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Axis formation of the Drosophila embryo is determined by the localized expression of specific 

mRNAs and proteins. This asymmetric distribution is already established during oogenesis in 

the mother. Oskar (Osk), which induces the formation of the posterior axis is among the first 

determinants to localize to the posterior pole of the egg-to-be, the oocyte. Translation of osk 

mRNA is repressed during its transport by several factors, including the RNA-binding protein 

Bruno1 (Bru1). When reaching the posterior pole, the translational repression is relieved by a 

yet unknown signal. 

In this study, we identified the highly conserved E3 ligase Makorin 1 (Mkrn1) as a novel 

activator of osk translation. Apart from its RING E3 ligase domain, Mkrn1 possesses C3H-type 

zinc finger (ZnF) domains that have been proposed to mediate the binding to RNA. Indeed, we 

show that Mkrn1 localizes to the posterior pole where it specifically interacts with osk 3’ UTR 

via its first ZnF domain. The binding is enhanced by the polyA binding protein (pAbp) that 

interacts with Mkrn1 via a non-consensus PAM2 motif. Furthermore, Mkrn1 interacts with 

several other RNA-binding proteins that regulate osk expression during oogenesis.  

Mechanistically, we found that Mkrn1 activates osk translation by competing with Bru1 for 

binding to osk 3’ UTR. Thus, we characterized Drosophila Mkrn1 as a novel and essential 

regulator of oogenesis. The fact that Mkrn1 shares several features with its mammalian 

ortholog, such as the identity of interaction partners and the dependency of pAbp for binding to 

RNA, suggests that the function of Mkrn1 during oogenesis might be conserved. 
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In Drosophila bilden sich die embryonalen Körperachsen durch die lokale Expression 

bestimmter mRNAs und Proteine. Die asymmetrische Verteilung dieser Faktoren etabliert sich 

bereits in der Mutter während der Oogenese. Oskar (Osk) ist eines der ersten Proteine, das sich 

am posterioren Abschnitt der Eizelle – oder Oozyte – anlagert. Diese Positionierung ist von 

großer Bedeutung, da Osk die posteriore Orientierung in der Oozyte einleitet. Um die präzise 

Verteilung von Osk zu gewährleisten, wird die Translation während des Transports der mRNA 

gehemmt. Bruno (Bru1) spielt dabei eine entscheidende Rolle: das Protein bindet osk mRNA 

und unterdrückt dabei die Translation. Am posterioren Teil der Oozyte wird diese Hemmung 

allerdings aufgehoben, um die Translation zu ermöglichen. Wie es zu diesem Wechsel kommt, 

ist jedoch nicht bekannt. 

In der folgenden Arbeit wurde die E3 Ligase Makorin 1 (Mkrn1) als neuer Faktor, der osk 

mRNA reguliert, charakterisiert. Mkrn1 ist evolutionär stark konserviert und regt die 

Translation von osk am posterioren Ende der Oozyte an. Neben einer RING Domäne besitzt 

Mkrn1 zwei Zink Finger (ZnF) Domänen. Es wurde postuliert, dass die ZnF Domänen in Mkrn1 

benötigt werden, um RNA zu binden. Mit meiner Studie wurde diese Theorie bestätigt: 

Drosophila Mkrn1 bindet osk mRNA über die ZnF1 Domäne. Die spezifische Interaktion mit 

dem 3’ UTR von osk wird über die Bindung mit dem polyA Bindeprotein (pAbp) gestärkt. 

Mkrn1 interagiert mit pAbp über ein nicht konserviertes PAM2 Motiv. Neben pAbp bindet 

Mkrn1 weitere RNA-Bindeproteine, die die Expression von osk während der Oogenese 

regulieren.  

Zusammenfassend aktiviert Mkrn1 die Translation von osk, indem es mit Bru1 um dieselbe 

Bindestelle an der mRNA konkurriert. Damit charakterisiert diese Arbeit Mkrn1 als neuen und 

essentiellen Regulator der Oogenese. Interessanterweise bestehen viele Gemeinsamkeiten 

zwischen Mkrn1 in Drosophila und Säugetieren. Beispielsweise interagieren beide orthologen 

Proteine mit den gleichen Proteinen und binden RNA mit der gleichen Abhängigkeit zu pAbp. 

