.e. p/PM-M23-24N1), 0.5 µM of forward
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and reverse primers, 200 µM of dNTPs, 0.02 U/µL of Q5 High-Fidelity DNA polymerase

and 1/5 volume of each 5x GC bu�er and 5x Q5 reaction bu�er. The reaction was �lled

up with nf water to a total volume of 50 µL and was gently mixed. The thermocycling

conditions are presented in Table 2.4.

PCR products were gel puri�ed using the QIAquick Gel Extraction Kit (Qiagen), eluted

in 45 µL of elution bu�er (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), and mixed with 5 µL

of 10x CutSmart bu�er and 1 µL of XbaI. The reaction was incubated at 37 ◦C for 3 h and

again gel puri�ed using NucleoSpin RO Gel and PCR Clean-up (Macherey-Nagel). DNA

concentration was measured using a NanoDrop Spectrophotometer according to section

2.4.4.

Table 2.4: PCR primers and cycle steps for amplifying the miRNA binding site downstream of
FF of the p/PM-M23-24N1 plasmid.

Sense primer: prW745 (5'-3') ACATTTCCCCGAAAAGTGC

Antisense primer: prW253 (5'-3') CCGAGCTGGAGTCTATCCTG

PCR settings
enzyme activation 98 ◦C 3 min
denaturation 98 ◦C 20 sec
annealing (TM) 64 ◦C 20 sec 35 cycles
extension 72 ◦C 1 min
�nal extension 72 ◦C 3 min
cooling 8 ◦C ∞

2.3.2 Linearization and dephosphorylation of the backbone

A preparative digest of the backbone plasmid, i.e. p/IE3-3'UTR, was performed by setting

up a 40 µL reaction with 5 ng of DNA, 20 U (1 µL) of the selected restriction enzyme

(Table 2.2), and nf water. The reaction was incubated at 37 ◦C for 3 h, before removing the

phosphorylated ends to prevent the re-circularisation of the linearized vector. 2.5 U of CIP

(Alkaline Phosphatase, Calf Intestinal) was used to dephosphorylate 5 ng of the linearized

DNA in a total volume of 40 µL containing the recommended 10x reaction bu�er. Following

an incubation time of 45 min at 37 ◦C, DNA was puri�ed using the NucleoSpin RO Gel and

PCR Clean-up (Macherey-Nagel) according to the manufacturer's instructions. DNA was

eluted in 15 µL of elution bu�er and DNA concentration was determined according to
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section 2.4.4.

2.3.3 Ligation reaction

PCR product and CIP digested backbone were mixed at a ratio of 4:1 and suspended in

a total volume of 20 µL containing the recommended 10x reaction bu�er and 200 U of T4

ligase. After incubation at 16 ◦C for 1 h, 5 µL of the ligation mix was used to transform

Stellar Competent Cells according to section 2.4.1.

2.4 Cloning procedure

2.4.1 Bacterial transformation

Stellar Competent Cells were used for all transformation procedures. After thawing the

bacteria on ice, 5 µL of DNA (i.e. In-fusion cloning reaction) was tap mixed into 50 µL

of cells. Transformation reactions were incubated on ice for 30 min and heat shocked at

42 ◦C for 40-45 sec before cooling them on ice for 2 min. Tubes were topped up to a total

volume of 1 mL with LB-medium and incubated on a shaker for 1 h at 37 ◦C and 800

rpm. 1/100 and 1/10 of bacterial culture were then plated on LB agar plates containing

ampicillin for selection (a resistance gene against this antibiotic was transferred by the

backbone). The remainder of each reaction was plated after resuspending the pellets from

a 5-minute spin-down. Plates were incubated at 37 ◦C o/n (overnight).

2.4.2 Small-scale isolation and puri�cation of plasmid DNA (Mini-

prep)

Transformed bacteria cultures were grown on LB agar plates for 16-18 h. Depending

on the number of colonies counted on the negative control plates, 3-10 isolated colonies

were picked for each transformation to inoculate a volume of 10 mL LB-medium in 50

mL falcons (for small-scale plasmid yield). LB-medium was supplemented with ampicillin

(50 µg/mL). Cultures were incubated at 37 ◦C and 225 rpm o/n. After 14-16 h, ∼1 mL

of bacteria solution was stored at 4 ◦C for glycerol stock preparation. The remaining

solution was taken for isolating plasmid DNA using the GenEluteTM Plasmid Miniprep

Kit (Sigma-Aldrich) and following the manufacturer's instructions. Plasmids were eluted
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in elution bu�er or nf water and stored at 4 ◦C. Plasmid concentrations were determined

by spectrophotometric analysis using NanoDrop. 3-4 µg of plasmid DNA was taken for

diagnostic digestion.

2.4.3 Large-scale isolation and puri�cation of plasmid DNA (Midi-

prep)

A high quantity of plasmid DNA was obtained from 100-200 ml bacteria cultures prepared

in Erlenmeyer �asks, containing LB-medium, ampicillin (50 µg/ml), and the scratch of a

glycerol stock (see section 2.4.8). Cultures were incubated on a shaker at 37 ◦C and 225

rpm o/n. Plasmid DNA was puri�ed using the PureYieldTM Plasmid Midiprep System

(Promega) and following the manufacturer's instructions.

2.4.4 DNA quantitation

DNA quantity and purity in solutions were derived from optical density (OD) measure-

ments using NanoDrop 2000 Spectrophotometer. OD260 and OD280 were determined by

exposing the samples to ultraviolet light at 260 nm and 280 nm, respectively. Resultant

concentration values were calculated from OD260 by applying the conversion factor for

dsDNA: 1 U = 50 µg/mL. The ratio OD260/OD280 was used to evaluate sample purity to

exclude contamination with organic compounds. An OD260/OD280 ratio of ∼1.8 and ∼2.0
is considered ideal for DNA and RNA samples, respectively.

2.4.5 DNA diagnostic restriction enzyme digest

To verify the engineered plasmids, diagnostic digestion of puri�ed plasmid solutions was

conducted. 3-4 µg of DNA was mixed with 10 U (0.5 µL) of respective restriction enzymes

and 10x reaction bu�er. Reactions were �lled up with nf water to a total volume of 40 µL

and incubated for 2 h at 37 ◦C. Parental plasmids (undigested), which served as negative

controls, as well as digested fragments, were separated by gel electrophoresis and examined

under UV light.
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2.4.6 Agarose gel electrophoresis

DNA fragments produced by restriction enzyme digests were separated by horizontal, non-

denaturing gel electrophoresis. To this end, a 0.7-3% TAE agarose gel was prepared con-

taining either Ethidium bromide (1 µg /mL) or SYBR Safe (10,000x) for staining DNA.

Purple loading dye (6x) and DNA were combined and thoroughly mixed before loading the

samples into the wells of a solidi�ed gel. All gels run in 1x TAE bu�er (40 mM Tris-HCl, 20

mM acetic acid, 1 mM EDTA, pH 8.0) at 90 � 100 V. DNA bands stained with Ethidium

bromide or SYBR Safe, were examined during UV light exposure (at 312 nm) or under

blue light (470 nm). In the case of preparative electrophoresis, bands were excised from

the gel with clean scalpels and DNA was subsequently puri�ed using the NucleoSpin RO

Gel and PCR Clean-up (Macherey-Nagel) according to the manufacturer's instructions.

2.4.7 DNA sequencing

Generated plasmids that were digested into correctly sized fragments were further veri�ed

for accuracy by Sanger sequencing using the service of Mycrosynth (Switzerland). 450 �

1500 ng of DNA was diluted in nf water (40-100 ng/µL) and sent for sequencing. Sequence

data were analyzed using the software Geneious.

2.4.8 Glycerol stocks

After sequencing con�rmed the correctness of the constructs, glycerol stocks were prepared

for long-term storage of the plasmid DNA within bacteria. A 25% glycerol solution was

prepared by adding 500 µL of 50% glycerol (100% glycerol diluted in LB-medium) to 500

µL of liquid bacteria culture. Glycerol stocks were stored in thermostable cryo-tubes at

-80 ◦C. To recover bacteria from freeze downs, scratches of glycerol stocks were plated on

LB agar applying the streak-plate method. Petri dishes were incubated at 37 ◦C o/n to

�nally prepare 100-200 mL of suspension cultures to form single clones.

2.5 Cell culture

All cells were stored in incubators at 37 ◦C, in 5% CO2 and 95% humidity. Cells were split

in accordance with Table 2.5. In general, PBS, trypsin, and media were pre-warmed to r/t

(room temperature) before usage. Adherent cells were split by removing the old media,

Steffi
Hervorheben



36 2. Materials and Methods

washing with 1-4 mL of PBS, and adding a small volume of trypsin to the cells (up to 2

mL depending on the size of the surface area). Flasks and dishes were incubated at 37 ◦C

for 1-2 min, gently tapped, and checked under the microscope to ensure cell detachment.

Trypsinization times were kept to a minimum to prevent cell damage. Since FBS and NCS

inactivate the trypsin, the latter was neutralized by resuspending the cells in the respective

complete media, which was at least twice the volume of trypsin. The medium was dispersed

over the surface layer to detach the remaining cells and pipetted up and down to reduce

cell clumping. Aliquots were prepared and seeded into cell culture �asks. HEK/293T cells

were transferred to new �asks to allow appropriate adhesion. For all other cells, �asks were

reused up to �ve times.

Table 2.5: Conditions of cell cultures

Cell name Description Growth
media

Ratio and intervals
of splitting

HEK/293T human kidney carcinoma
cells expressing the SV40
large T antigen

DMEM,
10% NCS,
P/S1

1:10, 3-4 days

M2-10B4 bone marrow stroma cells
isolated from a mouse

RPMI,
10% FBS,
P/S1

1:6, 2-3 days

NIH-3T3 �broblasts isolated from a
mouse embryo

DMEM,
10% NCS,
P/S1

1:10, 2-3 days

1P/S = 0.6% (w/v) penicillin, 1.3% (w/v) streptomycin

2.5.1 Counting of cells

For seeding a speci�c amount of cells, cell concentration needed to be determined. To this

end, 10 µL of the cell suspension was transferred to a counting chamber and cells within

at least two diagonally opposite squares of a hemocytometer grid were counted using a

microscope. Following equation was used to determine the amount of cells per mL:

cells/mL = number of cells counted
number of squares counted

× 104
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2.5.2 Freezing and thawing of cell lines

For long-term preservation of mammalian cells with low-passage numbers, cell stocks were

generated and stored in liquid nitrogen. In the �rst step, a freezing medium was prepared,

containing 10% DMSO and 90% FBS, and cooled down on the ice before usage. Cells were

trypsinized (according to section 2.5), transferred to falcons, and spun down for 5 min

at 300 × g. After aspirating the supernatant, cells were resuspended in 4 mL of ice-cold

freezing medium. Aliquots of 1 mL were prepared, transferred to cryo-tubes, and placed

into isopropanol-based cryo-containers to gently cool down the cells from 4 ◦C to -80 ◦C by

-1 ◦C/min. For long-term storage, cryo-tubes were �nally transferred into liquid nitrogen

tanks.

For thawing, cells were removed from the liquid nitrogen tank and placed in an insulated

container �lled with dry ice for ∼30 min to reduce the pressure within the tubes by nitrogen

evaporation. Cells were then thawed in a 37 ◦C water bath for 1-2 min (just until the ice

crystals became invisible) and transferred to 9 mL of the appropriate complete medium

(Table 2.5). Cell were then pelleted at 300 × g for 5 min. After aspirating the supernatant,

cell pellets were resuspended in 13 mL of complete medium and seeded into collagen-coated

T25 �asks.