Diese Erkenntnisse deuten darauf hin, dass Mkrn1 in Säugetieren eine ähnliche Funktion 

während der Oogenese besitzen könnte. 
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1.1. Translation 

Since the 1950s, the idea of proteins being produced from messenger RNAs (mRNAs) has 

fascinated many researchers. Today, the genetic code through which RNA can be read and 

converted into proteins is deciphered [1]. In addition, translation, the process of protein 

production is well-understood. Translation is usually divided into different phases: initiation, 

elongation, termination and recycling. 

 

During translation initiation, the ribosome assembles and positions itself at the start codon of 

the bound mRNA [2, 3]. Since the ribosome is a highly structured multi-subunit complex, its 

assembly is a tightly regulated process. Initially, an intermediate complex builds up, the so-

called 43S preinitiation complex (PIC). The PIC is composed of the 40S small subunit and the 

translation initiation factors eIF3, eIF1 and eIF1A, which are associated with the 5’ cap of the 

target mRNA. Binding of these factors prevents premature assembly with the 60S subunit. 

Therefore, eIF3, eIF1 and eIF1A are also recruited during translation termination and stay 

associated with the ribosome to enhance the efficiency of recycling [3]. 

 

Association of the 43S PIC with the 5’ end of the mRNA is mediated by the eIF4F complex 

(Fig. 1A). The eIF4F complex itself consists of the cap-binding protein eIF4E, the RNA 

helicase eIF4A and the scaffolding protein eIF4G [3, 4]. The interaction among the complex 

subunits is extremely stable and supports the individual functions. For example, the interaction 

between eIF4E and the 5’ cap is stabilized by eIF4G [5, 6]. The eIF4E protein in turn recruits 

the small ribosomal subunit to the 5’ end of the mRNA. Simultaneously, eIF4E and eIF4G 

enhance the helicase activity of eIF4A [7-10]. The activation of eIF4A is required to unwind 

secondary structures in the 5’ UTR of the bound mRNA.  

 

Apart from components of the eIF4F complex, eIF4G is known to interact with various other 

factors to enhance efficiency of the initiation process. For instance, binding to eIF3 enhances 

the recruitment of the PIC to eIF4F and the 5’ cap [11, 12]. In addition, eIF4G interacts with 

the polyA binding protein (PABPC1, hereinafter referred to as PABP or pAbp for mammals 

and Drosophila, respectively). As the name suggests, PABP binds to the polyadenosine (polyA) 

tail at the 3’ UTR of mRNAs [13, 14]. The interaction of eIF4G to eIF4E is independent of the 

binding to PABP allowing a closed-loop formation of the mRNA (Fig. 1A) [15]. By connecting 

the 5’ and 3’ UTR of the mRNA with each other, initiation is further strengthened as ribosomes 
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that finish translation can immediately associate with the eIF4F complex again [16, 17]. 

Consequently, the eIF4F complex remains associated with the mRNA’s 5’ UTR during the 

whole process of translation.  

 

After binding of the 43S complex, scanning for the start codon (ATG) at the mRNA begins 

[18]. This is supported by eIF1 and eIF1A which induce conformational changes in the 40S 

subunit [19]. With opening of the mRNA binding channel, the 43S PIC is thus able to scan the 

mRNA for the start codon. The start codon itself is recognized by the initiator tRNA encoding 

for methionine (Met-tRNAi
Met) that is bound to eIF2-GTP. Within the ribosomal mRNA 

binding channel, three distinct sites lie adjacent to each other that each bind to a nucleotide 

triplet: the amino acid (A), polypeptide (P) and exit (E) site. The initiator Met-tRNAi
Met binds 

to the start codon within the P site of the 40S subunit and with this determines the first amino 

acid of the polypeptide chain [18]. Recognition of the start codon mediates another 

conformational change of the PIC that locks the binding channel to the mRNA [19-21]. 

Moreover, start codon recognition induces the recruitment of eIF5 which binds to GTP-eIF2 

and induces GTP hydrolysis. Since the resulting GDP-eIF2 has a reduced affinity to Met-

tRNAi
Met, it dissociates from the PIC [22, 23]. The GTPase eIF5B eventually mediates the 

release of the residual initiation factors [24, 25].  