Collagen coating of �asks aided adherent cells to attach to the dishes' surfaces. To prepare

a pre-coated surface, collagen solution was mixed in an equivalent volume of PBS and

added to the culture �asks to cover the entire surface layer. Flasks were incubated at r/t

o/n, then carefully washed with PBS and either immediately used for cell culture or stored

at 4 ◦C.

2.6 Dual-Glo Luciferase reporter assay

The Dual-Glo reporter assay was conducted to test for functionally relevant binding of

miRNA mimics to predicted target sites within psiCHECK2 constructs.

2.6.1 Preparation of serial dilutions

To determine the concentration of miRNAs needed to yield the highest reduction of relative

luciferase activity compared to a negative control, a dose response experiment was carried

out. 2.2 µL of two-fold serial dilutions of a miRNA mimic (50 µM stock) was prepared
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in six tubes, among which tube 1 was �lled with 4.84 µL of miRNA mimic (400 nM �nal

concentration), while tubes 2-6 contained 2.42 µL of the diluent, i.e. nf water (Figure 2.5).

Serial dilutions were performed by removing 2.42 µL of undiluted miRNA mimic from tube

1 and adding it to tube 2. The diluted solution was thoroughly mixed before transferring

2.42 µL of it from tube 2 to tube 3. This process was repeated until 5 tubes were made of

200 nM, 100 nM, 50 nM, 25 nM, and 12.5 nM, respectively.

2.42 μL 2.42 μL 2.42 μL 2.42 μL 

2.42 μL nf water 4.84 μL miR-M23-2 mimic 
(50 μM stock) 

2.2 μL 

400 nM

2.42 μL 

final concentration per well: 

2.2 μL 

200 nM

2.2 μL 

100 nM

2.2 μL 

50 nM

2.2 μL 

25 nM

2.2 μL 

12.5 nM 

Figure 2.5: Illustration of two-fold serial dilution of miR-M23-2 mimic. To determine the potency
of miR-M23-2 mimic, di�erent concentration of miR-M23-2 mimic were prepared for transfection
with the p/IE3-3'UTR and the p/IE3-3'UTR/mut-M23-2 vector.

2.6.2 Assay procedure

TransIT-X2 Dynamic Delivery Systemr (Mirus Bio) was used to perform co-transfection

of plasmid DNA and miRNA mimic into HEK/293T cells. For each transfection, 0.11 µL

of a 50 µM stock of (double-stranded) miRNA mimic or scramble miRNA for 50 nM �nal

(or serial dilutions according to section 2.6.1), 5 ng of psiCHECK2 plasmid as well as 95

ng of mCherry encoding DNA were mixed with 9 µL of serum free Opti-MEM in a total

volume of 9.7 µL. After adding 0.3 µL of TransIT-X2, nucleic acid-transfection reagent

complexes were incubated for 15-30 min at r/t and subsequently transferred to a 96-well

clear �at-bottom plate in triplicates before seeding HEK/293T cells (4 × 104 cells in 100

µL of media per well) to allow for reverse transfection.

Following 16�24 h of incubation at 37 ◦C, transfected cells were tested by �uorescence

microscopy (Leica DFC300G, FLUO-Filtercube TXR). 40 µL of supernatant was removed

from each well to bring the culture medium volume to around 50 µL per well before

performing the Dual-Glor Luciferase Assay (Promega) accordingly to the manufacturer's

protocol. Dual-Glo Reagent was thawed in a polystyrene box and mixed, before adding 50
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µL of the reagent to each well. After incubating the plate for at least 10 min at r/t, �re�y

luciferase signals were detected on the Centro XS LB 960 Luminometer (Berthold Tech-

nologies). For measuring Renilla luminescence, Dual Glo Stop & Glo reagent was diluted

1/100 in Stop Glo Bu�er. 50 µL of this solution was transferred to each well, followed by

an incubation and measuring procedure as before.

2.6.3 Normalization steps

Experimental data was analyzed by determining relative changes in the activity of the �re�y

luciferase reporter. A three-step normalization procedure was performed using Excel. An

overview is provided by Table 2.6.

In the �rst step, �re�y luciferase activity values were normalized against their correspond-

ing Renilla luciferase signals, before triplicates of p/empty and p/IE3-3'UTR/mut-m01-

2/mut-M23-2 were averaged. Calculated means were used to second normalize respective

�re�y-to-Renilla-luciferase (FF/Ren) ratios allocated to the same miRNAs, in a way that

values of perfect match constructs were normalized to p/empty and 3'UTR containing

constructs were normalized to p/IE3-3'UTR/mut-m01-2/mut-M23-2.

Lastly, averages were taken from each triplicate treated with the negative control (scramble)

miRNA to conduct a third normalization of respective double normalized values that were

allocated to the same psiCHECK2 vectors.

Triple normalization was performed to overcome potential errors that would lead to mis-

interpretation of the data. As such, the second step of normalization was performed to

account for any factors that a�ect the translation of the �re�y luciferase transcripts at

regions other than the putative miRNA binding sites. The third normalization step con-

trolled for any cellular factors that act on the luciferase construct, either on the �re�y

encoding sequence or on the fused 3' segment [206].

2.6.4 Statistical analysis

MiRNA-mediated post-transcriptional regulation was investigated after performing the

triple normalization procedure. Statistics were generated using the software package Prism

8.3. (GraphPad Software, San Diego, DA). Relative activity values were compared with

values of the respective negative control constructs (either p/empty or p/IE3-3'UTR/mut-
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Table 2.6: Overview of the three-step normalization procedure applied for luciferase assays using
psiCHECK2 vectors

psiCHECK2 construct 1st norm 2nd norm 3rd norm

p/PM-m01-2

FF/Ren

to primary
normalized mean of
p/PM-empty

to secondary
normalized
scramble values
transfected
with the same
psiCHECK2
vector

p/PM-M23-2

p/PM-empty

p/IE3-3'UTR (WT)
to primary
normalized mean of
p/IE3-3'UTR/mut-
m01-2/m23-2

p/IE3-3'UTR/mut-m01-2

p/IE3-3'UTR/mut-M23-2

p/IE3-3'UTR/mut-m01-2/
mut-M23-2

m01-2/mut-M23-2) and tested for signi�cance (p< 0.05) using an unpaired t-test.

2.7 Generating stable cell lines

2.7.1 Lentivirus production

Lentiviral vectors that we generated during this study (Table 2.2 and section 2.2) were

taken to transfect 40-50% con�uent HEK/293T cells in 6 cm dish plates using the Lipo-

fectamine 3000 Reagent protocol (Thermo Fisher Scienti�c). A DNA mixture was pre-

pared containing 4 µg of transfer plasmid (pLenti-Blast-eGFPintron, pSH1-m01-2.NheI,

pSH2-m01-2.NsiI, pSH3-M23-2.NheI, pSH4-M23-2.NsiI, pSH5-m01-2.NheI-M23-2.NsiI and

pSH6-M23-2.NheI-m01-2.NsiI, Table 2.2), 3 of µg packaging plasmid (psPax2) and 1 µg of

envelope plasmid (pCMV-VSV-G). After diluting the DNA mix in serum-free Opti-MEM,

16 µL of P3000 reagent (DNA:P3000 reagent = 1:2) was added in a �nal volume of 300

µL. In a separate tube, 24 µL of Lipofectamine 3000 Reagent (DNA:Lipofectamine 3000 =

1:3) was combined with 276 µL of serum-free Opti-MEM. After vortexing both reactions,

the DNA mixture was added into diluted Lipofectamine 3000 Reagent, tap mixed, and

incubated for 15 min at r/t. The transfection mixture was added dropwise to HEK/293T

cells. The �uorescent lentivirus F6gw was exploited as a control for lentiviral production

by transfecting HEK/293T cells, following the same protocol. At 16 h posttransfection,

the media of transfected cells were carefully renewed. Cells were checked by �uorescence
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microscopy (Leica DFC300G) using FLUO-Filtercube FITC.

2.7.2 Transduction of NIH-3T3 cells

48 h post-transfection of HEK/293T cells, lentivirus was harvested by collecting and �l-

tering the viral supernatant using 0.4 µL �lter cartridges, which was subsequently added

drop-wise on 50% con�uent NIH-3T3 cells seeded in 6-well plates (0.3 × 106 cells/well one

day prior to transfection). To conduct a spin-transduction, infected plates were pelleted at

800 x `g for 30 min and subsequently placed in the incubator. Three days post-transduction,

cells were checked by �uorescence microscopy (Leica DFC300G, FLUO-Filtercube FITC)

and selection was started (see section 2.7.4).

2.7.3 Antibiotic dose-response experiment

For determining the minimal dose of a selected antibiotic needed to kill all non-resistant

cells within ∼7 days, cells were treated with increasing antibiotic concentrations ranging

from 0.156 to 20 µg/mL. NIH-3T3 cells were seeded in a 12-well plate and grown to ∼20%
con�uence. Old media was aspirated and 1.5 mL of new media was added to each well,

except for the �rst well. The latter was �lled with 20 µg/mL Blasticidin diluted in 3 mL of

medium (Table 2.5). Two-fold serial dilutions were made by step-wise transferring 1.5 mL

of the thoroughly mixed dilute solution to the next well, starting with well 1. A negative

control well without any antibiotics was included. The medium was replaced every 2-3

days. Cell death was daily checked by microscopy.

2.7.4 Antibiotic selection

Stably transduced cell lines were selected by antibiotic treatment at a concentration de-

termined by an antibiotic dose-response experiment (see section 2.7.3). The antibiotic was

refreshed every 2-3 days. Upon 100% cell death in the control cell culture which contained

untransduced cells that naturally lack Blasticidin resistance, concentration of the antibiotic

was reduced to 2.5 µg/mL. Parts of the cells were frozen down according to section 2.5.2.
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2.7.5 Cell sorting

Transduced cells were sorted for high �uorescence signals. In the �rst step, transduced cell

lines were trypsinized (see section 2.5), counted (see section 2.5.1), and pelleted at 300 ×
g for 5 min. Cell pellets were resuspended in the appropriate volume of culture medium

to obtain a concentration of 107 cells/mL. Cell suspensions were subsequently transferred

to sterile FACS tubes.

Non-transduced cells without �uorescence expression served as a negative control for cal-

ibrating the FACS machine. 50,000 cells with �uorescence intensities of the top 10%

percentile were gated into 15 mL falcons which were subsequently seeded into T25 �asks.

Moreover, 10 single clones per cell line with �uorescence intensities of the top 1% percentile

were transferred into wells of a 96-well plate.

2.7.6 Mycoplasma screening

Since cells were subjected to non-sterile conditions during the sorting process, a myco-

plasma detection assay was performed after 3 days of incubation, using the MycoAlertTM

Mycoplasma Detection Kit (Biozym). ∼600 µL of medium from each �ask was transferred

to a separate tube and centrifuged at 200 × g for 5 min. 40 µL of the clari�ed sample

was added to a white 96-well plate and topped with 40 µL of MycoAlert Reagent. The

plate was incubated for 5 min at r/t and luminescence signals were measured using the

Centro XS LB 960 Luminometer (Berthold Technologies). In a second step, 40 µL of Myco

Alert Substrate was added to each well and mixed. After 10 min of incubation at r/t,

luminescence signals were determined once again. Data was exported to Excel. Values of

the second reading were divided by the respective results of the �rst reading. Ratios below

0.9 excluded mycoplasma contamination.

2.7.7 Luciferase Assay

Transduced and selected cell lines were tested for functionally relevant levels of desired

miRNAs by dual luciferase assay. The experiment was performed in accordance with the

protocol described in section 2.6.2, except for two aspects. First, 0.11 µL of miRNA mimics

(50 µM stock) was only used for positive control experiments, while any other transfection

sample contained nf-water instead. Second, reverse transfection was performed using 2 x

104 transduced cells per well.
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Luciferase readout values were triple normalized in accordance to section 2.6.3, except for

the last normalization step. Averages of double normalized values of NIH-3T3.GFP (no

miRNA expression) were used to conduct the third normalization.

2.7.8 RNA extraction

The expression of desired miRNAs was further investigated by Northern blot. In a �rst

step, transduced cells were seeded in T75 �asks and grown to ∼ 90% con�uence. After

trypsinizing and pelleting the cells (300 × g, 5 min), the supernatant was aspirated and

1 ml of TRIzol reagent was added to the pellets before storing the tubes at -80 ◦C until

further use.

For RNA extraction, TRIzol-containing samples were thawed at r/t for 5-10 min and mixed

with 200 µL of chloroform. After vortexing for 30 sec and incubating for 5 min, samples

were centrifuged at 12,000 × g for 15 min at 4 ◦C. Subsequently, the upper, aqueous phase

was transferred to new tubes and combined with 500 µL of isopropanol. Samples were

again vortexed for 30 sec, incubated for 10 min, and centrifuged at 12,000 × g for 10 min

at 4 ◦C to allow for RNA precipitation. The supernatant was discarded and the pellet was

washed in 1 mL of 80% ethanol before starting the last centrifugation step at 12,000 × g

for 10 min at 4 ◦C. The supernatant was thoroughly removed and dried RNA pellets were

resuspended in 20 µL of nf water. To ensure precise measurements, RNA concentrations

were determined by a Qubit 3.0 Fluorometer (Thermo Fisher) after preparing the RNA

samples using the QuibtTM RNA BR Assay Kit (Thermo Fisher) and following the man-

ufacturer's instructions. Samples were stored at -80 ◦C before starting the northern blot

procedure.

2.7.9 Northern Blot analysis

Denaturing gel electrophoresis

For separating RNA samples (see section 2.7.8) according to size, a 15% denaturing poly-

acrylamide (PAA) gel was prepared by mixing 37.5 ml of 40% acrylamide, 10 mL of TBE

(5x, �nal concentration = 0.5x) and 48 g of UREA powder. Complete solving of UREA

was ensured by heating the solution in the microwave for ∼20 sec and mixing it by mag-

netic stirring. The gel solution was �nally suspended with diethylpyrocarbonate (DEPC)

water in a total volume of 100 mL and stored at 4 ◦C until further usage. DEPC water was
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prepared by mixing 1 L of MilliQ water with 1 mL of DEPC. Adding the latter ensured

inactivation of most if not all RNase contamination in the solution. DEPC-treated water

(0.1% �nal concentration) was incubated at 37 ◦C o/n and �nally autoclaved to hydrolyze

DEPC as well as to inhibit any remaining RNase activity.

On the day of running the RNA samples, the gel cassette, as well as the electrophoresis,

apparatus were set up according to Figure 2.6 A and B.

For gel preparation, 40 mL of hand-warm PAA solution was transferred to a 50 mL falcon

and placed on ice before adding 400 µL of APS and 10 µL of TEMED (storage on ice

decelerates the process of polymerization that starts when adding APS). After thorough

mixing, the PAA-gel was immediately pipetted between the two glass plates of the gel cas-

sette until the solution reached the top of the short plate. The well-comb was then put in

place before letting the gel solidify for 1 h at r/t. Once the gel polymerized, tapes, bottom

spacer, book-binder clamps and the comb were removed. Subsequently, the gel sandwich

was clamped into electrophoresis apparatus and submerged ∼2 cm in TBE bu�er (1x),

that was contained in the bottom reservoir. TBE bu�er (1x) was further poured into the

top reservoir to cover the wells. Using a syringe, wells were rinsed with TBE bu�er to

remove any remaining UREA. The gel was pre-run by the setting power supply to 200 V

(constant voltage) for 30 min. In the meantime, RNA samples were thawed and prepared

on ice. 30 ng of RNA was mixed with equal volumes of RNA loading dye (2x). To remove

and prevent the re-formation of secondary structures, samples were heat denatured at 95
◦C for 3 min and immediately placed on ice for 1 min before performing a quick spin down.

Samples were stored on ice until the pre-run of the gel was �nished. Wells were once again

rinsed and subsequently loaded. After assembling the lid, the gel was run by setting the

power supply to 200 V (constant voltage) during the �rst 15 min, and 300 V (constant

voltage) thereafter. When the dye front reached 2-3 cm above the end of the gel (after 2-3

h), the gel sandwich was removed from the electrophoresis apparatus and opened. Unused

gel areas were cut o� before rinsing the gel in a baking dish �lled with TBE bu�er (1x) to

leach any remaining UREA.

RNA transfer via electroblotting

In the next step, RNA was transferred from the gel onto Hybond N+ positive charged

nylon membrane through electroblotting. By using nylon membranes, we bene�ted from

mechanical strength, resistance to heat and, high a�nity to nucleic acids as compared to

nitrocellulose membranes. For the transfer, a blotting cassette was assembled according
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A B

Figure 2.6: Construction of gel cassette (A) and vertical electrophoresis apparatus (B) for RNA
separation. Once the PAA gel was solidi�ed in the gel cassette, the glass plates were transferred
into the electrophoresis apparatus, in which the lower and upper reservoir was �lled with running
bu�er (TBE bu�er, 1x).

to Figure 2.7. All layers were pre-wet in TBE bu�er (1x). Air bubbles between the layers

were carefully removed by a roller. A blotting chamber was placed at 4 ◦C and �lled with

TBE bu�er (1x). A stirring magnet ensured constant circulation of the �uid, preventing

localized heating. The blotting cassette was inserted into the chamber and the power sup-

ply was set to 400 mA at a constant current for 2 h.

Plexiglas (connected to anode +)
sponge
3 sheets of Whatman papers
nylon membrane (positively charged)
gel (well side down)
3 sheets of Whatman papers
sponge
Plexiglas (connected to cathode -)
trey

Figure 2.7: Schematic representation of a blotting cassette. The transfer of denatured RNA
from a PAA gel to a positively charged nylon membrane was achieved by electroblotting.
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UV and chemical cross-linking

Once the transfer was �nished, RNA strands became crosslinked to the nylon membrane,

�rst by a short UV exposure at 120,000 µJ/cm2 in a Stratalinker UV crosslinker (Strata-

gene), which, however, only immobilized ∼30% of RNA strands. To increase the rate

of covalently linked RNA, a chemical cross-linking procedure followed. To this end, a

Whatman membrane was soaked in crosslinking solution (4.5 mL DEPC water, 122.5 µL

1-Methylimidazole, 150 µL 1 M HCl, 0.3765 g of EDC (N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride, �lled up to 12 mL with DEPC) onto which the nylon

membrane was overlayed with the RNA-side facing up. Wrapped in plastic foil, the mem-

branes were incubated at 65 ◦C for 1 h.

Furthermore, the PAA gel was placed in water supplemented with Ethidium bromide to

test for any remaining bands of RNA under UV light after 15 min of incubation on a tilting

shaker.

Pre-hybridization (blocking)

After 1 h of chemical cross-linking, the nylon membrane became pre-hybridized (blocked) to

minimize background hybridization signal resulting from non-speci�c interactions between

the membrane and the probes, which were added in the next step. The nylon membrane

was transferred into a glass tube, washed with DEPC water (to minimize air bubbles), and

incubated with pre-warmed hybridization solution (9 mL SSC bu�er (20x), 21 mL 10%

SDS) on a rolling shaker at 60 ◦C for 30 min. SDS functioned as a blocking agent of nylon.

Radiolabeled probe hybridization

In a next step, probes complementary to the miRNAs of interest (i.e. miR-m01-2 and

miR-M23-2) were radiolabeled (see Table 5.1 for sequences). 1 µL of each 1:10 diluted

probe (100 µM stock) was suspended in 5 µL of nf water and further mixed with 1 µL

of T4 polynucleotide kinase bu�er (10x), 1 µL of T4 polynucleotide kinase and 2 µL of

γ 32P ATP. During 1 h of incubating on a shaker at 300 rpm, T4 polynucleotide kinase

was allowed to catalyze the 5' labeling of RNA strands using the radioactive ATP as a

phosphate donor. Furthermore, we also radioactively labeled snRNA U6 oligo (see Table

5.1 for sequence), to include an RNA-loading control for northern blot analysis.

Subsequently, 5 µL of the radioactive mix was combined with 20 µL of nf water, mixed

with 30 mL of pre-warmed hybridization solution, and added to the membrane within the

tubes to allow for radiolabeled probe hybridization at 42 ◦C o/n.
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Washing and phosphor imaging

The next day, the radioactive mix was decanted, prior to exposing the membrane to a

pre-warmed wash solution (DEPC water supplemented with 7% of 20x SSC bu�er and

10% SDS) on a rolling shaker at 42 ◦C for 20 min. The washing step was repeated four

times in total to rinse o� any unhybridized probe. The membrane was subsequently dried

and placed in a cassette containing a phosphor screen. During a fairly variable time of

incubation (ranging from hours to days) at -80 ◦C, an image was produced on the screen,

which was �nally monitored by a phosphor imager.

Hybridization of a new probe

Before exposing the membrane to a new probe, the old one was removed by incubating the

membrane in 30 mL of hybridization solution at 60 ◦C for 1 h. Following this stringent

washing step, the hybridization of a new radiolabeled probe was performed as described

above.

2.8 Virological methodologies

2.8.1 Generation of MCMV stocks

For virus passage, a con�uent 15 cm cell culture dish of M2-10B4 cells was trypsinized

(according to section 2.5), resuspended in 12 mL of media, and inoculated with 1 mL of

either revertant or mutant MCMV (virus reconstitution from BAC DNA was not required

since virus inocula were available). Following incubation at 37 ◦C for 30 min, the virus-cell

suspension was adjusted to a total volume of 20 mL with media and replated on a new 15

cm cell culture dish. Upon complete cell lysis, which was usually observed on day four to

six post-infection, cells were scraped from the dish surfaces and collected together with the

supernatant. Virus inoculum was centrifuged at 5,000 × g for 5 min. The supernatant was

stored on ice until further usage. After resuspending the pellet in 1 mL of virus suspension,

cell lysis was induced via three cycles of freezing down in liquid nitrogen for 1 min and

complete thawing at 37 ◦C. The virus was puri�ed from cellular debris by centrifuging

the virus-cell suspension at 3,000 × g for 10 min at 4 ◦C. The supernatant was collected

and combined with the previous supernatant stored on ice. Aliquots of 200-300 µL were

prepared and immediately snap frozen in liquid nitrogen for 2-5 min before transferring
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the aliquots to -80 ◦C. Virus concentration was quanti�ed by plaque assay.

2.8.2 Virus quanti�cation by plaque assay

To determine viral infectivity of virus inoculum, a plaque assay was performed by inoculat-

ing serially diluted virus onto NIH-3T3 cells. Cells were seeded one day prior to infection

at 6 × 104 cells/well in a 48-well plate. 10-fold dilutions of the virus material were pre-

pared by setting up 6 tubes which were �lled with 450 µL of DMEM media (supplemented

with 10% NCS and P/S), except for the �rst tube which contained 5 µL of thawed virus

inoculum in 495 µL of the same media. After thorough mixing, 50 µL of the starting

dilution, i.e. 10−2, was transferred into the second tube to get the second dilution, i.e.