 

The dissociation of the initiation factors enables the full assembly of the 80S ribosome by 60S 

subunit joining [20, 26]. After the positioning of the translation-competent ribosome, the 

initiator tRNA at the P site sets the phase of translation elongation. In this phase, the ribosome 

moves along the mRNA from 5’ to 3’. While scanning, different amino acid-loaded tRNAs bind 

to the A site. Their interaction with the ribosome is dynamic until correct base pairing between 

a tRNA anticodon and the mRNA triplet occurs. Stable binding of the correct tRNA is supported 

by elongation factor eEF1A and hydrolysis of GTP [27]. The tRNA at the A site is subsequently 

relocated to the P site and its amino acid transferred to the growing polypeptide chain. This 

transfer is achieved via a peptidyl transferase reaction conducted by rRNAs of the large 

ribosomal subunit [27].  

After the peptidyl transfer, GTP hydrolysis by eEF2 promotes translocation of the ribosome 

[28]. Thus, the deacetylated tRNA occupies now the E site where it is released from the 

ribosome together with eEF2. In addition, the unbound A site is free for binding to the next 

tRNA. Recognition of the anticodon tRNA is a major rate-limiting step of translation. It is also 
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the tRNA abundance as well as the accurate usage of the codon that has a great impact on the 

elongation rate [29-32]. 

 

While the ribosome moves along the mRNA, the produced polypeptide chain grows. However, 

the nascent protein first needs to acquire its correct folding before exiting the ribosome. None 

or incorrect folded proteins are otherwise recognized and degraded by the proteasome [33]. 

Therefore, the polypeptide is first protected from its environment by passing through the exit 

tunnel of the ribosome. While passing through this tunnel, the nascent polypeptide chain 

acquires its secondary structure [34, 35]. The exit tunnel is mainly composed of rRNAs of the 

60S subunit and isolates the immature protein [36]. Due to the RNAs, the tunnel exhibits a 

negative charge. Thus, depending on the charge of the amino acids, the chain interacts 

differently with the tunnel influencing the rate of elongation [37]. In contrast to the tunnel, the 

exit site consists mainly of ribosomal proteins. These proteins interact with chaperones, which 

ensure protection of the secreted polypeptide chain and allow folding to the tertiary structure 

[36, 38, 39]. 

 

Different stop codons exist determining the end of the polypeptide chain and termination of 

translation. In contrast to the other codons, termination codons are not recognized by tRNAs 

but proteins: release factor eRF1 mimics the anticodon stem-loop and binds to the A site. 

Successively, binding induces hydrolysis of the peptidyl tRNA at the P position [40, 41]. The 

peptide chain is subsequently released by the GTPase eRF3 that induces translocation of eRF1 

to the P site. Subsequently, eRF3 dissociates while the ATPase ABCE1 binds and promotes 

dissociation of the 60S subunit from the mRNA [42]. Release of the 40S subunit is realized by 

dissociation of the mRNA and the remaining deacetylated tRNA at the P position. To enhance 

the process of translation reinitiation the split ribosome subunits are further recycled. Various 

proteins can mediate recycling of the small subunit. These factors include eIF1, eIF1A and eIF3 

as well as the ABCE1 complex [42]. Binding of the initiation factors to the 40S subunit 

consequently results in a competent PIC that can reinitiate translation. 

 

 



 INTRODUCTION  

5 
 

1.1.1. Regulation of translation 

Translation is one of the most regulated processes within the cell ensuring a temporal and spatial 

control of gene expression. Since translational regulation is extremely fast and can be composed 

for specific mRNAs, quick responses to external stimuli are achieved. For instance, when iron 

levels within a cell decrease, translation of the transferrin receptor is enhanced to ensure 

efficient intake of iron molecules [43]. On the other hand, translation of ferritin, a protein that 

binds to and stores iron, is repressed. Also, many genes are expressed according to the circadian 

rhythm although their mRNAs are constantly present. This discrepancy is accomplished by a 

tight translational regulation of mRNAs [44, 45]. Additionally, in neurons and other polarized 

cells, mRNAs are transported to specific sites and locally translated. A well-studied mRNA that 

is regulated in this manner is β-actin. It encodes a protein inducing axonal growth in neurons 

[46, 47]. To achieve a distinct localization of the protein, β-actin mRNA is localized to the 

axons and only translated upon demand. Local translation is mediated by RNA-binding proteins 

(RBPs) including insulin-like growth factor 2 mRNA-binding protein (IGF2BP). IGF2BP binds 

to the 3’ UTR of β-actin mRNA and prevents its premature translation [48-50].  

 

Although regulation occurs during all phases of translation, the initiation phase is the main 

target ensuring a rapid and flexible control of gene expression [3]. Among others, eIF4E is 

heavily controlled by its expression pattern, stability and function due to its critical role in 

translation initiation. For instance, post-translational modifications (PTMs) of eIF4E affect its 

binding to the 5’ cap as well as the eIF4F complex. Phosphorylation is such a PTM that 

influences the function of eIF4E on initiation [51]. Ubiquitination of eIF4E is another PTM 

resulting in decreased phosphorylation and reduced association with eIF4G [52]. Moreover, 

several proteins have been identified that bind to eIF4E and thereby weaken its affinity to 

subunits of the eIF4F complex. One well-known class of proteins that modulates translation in 

this manner are eIF4E-binding proteins (4E-BPs). Since 4E-BPs bind to the same domain of 

eIF4E as eIF4G does, the small proteins compete for binding to eIF4E [53, 54]. Interestingly, 

the binding affinity of 4E-BPs to eIF4E is regulated by their phosphorylation state as well [55, 

56].  

 

One main field of activity for many 4E-BPs is the regulation of maternal mRNAs in oocytes 

and embryos. In these cell systems, mRNAs need to be translationally silent until present at 

specific sites or at distinct developmental stages. For instance, the highly conserved 4E-
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transporter (4E-T) protein was identified as negative regulator of translation initiation in 

Xenopus laevis (hereinafter referred to as Xenopus) oocytes [57, 58]. In Drosophila oocytes and 

embryos, the 4E-BP protein Cup acts in a similar manner competing with eIF4G for eIF4E (Fig. 

1B) [59-61].  

 

Apart from 4E-BPs, other proteins are known to regulate initiation by affecting the eIF4F 

complex. The eIF4E homologous protein (4EHP) can bind directly to the 5’ cap. Although the 

protein structure of 4EHP is very similar to eIF4E, it does not possess the binding motif for 

eIF4G. Thus, association of 4EHP to the cap results in translational repression [62]. Also, 4EHP 

is an important regulator of translation during oogenesis and embryogenesis in Drosophila and 

mice, respectively [63-65]. The protein GIGYF further binds and stabilizes 4EHP [66, 67]. 

Moreover, GIGYF sequesters maternal expression at 31B (Me31B) that recruits the decapping 

complex [66-69]. Therefore, 4EHP does not only repress translation but also mediates the 

degradation of bound mRNAs (Fig. 1C).  
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Figure 1. Translation initiation is regulated by different factors. 

(A) During translation initiation, the eIF4F complex (light green) binds to the 5' UTR and recruits the PIC (grey). 

The cap binding protein eIF4E (light green) enables association of the PIC with the mRNA. The RNA helicase 

eIF4A (light green) unwinds the 5’ UTR allowing the 40S subunit to scan for the start codon. eIF4G (light green) 

enhances the interactions among the eIF4F subunits with the PIC. Translation initiation is further supported by the 

interaction of the eIF4G with the 3' UTR, which is mediated by the binding to pAbp (blue). (B) In Drosophila, 

binding of the repressor Bru1 (yellow) recruits the 4E-BP Cup (orange). Cup competes with eIF4G (light green) 

for the interaction with eIF4E (light green), thus repressing translation initiation. (C) The eIF4E homologous 

protein (4EHP, dark green) binds to the 5’ cap and represses translation. As 4EHP lacks the binding motif for 

eIF4G (light green), the closed-loop formation cannot form. In addition, 4EHP is stabilized by its interaction 

partner GIGYF (orange) that sequesters additional factors like Me31B (purple). Me31B promotes destabilization 

of the bound mRNA by recruiting Dcp1 (dark red) and other factors of the decapping complex. 

 

LARP1 is another protein that regulates translation by modulating the interaction of eIF4F with 

the cap structure [70, 71]. LARP1 belongs to a complex family of La-related proteins (LARP) 

that evolved specific functions within the cell [72]. It binds to mRNAs possessing so-called 5’ 

terminal oligopyrimidine (5’TOP) sequences and competes with eIF4E to the cap [73]. The 

5’TOP motif is especially enriched in transcripts encoding ribosomal proteins and other factors 

involved in translation [71]. On the other hand, LARP1 was shown to interact with PABP and 

stimulate translation [73, 74]. Overall, the regulatory role of LARP1 differs depending on its 

target mRNAs as well as its interaction partners [72]. 