10−3. This step was repeated until the 6th dilution, i.e. 10−7.

Media of the 48-well plate of NIH-3T3 cells was then removed and 200 µL of each virus

dilution was transferred twice to one well of the plate. After incubating the plate for 1 h

at 37 ◦C, the inoculum was aspirated and the infected NIH-3T3 cells were covered with

500 µL of 37 ◦C pre-warmed medium containing carboxymethyl cellulose (MEM (10x)

supplemented with 7.5 g/L carboxymethyl cellulose, 5% FBS, 1% glutamine, 0.5% of non-

essential amino acids (NEAAs), 0.6% (w/v) penicillin, 1.3% (w/v) streptomycin, 4.9%

NaHCO3 and 2.5% NCS and 77.6% water). Employing carboxymethyl cellulose overlay

media instead of standard liquid culture medium prevented viral cell-to-cell spread and

allowed for localized plaque formation during 3 days of incubation at 37 ◦C.

After 3 days, wells were checked by �uorescence microscopy (Leica DFC300G, FLUO-

Filtercube TXR) and clusters of mCherry protein expressing viruses were counted. In the

second step, plaques were counted by light microscopy. To this end, a crystal-violet stain-

ing was conducted. The medium was aspirated and 1 mL of crystal violet solution (10x)

(1% crystal violet in PBS (1x) containing 10% paraformaldehyde) was added to each well

in the fume hood. After incubating the plate on a shaker for 15 min at r/t, crystal violet

solution was rinsed o� the wells with DI water, and plaques were counted under the light

microscope. The following equation was used to determine the virus titer:

virus titer[pfu/mL] = average of counted plaques

volume of infectious dilution×dilution
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2.8.3 Sequencing of viral DNA fragments

To con�rm the accuracy of previously generated MCMV strains, DNA was isolated from

virus inocula using the QuickTM DNA Microprep Kit (Zymo Research). The manufac-

turer's instructions were followed. 1 µL of puri�ed DNA of virus inoculum was subsequently

used for amplifying the fragment of interest. PCR reaction mixes were prepared according

to section 2.3.1. To ensure low levels of non-speci�c PCR products resulting from o�-target

priming e�ects, a PCR touch-down program was chosen (Table 2.7) [207].

DNA concentrations were measured using a NanoDrop Spectrophotometer according to

section 2.4.4. ∼1 µg of DNA diluted in 20 µL nf water was �nally sent for sequencing.

Table 2.7: Touch-down PCR for amplifying the 3'UTR of IE3 in mutant and revertant MCMV

Sense primer: prW1413 (5'-3') GCTCTGGGAAGGGAGAGACT

Antisense primer: prW1414 (5'-3') AGCACACCAAGCCCATTAAC

PCR settings
initial denaturation 98 ◦C 3 min

Touch-down: denaturation 98 ◦C 20 sec
20 cycles annealing 68-58 ◦C 20 sec

( -1 ◦C per cycle) extension 72 ◦C 1 min

denaturation 98 ◦C 30 sec
20 cycles annealing 55 ◦C 15 sec

extension 72 ◦C 1 min

�nal extension 72 ◦C 5 min
cooling 16 ◦C ∞

2.8.4 Optimization of miRNA transfection

TransIT-X2, Lipofectamine 3000, and polyethylenimine (PEI) were checked for delivering

short oligonucleotides into NIH-3T3 cells. Fluorescence image-based assays were performed

by transfecting a �uorescent RNA-duplex that resembled the structure of siRNAs (i.e.

BLOCK-iTTM Fluorescent Oligo). Transfection mixes were prepared according to Table

2.8 and transferred to the wells of a 48-well plate just prior to seeding NIH-3T3 cells at

a density of 6 x 104 cells/well. Transfection e�ciency was assessed by �uorescence mi-

croscopy (Leica DFC300G) using FLUO-Filtercube FITC. Cell density and viability were

monitored by light microscopy.
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Table 2.8: Transfection mixes used for optimizing e�ciency of transfecting small RNA into
NIH-3T3 cells

Mix Comments

T
ra
n
sI
T
-X
2

TransIT-X2 was warmed to r/t
and vortexed before usage;
incubated for 30 min at r/t

26 µL Opti-MEM
Fluorescent Oligo (20 µM stock) 50 nM �nal
0.78 µL TransIT-X2

T
ra
n
sI
T
-X
2 pBAD-mTag-BFP functioned as

carrier DNA; TransIT-X2 was
warmed to r/t and vortexed
before usage; incubated for 30
min at r/t

26 µL Opti-MEM
Fluorescent Oligo (20 µM stock) 50 nM �nal
260 ng pBAD-mTag-BFP (pW150)
0.78 µL TransIT-X2

L
ip
o
fe
ct
a
m
in
e

DNA-mix:

DNA-mix was added to diluted
Lipofectamine which was
priorly vortexed; incubated for
10 min at r/t

15 µL Opti-MEM
Fluorescent Oligo (20 µM stock) 50 nM �nal

Lipofectamine dilution:
15 µL Opti-MEM
0.1 µL Lipofectamine 3000

P
E
I

15 µL Opti-MEM

incubated for 10 min at r/tFluorescent Oligo (20 µM stock) 50 nM �nal
0.1 µL or 0.25 µL PEI

2.8.5 Transfection of miRNAs

NIH-3T3 cells were transfected with 50 nM of a small RNA (miRNA mimics or siRNA)

or the BLOCK-iTTM Fluorescent Oligo. Mastermixes for 4 replicates per sample were

prepared according to Table 2.9. Transfection mixes were pipetted into a 48-well plate

just prior to adding 4.5 x 104 cells in 273 µL of complete medium per well. After ∼24
h of incubation at 37 ◦C, cells were monitored using the �uorescence microscope (Leica

DFC300G), FLUO-Filtercube FITC and LAS X software to take images.
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2.8.6 Infection of transfected cells with MCMV

Transfected cells were infected to perform plaque assays in accordance with section 2.8.2.

Aiming at ∼100 plaques per well, 1.1 µL of mutant MCMV (2.5 × 105 pfu/mL) and 4 µL

of revertant MCMV (9.6 × 105 pfu/mL) were each diluted in 250 µL of DMEM media,

supplemented with 10% NCS. Transfection mixes were aspirated and 200 µL of diluted

virus inoculum was added per well to prepare two technical replicates per transfection

sample and virus. Following 1 h of incubation at 37 ◦C, the viral supernatant was replaced

by 500 µL of medium containing carboxymethyl cellulose (see section 2.8.2). After three

days, mCherry protein expression was exploited as an infection marker to manually count

the number of small and large virus plaques under the �uorescence microscope (Leica

DFC300G, FLUO-Filtercube TXR, 5x objective). We de�ned small plaques by infected

areas containing up to three red-appearing cells and distinguished them from large plaques

comprising any higher amount of infected cells. Additionally, plaques were imaged using

LAS X software.

Table 2.9: Transfection mastermixes used for transient expression of miR-m01-2 and miR-M23-2

Mastermixes for 4 wells of a 48-well plate Comments

104 µL Opti-MEM
Opti-MEM and TransIT-X2
were warmed to r/t, the
latter was further vortexed
before usage. After �nally
adding TransIT-X2, samples
were thoroughly mixed with
20 and 200 µL pipette tips
and incubated for 25 min at
r/t before transferring 4
times 27.2 µL of each
mastermix into one well of a
48-well dish.

1.28 µL miR-m01-2 (50 µM stock, ∼50 nM �nal)
1.28 µL miR-M23-2 (50 µM stock, ∼50 nM �nal)
3.12 µL TransIT-X2

Positive control:
104 µL Opti-MEM
1.28 µL siRNA-IE3 (50 µM stock, ∼50 nM �nal)
3.12 µL TransIT-X2

Tranfection control:
104 µL Opti-MEM
3.14 µL Fluorescent Oligo (20 µM stock, ∼50 nM �nal)
3.12 µL TransIT-X2
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Chapter 3

Results

3.1 Two MCMV miRNAs regulate the major viral im-

mediate early protein IE3

3.1.1 Generation of the reporter p/PM-M23-2 encodes for the N1

sequence

Unlike all other psiCHECK2 vectors available for this study, the psiCHECK2 vector p/PM-

M23-24N1 did not contain the N1 sequence upstream of the �re�y ORF, which enhances

the expression of the latter (see section 2.1.4). Consequently, a new psiCHECK2 vector was

generated featuring the N1 sequence at the 5' and the miR-M23-2 perfect match sequence

at the 3' of the �re�y ORF. To this end, a DNA segment containing the perfect match

sequence of miR-M23-2 was ampli�ed by PCR. The PCR ampli�ed insert as well as the

backbone p/IE3-3'UTR were digested by XbaI, gel puri�ed, and cloned within bacteria.

To con�rm correct insertion, plasmids were sequenced after analyzing them by diagnostic

restriction enzyme digest and gel electrophoresis (Figure 3.1). HincII cut p/IE3-3'UTR

as well as the newly generated p/PM-M23-2, indicating that both plasmids contained the

N1 sequence. In the presence of the perfect match sequence of miR-M23-2, the restriction

enzyme pattern of EcoRV and EcoRI resulted in a speci�c 0.1kb band, which was visible

in the case of p/PM-M23-2. As such, inserting N1 into p/PM-M23-24N1 was successful.
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Figure 3.1: Restriction pattern analysis of the generated luciferase plasmid p/PM-M23-2. Re-
striction digests con�rm the presence of N1 and the perfect match sequence for miR-M23-2 miRNA
in p/PM-M23-2. The perfect match sequence of miR-M23-2 was PCR ampli�ed using 3 ng of
p/PM-M23-24N1. The PCR product as well as the selected backbone, i.e. p/IE3-3'UTR, were
digested by XbaI, ligated, and cloned in Stellar Competent cells. To con�rm accuracy of the
insertion reaction, diagnostic digests were performed using the restriction enzymes HincII as well
as EcoRI and EcoRV. HincII cuts within the N1 sequence, while the cutting pattern of EcoRI and
EcoRV proves the presence of the PM-M23-2 sequence.

3.1.2 MiRNA mimics downregulate luciferase activity of perfect

match reporter constructs

Once the reporter p/PM-M23-2 was generated, we con�rmed the functionality of our miR-

m01-2 and miR-M23-2 mimics by testing their potency in downregulating �re�y luciferase

activity of target sensors containing perfect match bindings sites for miR-m01-2 and miR-

M32-2 downstream of the �re�y ORF. To this end, HEK/293T cells were co-transfected

with reporters and miRNAs as listed in Table 3.1.

Results of dual luciferase assays showed that both the miR-m01-2 mimic (Figure 3.2 upper

part) and the miR-M23-2 mimic (Figure 3.2 lower part) signi�cantly repressed relative

luciferase activity of their respective perfect match target sensors, but not of the other
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Table 3.1: Co-transfected reporters and miRNAs used for validating the functionality of miR-
m01-2 and miR-M23-2 mimics by luciferase assay

miR-m01-2 miR-M23-2 scramble miRNA

p/PM-m01-2 x x x

p/PM-M23-2 x x x

p/empty x x x

targeting vectors. Downregulation was ∼75% relative to the negative control experiments

that were set to 100%.

3.1.3 Optimizing miRNA concentrations for transfection experi-

ments

To analyze whether miR-M23-2 regulates IE3 via its 3'UTR, we performed a dose-response

experiment in which two-fold serial dilutions of miR-M23-2 mimic (50 µM stock) were

transfected with either p/IE3-3'UTR or the negative control p/IE3-3'UTR/mut-M23-2.

We observed a signi�cant decrease of relative luciferase activity using a miRNA mimic

concentration of 50 nM (Figure 3.3). Interestingly, miRNA mimic concentrations higher

than 50 nM did not lead to any increase in target downregulation, not even at 200 nM

of miR-M23-2 mimic. On the basis of these results, the �nal concentration of transfected

miRNA mimics and scramble miRNAs was always chosen to be 50 nM.

3.1.4 Validation of miRNA binding sites

In a second step, the regulatory activity of miR-m01-2 and miR-M23-2 mimics directed

against the 3'UTR of IE3 was investigated by site-directed mutagenesis of the respective

seed matches. We transfected the same set of miRNAs used in the positive control exper-

iment (i.e. miR-m01-2, miR-M23-2 and scramble miRNA, see section 3.1.2) with reporter

plasmids containing either the wild-type or mutated versions of the two miRNA binding

sites within the IE3-3'UTR. Co-transfection mixes of respective reporters and miRNAs are

listed in Table 3.2.

Our dual-luciferase assays con�rmed that miR-m01-2 mimic (Figure 3.4 upper part), as

well as miR-M23-2 mimic (Figure 3.4 lower part), signi�cantly decreased �re�y luciferase
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Figure 3.2: MiR-m01-2 mimic and miR-M23-2 mimic harbor silencing activity on target reporters
in dual-luciferase assays. HEK/293T cells were co-transfected with miR-m01-2, miR-M23-2 or a
negative control miRNA mimic and psiCHECK2 constructs. The latter contained either a perfect
match binding site (for miR-m01-2 or miR-M23-2) or lacked any cloned sequences downstream
of the �re�y ORF (negative control). Triple normalized luciferase activity values were obtained
by calculating �re�y-to-Renilla ratios before setting averages of relative values of negative control
samples to 1. All experiments were performed in triplicates, with n = 5 and n = 6 for miR-m01-
2 and mir-M23-2 transfection, respectively. Data are represented as mean±SEM, ns p > 0.05;
∗∗∗∗p < 0.0001.

activity of the IE3-3'UTR containing wild-type reporter similarly by ∼40% relative to

activity values of the double mutated reporter.

The e�ects of miR-m01-2 and miR-M23-2 were further tested with single mutated reporter

constructs (i.e. p/IE3-3'UTR/mut-m01-2 and p/IE3-3'UTR/mut-M23-2) in which the

two miRNA target sites harbored point mutations individually. MiR-m01-2 decreased
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Figure 3.3: MiR-M23-2 regulates IE3 via its 3'UTR in a dose-dependent manner. A dual-
luciferase assay was performed by co-transfecting HEK/293T cell with either p/IE3-3'UTR or
p/IE3-3'UTR/mut-M23-2 and miR-M23-2 at the concentrations indicated. Double normalized
activity values ± SEM from one transfection experiment are depicted (ns p> 0.05; ∗p < 0.05).

Table 3.2: Co-transfected reporters and miRNAs used for validating target sites within the
IE3-3'UTR by luciferase assay

miR-m01-2 miR-M23-2 scramble miRNA

p/IE3-3'UTR (WT) x x x

p/IE3-3'UTR/mut-m01-2 x x x

p/IE3-3'UTR/mut-M23-2 x x x

p/IE3-3'UTR/mut-m01-2/mut-M23-2 x x x

the relative luciferase activity of the reporter with a mutated miR-M23-2 binding site by

∼50% (Figure 3.4 upper part). Importantly, this e�ect was abrogated when using the

reporter, containing mutations in the miR-m01-2 binding site. Analogous results were

obtained for miR-M23-2 (Figure 3.4 lower part). Co-transfection of miR-M23-2 with the

reporter containing a mutated seed match for miR-m01-2 (i.e. p/IE3-3'UTR/mut-m01-

2) signi�cantly lowered relative luciferase level (by ∼45%). By contrast, no signi�cant

reduction in luciferase level was observable when transfecting miR-M23-2 with the reporter

holding a mutated seed sequence for miR-M23-2 (i.e. p/IE3-3'UTR/mut-M23-2). These

observations con�rm that the 3'UTR of IE3 is regulated by miR-m01-2 and miR-M23-2

which was previously indicated by an in silico analysis of a PAR-iCLIP dataset and miRNA

target predictions.
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Figure 3.4: Both miR-m01-2 mimic and miR-M23-2 mimic target the IE3-3'UTR via single
binding sites. HEK/293T cells were co-transfected with miR-m01-2 mimic, miR-M23-2 mimic,
or scramble miRNA (a negative control miRNA), and a dual luciferase reporter system in which
a recombinant �re�y luciferase was fused with the wild-type or a mutant IE3-3'UTR sequence.
Triple normalized luciferase activity values were obtained by calculating �re�y-to-Renilla ratios
before setting averages of relative values of negative control samples to 1. All experiments were
performed in triplicates, with n = 4. Data are represented as mean±SEM, ns p> 0.05; ∗∗∗p <
0.001; ∗∗∗∗p < 0.0001.

3.2 Construction of NIH-3T3 cells expressing viral

miRNAs

After demonstrating that both, miR-m01-2 and miR-M23-2 signi�cantly decreased expres-

sion of a luciferase ORF fused to the 3'UTR of IE3 from psiCHECK2 plasmids, we wanted
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to assess whether pre-expression of these miRNAs a�ects MCMV replication in vitro. We

hypothesized that in the presence of miR-m01-2 and miR-M23-2, IE3 downregulation would

hamper the lytic life cycle of MCMV as IE3 is an essential viral protein for lytic virus rep-

lication [9, 33]. We thus aimed to establish a murine cell line with constitutive expression

of both viral miRNAs for subsequent viral infection experiments.

3.2.1 Generating and transducing pre-miRNA expressing lentiviral

particles

Two oligonucleotides encoding for pre-miR-m01-2-3p and pre-miR-M23-2-3p with 10 nt of

�anking region at each end, were inserted into an intron-containing eGFP gene expressed

by the pLenti-Blast-eGFPintron vector. The vector was linearized by either NheI or NsiI

treatment and gel puri�ed. To work out optimal conditions for high plasmid output,

ligation reactions were conducted using di�erent vector-to-insert ratios. In detail, 50 ng of

linearized pLenti-Blast-eGFPintron vector (around 10 kb in length) was mixed with either

0.5 ng, 1.5 ng or 5 ng of insert. Best transformation results were yielded when using 5 ng

of insert (data not shown). Cloned and puri�ed plasmids were subsequently analyzed by

diagnostic digestion (Figure 3.5) and veri�ed by DNA sequencing.

Once lentiviral particles were manufactured upon transfecting HEK/293T cells, NIH-3T3

cell lines were stably transduced for constitutive expression of miR-m01-2 and miR-M23-2.

Three days post-transduction, NIH-3T3 cells were selected by Blasticidin treatment. The

antibiotic concentration was chosen after performing a Blasticidin dose-response experi-

ment, in which non-resistant NIH-3T3 cell line were treated with two-fold serial dilutions

of Blasticidin, starting from 20 µg/mL. After 7 days of incubation, 10 µg/mL of Blasticidin

was the minimal dose at which all cells were observed to be dead. Derived from this dose

response experiment, transduced NIH-3T3 cells were cultured in 10 µg/mL of Blasticidin

containing medium. Antibiotic concentration was reduced to 2.5 µg/mL once 100% cell

death was observed in the control wells.

Upon Blasticidin selection, NIH-3T3 cells were sorted for high GFP signal. GFP expression

was assumed to be positively correlated with high viral miRNA expression since miR-m01-

2 and miR-M23-2 were inserted into the intron of an eGFP gene. An overview of generated

NIH-3T3 cell lines is provided in Table 3.3.
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Figure 3.5: Restriction digests con�rm the presence of pre-miRNAs cloned into the pLEnti-
Blast-eGFPintron vector. pLEnti-Blast-eGFPintron vector was treated with NheI or NsiI prior to
cloning either pre-miR-m01-2-3p and pre-miR-M23-2-3p into the linearized vector. In the scope of
diagnostic digestion, samples were co-treated with KpnI and BamHI. Clones harboring the insert
were identi�ed by the smallest band at 0.7 kb. By contrast, the smallest fragment appeared at
0.6 kb in the case of the negative control.

3.2.2 Transduced NIH-3T3 cells lack expression of viral miRNAs

To check for functionally relevant miRNA expression, we investigated whether luciferase

levels of psiCHECK2 reporters with perfect match binding sites for either miR-m01-2 or

miR-M23-2 become downregulated by our generated stable cell lines. To this end, perfect

match psiCHECK2 constructs, i.e. p/PM-M23-2 and p/PM-m01-2 (Table 2.1) were trans-

fected into our stable cell lines. To include positive controls, transduced NIH-3T3 cell lines

with the putative expression of miR-m01-2 miRNA (listed in Table 3.3) were co-transfected

with miR-m01-2 mimic and the p/PM-m01-2 construct. Accordingly, transduced NIH-3T3

cell lines with expected expression of miR-M23-2 miRNA (listed in Table 3.3) were co-

transfected with the miR-M23-2 mimic and the p/PM-M23-2 construct. Negative controls

were transfected with the p/empty reporter lacking the IE3-3'UTR behind the �re�y gene.

Unfortunately, repression of relative �re�y luciferase values was not observable in any of

our tested cell lines (Figure 3.6) indicating that neither miR-m01-2 nor miR-M23-2 was

expressed at functionally relevant levels in any of our transduced NIH-3T3 cells. A signi-

�cant downregulation of the �re�y luciferase was only seen in our positive controls where
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Table 3.3: Transduced NIH-3T3 cell lines

Name NIH-3T3 transduced with
(see Table 2.2)

Potentially expressing
(restriction site)

NIH-3T3.GFP.
m01-2(NheI)

pSH1-m01-2.NheI pre-miR-m01-2 (NheI)

NIH-3T3.GFP.
m01-2(NsiI)

pSH2-m01-2.NsiI pre-miR-m01-2 (NsiI)

NIH-3T3.GFP.
M23-2(NheI)

pSH3-M23-2.NheI pre-miR-M23-2 (NheI)

NIH-3T3.GFP.
M23-2(NsiI)

pSH4-M23-2.NsiI pre-miR-M23-2 (NsiI)

NIH-3T3.GFP.
m01-2(NheI).
M23-2(NsiI)

pSH5-m01-2.NheI-M23-2.NsiI pre-miR-m01-2 (NheI) +
pre-miR-M23-2 (NsiI)

NIH-3T3.GFP.
M23-2(NheI).
m01-2(NsiI)

pSH6-M23-2.NheI-m01-2.NsiI pre-miR-M23-2 (NheI) +
pre-miR-m01-2 (NsiI)

NIH-3T3.GFP empty pLenti-Blast-eGFPintron xxxxxxx

target sensors were co-transfected with respective miRNA mimics.