 

In addition to eIF4E, eIF4G is another member of the eIF4F complex that is frequently targeted 

by regulatory factors. Similar to eIF4E, different kinases mediate phosphorylation of eIF4G, 

which has an impact on its function [75-78]. Phosphorylation of eIF4G by Pak2 for instance 

reduces the affinity to eIF4E [79]. Consequently, binding of eIF4E to the 5’ cap is decreased 
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leading to suppression of translation. On the other hand, the protein kinase PKCα influences 

translation by enhancing the interaction of eIF4G with the eIF4E kinase Mnk1 [80]. Binding to 

eIF4G brings Mnk1 in close proximity to eIF4E resulting in its phosphorylation [81]. 

 

Apart from manipulation of initiation factors, translation can also be regulated by other means. 

For instance, error-prone mRNAs need to be distinguished together with their aberrant 

polypeptides and degraded. These include mRNAs that contain a premature stop codon 

resulting from mutations within the coding sequence. Such mRNAs are recognized and 

degraded by a mechanism referred to as nonsense-mediated mRNA decay (NMD). One 

important player of the NMD is the exon junction complex (EJC). Upon splicing, it is deposited 

upstream of exon-exon junctions [82]. Since the EJC stays associated with the transcript, it is 

an indicator of properly processed mRNAs. If a premature stop codon is present upstream of an 

exon-exon junction, the EJC recruits the NMD factor UP Frameshift 3 (UPF3) to the ribosome 

[82]. Subsequently, the ATPase UPF1, another core factor of the NMD pathway, binds inducing 

translation termination [83, 84]. 

 

 

1.1.1.1. The role of the polyA tail in translational regulation 

In the cytoplasm, PABP coats the polyA tail of an mRNA. PABP is known to bind a minimum 

of 12 adenosines with a preference for the polyA tail compared to internal adenosine stretches 

[13, 14, 85]. Moreover, PABP mainly binds to polyadenylated mRNA via its RRM1 and RRM2 

domains [86]. When bound, one PABP molecule covers around 27 nucleotides. Thus, with an 

average length of 50-100 adenosines in metazoans, the polyA tail can be bound by several 

PABP molecules [87]. 

Due to its role in mRNA circularization during translation, it does not come as a surprise that 

the polyA tail plays a crucial role in translational regulation. In fact, a shorter length of the 

polyA tail has been linked to translational repression. This is probably due to a reduced 

interaction between pAbp and the eIF4F complex. Especially in ovaries and embryos, 

shortening of the polyA tail is used to repress translation of maternal mRNAs [88-90]. 

 

The length of the polyA tail is regulated by the CCR4-NOT1 deadenylase complex. This 

complex is composed of different proteins and highly conserved in eukaryotes [91]. Apart from 
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shortening of the polyA tail to modify the rate of translation, deadenylation can also lead to 

complete degradation of the mRNA. In fact, deadenylation is the main mechanism for mRNA 

decay used in cells [92, 93]. Shortening of the polyA tail to less than 25 nucleotides initiates 

decapping of the 5’ end and subsequently exonucleolytic degradation [94-96]. 

 

Controlling the polyA tail length is an important mean to modulate translation in response to 

environmental stimuli. However, to ensure specificity of the CCR4-NOT1 complex, additional 

proteins that bind to the 3’ UTR of target mRNAs are required. In line with this, distinct cis-

regulatory elements are known to mediate deadenylation. For instance, recognition of the 

embryonic deadenylation element (EDEN) in Xenopus embryos induces deadenylation of the 

bound mRNA [97]. For other cis-acting elements, the effect is not as clear and depends on the 

proteins that bind to the mRNA as well as on their interactions with other factors. For example, 

the RBP Smaug regulates maternal mRNAs in Drosophila oocytes and embryos by recruiting 

the CCR4-NOT1 complex [98, 99]. When binding to the mRNA, Smaug induces deadenylation 

and destabilization of localized transcripts. Another protein that represses translation via 

inducing deadenylation is Pumilio (Pum). It binds to the 3’ UTR of mRNAs in oocytes and 

embryos of various species and interacts directly with PABP [85, 100-105]. Due to its 

conserved role in recruiting the deadenylase complex, Pum is a global effector of mRNA 

stability [106, 107].  

 

Interestingly, PABP itself not only blocks but also promotes deadenylation by recruiting CCR4 

[108, 109]. This interaction allows a precise regulation of mRNA stability and translation. Also, 

Drosophila pAbp plays an important role in regulating the stability of maternal mRNAs [110]. 