After luciferase assays had revealed the incapability of our transduced NIH-3T3 cells to

e�ectively downregulate luciferase activity values from the perfect match vectors, we in-

vestigated cellular expression levels of precursor and mature forms of miR-m01-2 and miR-

M23-2 miRNAs. To this end, total RNAs were extracted from �ve transduced NIH-3T3

cell lines and subjected to northern blots, using two radioactive, 5' 32P-labeled probes

with a sequence complementary to miR-m01-2 and miR-M23-2. MCMV-infected NIH-3T3

cells served as positive controls. Hybridization signals corresponding to miR-m01-2 and

miR-M23-2 miRNAs and their respective precursor forms were detectable in the positive

control (MCMV-infected cells) but were absent in each sample of the transduced NIH-3T3

cells (Figure 3.7). In conclusion, northern blot analysis demonstrated that miR-m01-2

and miR-M23-2 were not expressed from the eGFP-intron splicing system transduced into

NIH-3T3 cells.
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Figure 3.6: Transduced NIH-3T3 cells lack functionally relevant miR-m01-2 and miR-M23-2 ex-
pression. NIH-3T3 cells were lentivirally transduced to constitutively express miR-m01-2 and/or
miR-M23-2 from an intron-containing eGFP gene. To test whether miR-m01-2 and miR-M23-2
are produced at functionally relevant levels, transduced cells were transfected with psiCHECK2
plasmids, containing a perfect match for miR-m01-2 or miR-M23-2 downstream of the �re�y lu-
ciferase. Co-transfection with miR-m01-2 or miR-M23-2 mimics served as positive controls. In
negative control experiments, transfection was performed using the p/empty psiCHECK2 con-
struct (deprived of any miRNA binding site in the 3'UTR of the �re�y gene). Negative control
cell lines, transduced with an eGFP sequence element lacking any miRNA coding sequence, were
further included in the experiments. Triple normalized luciferase activity values were obtained
by calculating �re�y-to-Renilla ratios before setting averages of relative values of negative control
samples to 1. All experiments were performed in triplicates, with n = 2 (n = 1 in case of the
positive controls). Data are represented as mean±SEM.

3.3 Functional analysis of miR-m01-2 and miR-M23-2

in vitro

As our transduced NIH-3T3 cells did neither express miR-m01-2 nor miR-M23-2 at any

detectable levels (see section 3.2.2), we decided to transiently transfect miRNAs into NIH-

3T3 cells prior to MCMV infection to check whether pre-expression of miR-m01-2 and

miR-M23-2 a�ects the lytic life cycle of MCMV.

3.3.1 Comparative analysis of di�erent transfection reagents and

conditions

Before investigating the e�ect of miR-m01-2 and miR-M2-2 pre-expression prior to infec-

tion, we �rst aimed at optimizing the pivotal step of transfecting small RNA molecules

(miRNAs and siRNAs) into NIH-3T3 cells. To this end, we tested three di�erent transfec-
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Figure 3.7: Northern blot analysis con�rms that transduced NIH-3T3 cells are de�cient in miR-
m01-2 and miR-M23-2 expression. Total RNAs (30 ng), extracted from transduced and MCMV-
infected NIH-3T3 cells using TRIzol, were separated on a 15% denaturing polyacrylamide gel and
transferred to a nylon membrane. The latter was hybridized with a 32P probe for miR-m01-2 and
monitored after three days of incubation. Once the probe was removed from the membrane, the
hybridization step was repeated with a 32P probe for miR-M23-2. The small nuclear RNA U6
was �nally probed to include a gel loading control.

tion reagents, including TransIT-X2, Lipofectamine 3000, and PEI for their applicability in

delivering a �uorescent control into NIH-3T3 cells. Cells were imaged 24 h post-transfection

to assess each reagent by its respective transfection e�ciency and cytotoxicity.
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Out of the three transfection reagents, TransIT-X2 clearly demonstrated the best results

with regards to the transfection rates observed in NIH-3T3 cells (almost 100%, Figure

3.8 A). By contrast, �uorescence uptake was low and even not detectable in the case of

Lipofectamine 3000 and PEI, respectively (Figure 3.8 B and C). We further observed by

light microscopy that PEI was very toxic to the cells causing detrimental changes in the

cell morphology, including cell rounding and shrinkage (Figure 3.8 C). As expected, lower

concentrations of PEI rescued the cells, nevertheless, not a single cell was observed to

turn green (data not shown). TransIT-X2 and Lipofectamine 3000 both showed only mild

cytotoxicity (Figure 3.8 A and B).

A TransIT-X2 B Lipofectaimne 3000 C PEI

FITC

BF

Figure 3.8: Transfection e�cacy and cytotoxicity of three di�erent transfections reagents.
Freshly trypsinized NIH-3T3 cells were reverse transfected with either 0.78 µL of TransIT-X2
(A), 0.1 µL of Lipofectamine 3000 (B), or 0.25 µL of PEI (C), together with a �uorescent dsRNA
(BLOCK-iTTM Fluorescent Oligo, 50 nM �nal) in a 48-well plate. 24 h post-transfection, cells
were monitored by light and �uorescence microscopy. PEI = polyethylenimine, FITC = �uorescein
isothiocyanate, BF = bright �eld.

Interestingly, while the manufacturer Thermo Fisher claims that the �uorescence uptake

can be assessed as early as 6 h post-transfection [208], we experienced that even after

12 h, the transfection e�cacy of TransIT-X2 is prone to be highly underestimated. 12

h post-transfection, transfected �uorescent oligos were predominantly found within small

aggregates (Figure 3.9 A). By contrast, 24 h post-transfection, these clump-like structures

became almost fully resolved rendering transfected cells entirely green. Consequently, we

used the latter time point henceforth for monitoring the cells and evaluating the trans-
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fection rate. Besides, we could not show that the addition of a non-coding carrier DNA

improves throughput transfection e�ciency using TransIT-X2 (Figure 3.9 B) as it was

reported for PEI by Pradhan et. al [209]. We further investigated the e�ect of passage

number on the transfectability of NIH-3T3 cells by comparing cell cultures of low and high

passage numbers. In contrast to early-passage cells, which showed a homogeneous uptake

of �uorescence, transfectability of late-passage cultures was found to be highly variable

between cells (Figure 3.9 C). Interestingly, while some high-passage cells shone brightly

green, several others within the same culture did not take up any of the �uorescence sig-

nals at all. We thus used low-passage cells for all future experiments. Additionally, we

employed a repetitive transfection protocol to compare transfection e�ciencies between

cell cultures that were transfected either only once or a second time 12 h after the �rst

transfection step. Of note, we did not �nd any signi�cant di�erence in the number of

transfectants between the samples (data not shown).

Overall, we optimized the transfection procedure of small RNA molecules into NIH-3T3,

by �rst employing TransIT-X2 as transfection reagent, second using low-passage cultures

in good conditions, third dropping the ideas of repetitive transfection and co-transfection

with non-coding carrier DNA and last but not least, assessing transfection rates, not at

any time point earlier than 20 h post-transfection.

3.3.2 Pre-expression of miR-m01-2 and miR-M23-2 a�ects the

lytic replication cycle of MCMV

In previous studies, an IE3 dual miRNA binding site mutant and its revertant MCMV were

generated [198]. While the mutant virus harbored point mutations at both respective seed

sites of miR-m01-2 and miR-M23-2 within the IE3-3'UTR, the wild-type sequence was re-

constructed in the case of the revertant virus. We passaged mutant and revertant MCMVs

several times to establish MCMV stocks of adequate viral titer for subsequent infection ex-

periments. Viral infectivity of generated virus inocula was determined by counting plaques

using �uorescence and light microscopy 3 days after infecting NIH-3T3 cells. Once mutant

and revertant MCMV stocks of adequate virus titer had been produced, viral DNA was

puri�ed to amplify a fragment of ∼1200 nt covering the 3'UTR of IE3, which was sent for

sequencing. The accuracy of the constructs was hence con�rmed.

To determine whether pre-expression of miR-m01-2 and miR-M23-2 a�ects the initiation

of the lytic cycle in vitro by downregulating IE3 promptly after infection, NIH-3T3 cells
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12 h post transfection 24 h post transfectionA

Co-transfection with non-coding carrier DNA Transfection without carrier DNAB

Low-passage culture (Hamburg)Over-passaged cultureC

Figure 3.9: Optimization of transfection conditions in NIH-3T3 cells using TransIT-X2. Trypsin-
ized NIH-3T3 cells were reverse transfected with BLOCK-iTTM Fluorescent Oligo (50 nM �nal
concentration) in wells of a 48-well plate using 0.78 µL of TransIT-X2. A Fluorescence uptake
after 12 h and 24 h post-transfection. B Carrier DNA impairs transfection e�ciency. 260 ng of
pBAD-mTag-BFP plasmid was co-transfected with the �uorescent dsRNA oligo (left). By con-
trast, transfection of the �uorescent oligo alone is seen on the right side. Imaging was performed
24 h later. C Bright �eld overlay showing passage-related di�erences. NIH-3T3 at very high (left)
and fairly low passage levels (right) were transfected to analyze the impact of cell culture-related
factors on transfection e�ciency 24 h later.

were transfected with either 50 nM of miR-m01-2 and miR-M23-2 or one out of two control

dsRNAs (i.e. siRNA-IE3 or �uorescent oligo). Transfection of siRNA-IE3, which is a small

interfering RNA targeting the IE3-3'UTR in between the two miRNA binding sites (not

a�ected by point mutations), was taken as a positive control for IE3 knockdown. Using a

�uorescent oligo of arbitrary sequence served as a control to assess transfection e�ciency
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24 post-transfection. In case of con�rmed high transfection rates (> 70%), the infection

experiment was continued by incubating the cells in mutant or revertant MCMV-containing

media for 3 days. Plaque formation was �nally monitored by counting the number of

plaques. We de�ned areas comprising up to three infected cells as 'small plaques' and

distinguished them from 'large plaques' containing four or more infected cells.

Pre-expression of miR-m01-2 and miR-M23-2 had no observable e�ect on the number of

plaques arising from the mutant MCMV as compared to the counted number of plaques

resulting from transfecting a �uorescent control oligo and using the mutant virus for in-

fection (Figure 3.10, left side of A). By contrast, inoculating miRNA pre-expressing cells

with the revertant MCMVs resulted in a signi�cantly lower number of plaques as compared

to the respective control (Figure 3.10, right side of A). Transfection of siRNA-IE3 (which

targets the IE3-3'UTR in between the miRNA binding sites) signi�cantly repressed the

number of plaques from both, the MCMV mutant and revertant virus (Figure 3.10 A) as

compared to the controls. Of note, miRNA pre-expression was most evident in reducing

the number of large plaques (Figure 3.10 B), while the number of small plaques remained

una�ected (Figure 3.10 C).

Taken together, we demonstrated that mutant MCMV, which harbored mutations in the

seeds of both viral target sites within the IE3-3'UTR, was resistant to pre-expression of

miR-m01-2 and miR-M23-2 in vitro. By contrast, miR-m01-2 and miR-M23-2 interfered

with the replication cycle of the revertant virus, reducing both plaque number and size.

Of note, the number of small plaques in wells transfected with both miRNA mimics or

�uorescently labeled oligo were similar in the case of the mutant and revertant virus,

indicating that pre-expression of both miRNA mimics did not completely block infection

but rather delayed it.

3.3.3 Luciferase assays con�rm the e�ect of siRNA-IE3 on wt and

mutated IE3 transcripts

In contrast to both miRNA mimics of miR-m01-2 and miR-M23-2, siRNA-IE3 was capable

of e�ectively impeding lytic infection not only of the revertant MCMVs but also of the

mutant viruses (Figure 3.10). By dual luciferase assays, we further validated the observed

siRNA-IE3-mediated downregulation of mutated IE3 transcripts (Figure 3.11). We co-

transfected HEK/293T cells with 50 nM (�nal concentration) of either siRNA-IE3, miR-

m01-2 mimic (which shares its seed region with siRNA-IE3) or scramble miRNA with the
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Figure 3.10: Fluorescence plaque count phenotypically characterizes mutant MCMVs by plaque
assay. Scatter plots depict relative numbers of manually counted plaques three days post-infection
by �uorescence microscopy. 24 h prior to infecting NIH-3T3 cells with either mutant or revertant
MCMVs, cells were transfected with 50 nM of miR-m01-2 and miR-M23-2 mimics using TransIT-
X2. In case of the negative and positive controls, cells were transfected with 50 nM of BLOCK-
iTTM Fluorescent Oligo and 50 nM of siRNA targeting IE3, respectively. Plaques comprising more
than three infected cells (i.e. large plaques, see B) were discerned from small plaques containing
less than three infected cells (see C). All experiments were performed in duplicates, with n = 10
(n = 8 for siRNA transfected samples). Horizontal bars represent the mean number of plaques
±SD, ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001.

plasmids listed in Table 3.4.

Transfection of siRNA-IE3 led to a signi�cant decrease in �re�y expression from either

psiCHECK2 vector with the wt or double mutated IE3-3'UTR fused to the reporter gene.

By comparison, the miR-m01-2 mimic, featuring an overlapping target region with siRNA-

IE3, was not able to downregulate �re�y transcripts fused to the double mutated version.

Thus, by targeting a 22 nt segment within the IE3-3'UTR, �anked by miR-m01-2 and miR-

M23-2 binding sites at its 5' and 3' ends, the RNA interference process was still successful
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Table 3.4: Transfection mixes used for validating the regulatory e�ect of siRNA-IE3 on wild-type
and mutated IE3 transcripts

siRNA-IE3 miR-m01-2 scramble miRNA

p/PM-m01-2 x x x

p/empty x x x

p/IE3-3'UTR (wt) x x x

p/IE3-3'UTR/mut-m01-2/mut-M23-2 x x x

even when siRNA-IE3 was not fully complementary to the target strand in case of the

mutant MCMVs. This was not unexpected, as the siRNA seed region, lying in between

the two miRNA binding sites, remained una�ected by the inserted point mutations. We

hence con�rmed that in contrast to miR-m01-2 mimic, siRNA-IE3 e�ectively silences both

wt as well as mutated IE3 transcripts, which is in accordance with our observations in the

plaque assays (see section 3.3.2).
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Figure 3.11: SiRNA-IE3 e�ectively blocks expression of both, wt and mutated IE3 transcripts.
HEK/293T cells were reversely transfected using TransIT-X2. 50 nM of either siRNA-IE3, miR-
m01-2 mimic or scramble miRNA was co-transfected with 1 µg of psiCHECK2 plasmid containing
either no, wt, or double mutated IE3-3'UTR or miR-m01-2 perfect match (PM) sequence behind
the �re�y ORF. Luciferase readouts were measured 16 h post-transfection and triple normalized
to respective values of Renilla activity, p/empty, and scramble miRNA. All experiments were
performed in triplicates, with n = 2. Data are represented as mean±SEM, ∗∗∗∗p < 0.0001.
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Chapter 4

Discussion

In this study, we demonstrated that two virus-encoded miRNAs, i.e. mcmv-miR-m01-

2-3p and mcmv-miR-M23-2-3p (abbreviated as miR-m01-2 and miR-M23-2) are able to

speci�cally repress expression of IE3, an immediate early gene that constitutes the major

viral transcription factor of MCMV. We validated that IE3 is subjected to translational

repression via two miRNA binding sites located in the 3' UTR of the IE3 mRNA. Finally,

we observed a signi�cant reduction of plaque formation and a delay in successful viral

replication in infected cells that pre-expressed miR-m01-2 and miR-M23-2 mimics. Owing

to the paucity of any applicable antibody against IE3, we did not perform a western blot

to directly test for the e�ect of miR-m01-2 and miR-M23-2 transfection on IE3 protein

production. However, considering that IE3 takes an indispensable role in coordinating viral

gene expression and inducing e�cient replication [9, 33], we conclude that reduced viral

infectivity correlates with inadequate levels of IE3 protein during lytic infection. MCMV

thus employs viral miRNAs to regulate one of its major immediate early genes similar to

HCMV that expresses miR-UL112-1 inhibiting IE72. Our results allow for further research

using an animal mouse model to determine the regulatory role of viral miRNAs targeting

immediate early genes which is a conserved feature in herpesviruses.

4.1 Validation of miRNA targets by dual luciferase re-

porter assays

We performed luciferase assays to validate two putative miRNA binding sites that were

previously identi�ed by PAR-iCLIP experiments and predicted to be targeted by miR-
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m01-2 and miR-M23-2 using RNAhybrid for miRNA target prediction [198]. Luciferase

assays are highly appreciated screening tools for miRNA-mRNA target site interactions

by analyzing the capability of miRNAs to reduce translation of a recombinant reporter

gene. Nevertheless, luciferase assays do not replace experiments, such as PAR-iCLIP that

identify the physiological interaction between the miRNA and corresponding mRNA target.

A critical caveat of reporter assays is the usage of miRNAs at supra-physiological levels

that may arti�cially facilitate binding to a complementary sequence and hence induce a

non-physiological downregulation of the latter culminating in misleading results [53, 154].

Furthermore, testing miRNA binding for functionality in di�erent cells may result in di-

vergent data due to the in�uence of varying environmental factors [154]. This issue can be

bypassed by including control experiments that allow for appropriate normalization (dis-

cussed below). Additionally, reporter systems are highly sensitive to imprecise pipetting,

complicating the achievement of reproducible results. However, owing to the paucity of

better alternatives, we employed luciferase assays and accepted the need for repeating the

reporter experiments multiple times.

In general, correct interpretations of luciferase data require a set of controls, including

transfections of modi�ed luciferase vectors and non-targeting scramble miRNAs [206]. Con-

trol reporter plasmids allow for analyzing the degree to which luciferase reporter transcripts

are controlled speci�cally by their downstream miRNA binding sites. They usually carry

either no or a mutated miRNA target site. Additionally, all reporter plasmids should

be co-transfected with scramble miRNAs to normalize for any cellular factors that exert

control on the translation of the reporter transcripts. Accordingly, we employed four con-

trol luciferase plasmids in total, two with point mutations in a single binding site within

the IE3-3'UTR, one with mutations in both binding sites, and one which lacked the entire

3'UTR. Moreover, we made use of a scramble miRNA. Thereby, we could convincingly show

that two abundant MCMV miRNAs target the IE3 transcript via two closely positioned

miRNA binding sites. These results validated the identi�ed PAR-iCLIP clusters.

4.2 Multiple targeting: Cooperative vs. independent

target repression by miRNAs

In 2003, Doench et. al gave the �rst evidence that di�erent miRNAs can have synergistic

e�ects on mutual targets [143]. Accordingly, several groups reported their observation
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that pairs of miRNAs can cooperate in silencing genes that feature more than one miRNA

binding site [111, 210, 211]. It has hence become clear that target site e�cacy not only

depends on base pair complementarity between miRNA and mRNA but is further dictated

by the contextual surroundings [212]. Moreover, in the absence of a cooperative miRNA

(or its binding site, e.g. in a reporter), an e�ective target site may become weaker or even

nonfunctional. Interestingly, cooperative interactions help �ne-tune the regulatory role of

miRNAs to precisely adapt gene expression to di�erent conditions via patterns of miRNA

expression [143].

Seastrom et al. suggested that the phenomenon of cooperative regulation is likely to occur

when the distance of two binding sites ranges between 13 and 35 nt [211]. The seed target

sites of miR-m01-2 and miR-M23-2 in the 3'UTR of IE3 are separated by only 11 nt.

Considering Seastrom's study [211], miR-m01-2 and miR-M23-2 might hence supplement

each other rather than work in concert to suppress translation of IE3. This hypothesis

is consistent with the results of our luciferase assays demonstrating that miR-m01-2 and

miR-M23-2 mimics downregulate expression of IE3 independently of one another without

enhanced e�ectiveness when transfected together (data not shown). However, an enigmatic

question arises regarding the motivation for having two miRNAs with equal regulatory

e�ect on IE3 translation that obviously lack cooperativity and are similarly expressed with

early kinetics [177]. A simple explanation might be provided by the principle of functional

redundancy, which has already been reported for cellular and plant miRNAs [213, 214].

4.3 Caveats of miRNA overexpression: Transient trans-

fection vs. stable transduction

4.3.1 Transient viral miRNA overexpression

Transfection of viral miRNA mimics is a simple and convenient methodology that allows

for transient expression of non-endogenous miRNAs. This approach can be valuable in

the scope of functional miRNA analysis during virus infection. However, achieving overex-

pression of viral miRNAs via transfection of chemically modi�ed, double-stranded miRNA

mimics is associated with some limitations that need to be taken into consideration.

First, concentrations of transfected miRNA mimics quickly decrease, not only due to cell

division, but also as a result of intracellular, enzymatic degradation processes leading to
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a fairly limited half-life of transfected miRNAs [215]. Consequently, transient transfection

of miRNA mimics might be inapplicable, particularly, in case of long-lasting experiments

which require rather constant delivery of miRNAs [216]. We transfected miRNAs 24 h

prior to infection and scheduled analysis of the plaque assays as early as three days post-

infection to avoid any dramatic drop in transfected miRNA concentrations that would

have unleashed the e�ects of miRNA interference. Interestingly, in some cells that had

been transfected with miR-m01-2 and miR-M23-2, we did not observe a complete block

but rather a delay of virus infection, which is possibly attributed to a continuous decrease

in miRNA concentrations until viral replication was �nally successful.

Second, transfection-mediated cellular toxicity is another common challenge that requires

the appropriate choice of transfection reagent for successful completion [217]. In this re-

gard, highly e�cient miRNA delivery must be balanced against the maintenance of cellular

integrity to not torpedo subsequent experiments, such as viral infections and plaque assays

that we performed 24 h post-transfection. In �uorescence image-based assays, we tested for

transfection e�cacy of three synthetic transfection reagents, including TransIT-X2, Lipo-

fectamine 3000, and PEI in NIH-3T3 cells and determined their respective cellular toxicity

by light microscopy. Our results identi�ed TransIT-X2 as most suitable for transfecting

dsRNA oligomers into NIH-3T3 cells, by achieving transfection rates of ∼100% together

with only mild cytotoxicity. By contrast, Lipofectamine 3000 and PEI showed much lower

transfection e�cacies (∼30% and 0%, respectively) and very high cytotoxicity in the case

of PEI. Inconsistent with our �ndings, Wang et. al reported a positive correlation between

the transfection e�cacy of di�erent reagents with their respective cellular toxicity [217].

However, TransIT-X2 was not included in their studies and according to the manufacturer

(Mirus Bio), this company explicitly optimizes their product formulation for low cytotox-

icity [218].

Moreover, transfection e�cacy is also determined by several cell-related aspects, including

cell type, passage number, seeding density, and health of cells [219, 220]. Accordingly,

we showed that transfection of extensively passaged NIH-3T3 cells leads to a high degree

of intercellular variability in the uptake of �uorescent dsRNA. By contrast, a uniform

distribution of the latter was observed when transfecting NIH-3T3 cells of low passage

number.

Taken together, overexpression of miRNAs via transient transfection is limited by various

factors, such as the cell culture as well as the selected transfection reagent which altogether

determines transfection e�cacy, cytotoxicity, as well as degradation and dilution e�ects of
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the transfected mimics. Consequently, optimizing the transfection procedure cell lab de-

pendently, prior to the main experimental project was a prerequisite for conducting our

experiments successfully. The downsides accompanied by transfection assays can be altern-

atively bypassed via stable transduction of cell lines yielding an ectopic but constitutive

overexpression of miRNAs. However, we failed to achieve e�cient viral miRNA expression

with the vector system we employed (see below).