Consequently, PABP is another target to regulate translation. Several proteins are known to 

directly modulate the function of PABP including PABP interacting proteins (Paip). Paip1 for 

instance binds to PABP and other initiation factors, which enhances translation [111, 112]. On 

the other hand, Paip2 binds PABP in competition with Paip1 thereby reducing the binding of 

PABP to the polyA tail [113, 114]. 

 

Apart from deadenylation, mRNAs can undergo polyadenylation by cytoplasmic polyA 

polymerases. Especially in ovaries and embryos where mRNAs need to be stored and can only 

be post-transcriptionally regulated, polyA polymerases are powerful regulators of translation 

[97]. Interestingly, 15-20% of vertebrate mRNAs contain a cytoplasmic polyadenylation 
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element (CPE) [115]. The CPE is recognized by distinct proteins that recruit cytoplasmic 

polymerases [116].  

Moreover, not all mRNAs need to be activated for translation at the same time, which requires 

specific RBP that ensure different waves of activation and silencing [97]. In Drosophila for 

instance, two different cytoplasmic polyadenylases are expressed at distinct stages of 

oogenesis: in the early phases of oogenesis, a canonical polyA polymerase called hiiragi (hrg) 

induces translation of mRNAs while in the late phase of oogenesis and oocyte-to-embryo 

transition this process is carried out by the atypical polyA polymerase wispy (wisp) to ensure 

expression of maternal mRNAs [117-120].  

 

 

1.2. Ubiquitination 

Apart from translation, protein levels and activities are regulated by other mechanism. One 

layer of post-translational regulation is the modification of specific amino acids within proteins. 

PTMs occurring on proteins include phosphorylation, acetylation, methylation and 

ubiquitination. These modifications are of extreme importance as they can affect structure, 

binding, localization and stability of the protein [121]. Ubiquitination has emerged as one PTM 

with high conservation as well as tremendous effects on various signaling pathways within the 

cell. During this reversible process, ubiquitin (Ub) is covalently attached to its substrate by the 

formation of an isopeptide bond between the glycine at the Ub C-terminus and a lysine of the 

targeted protein. Since the attachment of Ub requires high energy, three different classes of 

enzymes act in synergy to deposit Ub: the ubiquitin-activating (E1), ubiquitin-conjugating (E2) 

and ubiquitin-ligating (E3) enzymes (Fig. 2A) [122, 123]. 

In the first step of the ubiquitination cascade, Ub is activated with the help of ATP and bound 

to E1 via a thioester bond [124, 125]. Next, by a transthioesterification, Ub is transferred to an 

E2 enzyme resulting in an E2-Ub complex [126]. Subsequently, an E3 enzyme mediates the 

attachment of ubiquitin to the substrate by an isopeptide bond [126]. For this final ubiquitination 

step, the E3 ligase needs to bind both, the substrate as well as the E2-Ub enzyme. Since E3 

enzymes need to interact with substrate as well as E2-Ub, the binding ensures the controlled 

and specific ubiquitination of target proteins. Indeed - compared to only two E1s and less than 

40 E2s – it is estimated that around 700 different E3 ligases exist in humans [127-131]. The 
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high number of E3 ligases highlights the complexity of the ubiquitin system that relies on 

specific interactions with the target protein.  

 

In eukaryotes, mainly three types of E3 ligases exist that are defined by the presence of their 

domain structure: HECT (homologous to E6-AP carboxy terminus), RING (really interesting 

new gene) and RBR (RING-between-RING) E3 ligases [123]. Whereas HECT ligases transfer 

Ub from E2-Ub to the substrate via an E3-Ub thioester intermediate, RING enzymes catalyze 

a direct attachment of Ub to the substrate (Fig 2A). RBR ligases on the other hand possess a 

RING domain but transfer Ub by an E3-Ub intermediate similar to HECT ligases [132]. Given 

that E3 ligases act by bringing E2-Ub enzymes and target proteins in close proximity, their 

binding specificity to the substrate is of great importance. To accomplish this specificity, RING 

ligases often act together with an adaptor protein that binds to the substrate [133]. RING ligases 

compose the biggest class of E3 ligases with around 600 proteins predicted to be expressed in 

humans [134]. Moreover, computational analysis of RING E3s demonstrated that around three 

quarter contain additional domains that might regulate the binding to E2-Ub, substrates or other 

components like RNA and DNA [134]. 