4.3.2 Constitutive miRNA overexpression

Aiming at engineering NIH-3T3 cell lines with stable expression of miR-m01-2 and miR-

M23-2, we exploited an eGFP-intron splicing system that intronically encoded for miR-

m01-2 and miR-M23-2 within the eGFP ORF. As such, eGFP was expressed from two

segments, separated by a synthetic, miRNA encoding intron. A crucial aspect of this

approach is the ability to correlate the reporter signal with the event of successful mRNA

splicing which releases the intronically-encoded miRNA [221]. Consequently, linking eGFP

signals to miRNA expression levels confers the opportunity to maximize the e�ect of RNA

interference via sorting for cells featuring the highest eGFP levels [222]. Furthermore, by

placing miRNA encoding sequences inside an intron instead of directly fusing them to the

marker gene, we decreased the risk of hampering eGFP translation by Drosha mediated 5'

decapping and 3' poly-A-tail trimming during pri-miRNA procession [223].

In luciferase assays, we tested transduced NIH-3T3 cells for successful production of mature

miR-m01-2 and miR-M23-2. However, suppression of the �re�y reporter signal was not

observable when using psiCHECK2 constructs containing perfect match sequences fused

to the �re�y ORF. We further conducted northern blots to detect any expression levels

of precursor and mature miR-m01-2 and miR-M23-2. Each of our samples was negative

except for the positive controls, indicating that our eGFP-intron splicing system was not

functional, although it was reported to work [205].

The �anking sequences of pri-miRNAs are paramount to ensure precise excision and sub-

sequent e�cient procession into pre-miRNAs by Drosha [72, 224]. Consequently, the se-

quence motif of the miRNA stem-loops should be cloned together with the �anking se-

quences of their natural pri-miRNAs. Although di�erent lengths of the �anking stretches,

ranging from 15 nt [225] to 118 nt [166] in the case of miR-30 proved bene�cial for pro-

cessing, it can be assumed that 40 nt of 5' and 3' �anking sequences are generally su�cient

for successful maturation of cloned miRNAs [226, 227]. By contrast, we used pre-miRNA
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sequences of miR-m01-2 and miR-M23-2 with �anking segments that were as short as 10 nt.

We assume that 10 nt of �anking sequence was not su�cient to facilitate folding into ap-

propriate secondary structures, thereby preventing Drosha from properly recognizing and

accessing the natural cleaving sites. We believe that including longer �anking sequences

would have been more promising in achieving ectopic miRNA overexpression.

Furthermore, by using a lentiviral-based eGFP-intron splicing system, one must be aware

that the genome of lentiviruses is single-stranded RNA. In this regard, insertion of the

miRNA containing intron in the sense orientation of a double-stranded, lentiviral vector

will most likely lead to a loss of the intron. Degradation of the intron prior to genomic in-

tegration results from splicing events after polymerase II transcription. Placing the intron

inside the antisense strand rescues the intron and bypasses this problem [228, 229]. Accord-

ingly, our lentiviral vectors encoded for the intron-containing eGFP genes in negative-sense

orientation.

4.4 MiRNA-mediated �ne-tuning of IE3 expression

Given their pivotal role in particular during the initial phase of lytic infection, the expres-

sion of IE genes is supposedly strictly regulated to adjust IE protein levels to the mode

and time point of the viral life cycle. For HCMV, IE72 was shown and con�rmed to be

targeted in its 3'UTR by the virus-encoded miR-UL112-1 [178, 194]. Correspondingly, we

demonstrated that the 3'UTR of the major transcription factor IE3 in MCMV is targeted

by miR-m01-2 and miR-M23-2. It is tempting to speculate that these viral miRNAs exert

their repressive e�ects primarily during the establishment and maintenance of latency or

reactivation thereof. Viral latency is associated with a suppressed transcription program

that is critical to evade the host's immune system. Profound suppression of immediate early

gene expression during latent carriage has been reported to prevent clearance by T-cells.

In healthy HCMV-infected individuals, >10 % of CD8+ T-cells were shown to be IE72-

speci�c [230], necessitating a robust control of IE72 expression during latency to prevent

recognition and killing by CD8+ T-cells. Multiple viral suppressor proteins have been re-

ported to downregulate IE expression in a concerted action during latency [231]. However,

repression might still be leaky resulting in a low-level IE expression that requires additional

repressive regulators, such as miRNAs. In this way, HCMV miR-UL112-1 was suggested

to �ne-tune IE72 expression during latency [232]. Correspondingly, robust suppression of

the major transcription factor IE3 may be achieved by the two viral miRNAs miR-m01-2
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and miR-M23-2, thereby e�ectively downregulating viral gene expression during latency

and attenuating the immune system thereof. Furthermore, miRNA-mediated �ne-tuning

of IE3 gene expression may su�ciently inhibit MCMV reactivation upon weak stimuli. Ex-

pression of MCMV miR-m01-2 and miR-M23-2 may therefore necessitate stronger stimuli

for MCMV reactivation.

Attenuating IE gene expression by miRNAs constitutes a conserved feature of many herpes-

viruses, suggesting its evolutionary relevance. No animal model has so far been available

to evaluate this generalized characteristic in vivo. By demonstrating that MCMV miRNAs

target IE3, future research on the role of miRNA-mediated IE regulation in herpesviruses

can now be performed in a murine mouse model in vivo. This is of particular import-

ance, as studies with viral deletion mutants indicated that a great number of CMV genes

are dispensable for virus growth in vitro. Yet, many of these genes were proven to be

pivotal for viral �tness in vivo as they a�ect the immune system of the infected hosts

[175, 233, 234]. Such being the case, the importance of miRNA-regulated IE gene expres-

sion for controlling latent infection and reactivation can only be adequately addressed in

a suitable in vivo model system.

Recently, we published data obtained by in vivo studies on IE3 expression during acute

infection [198]. To summarize, we observed no di�erence in viral �tness between wild-type

MCMV and its IE3 dual miRNA binding site mutant strain. Experiments with mice were

conducted in a pathogen-free environment. This is of particular importance, as CMVs

replicate particularly in the presence of other pathogens that induce an in�ammatory

response in the host. In vivo studies that are performed in a less sterile environment

allowing for co-infections with other pathogens, might likely attribute a greater impact of

IE3 on viral �tness [198].

4.5 Intercellular exchange of viral miRNAs

Curiously, miRNAs are exchanged between cells, potentially to mediate cell-cell communic-

ation [235, 236, 237]. The mechanism of horizontal transfer of mature miRNAs frequently

involves exosomes, which are nanometer-sized, spheroid-shaped membrane vesicles that

evolve from the endoplasmic reticulum and are secreted into the extracellular space by

many eukaryotic cells [238, 239]. Interestingly, virus-infected cells not only cargo cel-

lular but also viral miRNAs. Research on EBV and KSHV has revealed that both γ-

herpesviruses exploit the cellular exosome-production machinery to actively secret their
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own miRNAs [240, 237]. Since MCMV expresses several miRNAs at very high levels [172],

it is tempting to speculate that miRNA abundance is aimed at functional miRNA trans-

fer to prime the environment. As such, miR-m01-2 and miR-M23-2, which accumulate

to great abundance at early times of MCMV infection, may well be secreted to modulate

prospective infection circles in close recipient cells. Following the notion that naked DNA

entering the cell gets initially transcribed until DNA silencing or degradation mechanisms

are brought into action, pre-expression of miRNAs may help to robustly hamper viral DNA

transcription immediately after infection. Correspondingly, we showed that pre-expression

signi�cantly delayed plaque formation supposedly by suppressing rather than eliminating

the viral DNA. The establishment of latency might hence be greatly facilitated in cells per-

missive for latent infection that pre-express miRNAs as it may occur via horizontal transfer

prior to infection. Elucidating the relevance of miRNAs in repressing IE3 transcripts in

terms of establishing and maintaining latent carriage or virus reactivation, remains to be

determined in an MCMV-latency model in vivo.
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Supplements

5.1 Oligonucleotides

All oligonucleotides listed below were ordered from Sigma Aldrich.

Table 5.1: Sequences of single-stranded oligonucleotides used to detect viral miRNAs (or U6
snRNA in the case of probe U6) through northern blot analysis

Name Sequence (5'-3')

probe mcmv-miR-m01-2-3p TCGAAGGAAACCGTGTCGAACG

probe mcmv-miR-M23-2-3p CCGCTTGACCGAGGCCCCCAT

probe U6 CACGAATTTGCGTGTCATCCTT
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Table 5.2: Sequences of oligonucleotides inserted into the pLenti-Blast-eGFPintron plasmid for
constitutive miRNA expression

No. Name Sequence (5'-3')

1 m01-2-NheI_for CAGACCCGCCTAAGGCTAGCGGTACGTTGCGGATGAAGAGAATCGG

GTTGGAACGGTGTTTCTTAAGTACGAGCTACCGTTCGACACGGTTT

CCTTCGACTGCGCTACCCAGCTAGCGGGGCCCATGATCA

2 m01-2-NheI_rev TGATCATGGGCCCCGCTAGCTGGGTAGCGCAGTCGAAGGAAACCGT

GTCGAACGGTAGCTCGTACTTAAGAAACACCGTTCCAACCCGATTC

TCTTCATCCGCAACGTACCGCTAGCCTTAGGCGGGTCTG

3 m01-2-NsiI_for CATCCCGGTTAATTAACGGATGCATGGTACGTTGCGGATGAAGAGA

ATCGGGTTGGAACGGTGTTTCTTAAGTACGAGCTACCGTTCGACAC

GGTTTCCTTCGACTGCGCTACCCAATGCATGATTTAAATGTGGCCG

GCC

4 m01-2-NsiI_rev GGCCGGCCACATTTAAATCATGCATTGGGTAGCGCAGTCGAAGGAA

ACCGTGTCGAACGGTAGCTCGTACTTAAGAAACACCGTTCCAACCC

GATTCTCTTCATCCGCAACGTACCATGCATCCGTTAATTAACCGGG

ATG

5 M23-2-NheI_for CAGACCCGCCTAAGGCTAGCCGAGGCGCTACCCCGGCTTGAACGTG

TCCCCTATCGGTGGTAGTTTACTGCGTGTGCACGATGGGGGCCTCG

GTCAAGCGGGGGGATGGCCGAGCTAGCGGGGCCCATGATCA

6 M23-2-NheI_rev TGATCATGGGCCCCGCTAGCTCGGCCATCCCCCCGCTTGACCGAGG

CCCCCATCGTGCACACGCAGTAAACTACCACCGATAGGGGACACGT

TCAAGCCGGGGTAGCGCCTCGGCTAGCCTTAGGCGGGTCTG

7 M23-2-NsiI_for CATCCCGGTTAATTAACGGATGCATCGAGGCGCTACCCCGGCTTGA

ACGTGTCCCCTATCGGTGGTAGTTTACTGCGTGTGCACGATGGGGG

CCTCGGTCAAGCGGGGGGATGGCCGAATGCATGATTTAAATGTGGC

CGGCC

8 M23-2-NsiI_rev GGCCGGCCACATTTAAATCATGCATTCGGCCATCCCCCCGCTTGAC

CGAGGCCCCCATCGTGCACACGCAGTAAACTACCACCGATAGGGGA

CACGTTCAAGCCGGGGTAGCGCCTCGATGCATCCGTTAATTAACCG

GGATG
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