Although the RING domain was identified in 1991, the functional relevance of this domain 

remained unknown for many years [135]. In 1999, several groups demonstrated that the RING 

domain promotes transfer of Ub to specific substrates by binding to E2-Ub enzymes [136-140]. 

Interestingly, the pathway RING ligases are involved in greatly varies depending on the enzyme 

and the ubiquitinated substrate.  

 

In addition, the manner in which Ub is attached to the substrate determines the substrate’s fate 

[141]. This attachment can result in the deposition of a single Ub or several Ubs arranged in a 

chain, referred to as mono- or polyubiquitination, respectively (Fig. 2B). The structure and 

position of the PTM in turn is recognized by different effector proteins. For instance, deposition 

of a single Ub can be a signal for DNA repair or induce chromatin remodeling [142-144]. 

Moreover, different lysines on one substrate can be targeted for monoubiquitination. The effect 

of multi-monoubiquitination, however, remains still elusive. Recent studies suggest that this 

modification is involved in trafficking and degradation [145, 146]. 
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Figure 2. Ubiquitination processes differ depending on the E3 ligase. 

(A) Schematic representation of the ubiquitination cascade. Ub (yellow) is first activated and loaded on the E1 

enzyme (light blue) using a thioester bond. Ub is further transferred to an E2 (blue) by a transthioesterification. To 

ubiquitinate the substrate, an E3 enzyme (dark green) mediates the attachment of Ub. The E3 ligase can act in 

different ways to attach Ub on the target protein. For instance, HECT and RBR ligases transfer Ub from the E2 

enzyme to the substrate via an E3-Ub thioester intermediate. Ub is then attached to the substrate directly from the 

HECT enzyme. On the other hand, RING domain E3 ligases transfer Ub to the substrate without an intermediate 

step. (B) Ub can be attached in different manners to the substrate. One distinguishes mono- and polyubiquitination 

dependent on chains of Ub present at the substrate. Among others, monoubiquitin signals chromatin remodeling 

and DNA repair. Using a distinct lysine within Ub for the polyubiquitin chain results in different conformations 

that are recognized by distinct effector proteins. Polyubiquitination via K48 for instance signals degradation of the 

modified protein by the proteasome while K63 linkages activate the NF-κB pathway.  
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Similarly, polyubiquitination can mediate different effects on the substrate as well, depending 

on the linkage type [147]. As mentioned above, Ub is covalently bound to the lysine of a 

substrate protein. Interestingly, Ub itself harbors seven lysines that can serve as ubiquitination 

targets themselves. Moreover, the N-terminal methionine of Ub is a target for ubiquitination as 

well. Depending on the modified amino acid of Ub, various functions of the PTM arise [148]. 

The chains are recognized by different Ub-binding proteins, which possess different binding 

domains. The major signal for protein degradation, for instance are polyubiquitin chains via 

K48 [149]. In contrast, ubiquitination chains of Lys63 on TRAF E3 ligase activate expression 

of NF-κB upon external stimuli [150-152]. Compared to these polyubiquitin chains, others 

including Lys27 and Lys29 linkages are not as abundant. These modifications are now on the 

verge of being studied as they need more sensitive methods. For instance, when the erroneous 

protein LRRK2 is modified with these chains, it aggregates, which prevents its neuronal toxicity 

[153]. Moreover, combinations of different lysines used to attach Ub are possible resulting in 

branched polyubiquitin chains [154]. 

 

Another field gaining more interest is the deubiquitination of substrate proteins [155]. 

Deubiquitinases can alter Ub signaling pathways and rescue substrates from degradation by 

removing K48 linkages. 

 

 

1.2.1. The role of E3 ligases in regulation of 

translation 

Apart from the above-mentioned examples on how Ub affects cellular processes, translation is 

also heavily regulated by E3 ligases. RING ligases are powerful mediators of this process 

allowing fast responses to various incidents.  

The most logical implementation of the Ub system during translation is based on the successful 

degradation of incomplete or aberrant polypeptide chains. Several quality control pathways 

have been identified that secure proper protein production within the cell. For instance, mRNAs 

consisting of a premature stop codon are recognized by the NMD pathway (1.1.1). Recruitment 

of the NMD complex leads to degradation of the mRNA and ubiquitination of the aberrant 

protein by the E3 ligase UPF1 [156, 157]. Moreover, read-through translation of an mRNA 

lacking a stop codon induces degradation of the nascent polypeptide [158]. Detection of such 
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error-prone mRNAs is mediated by the ribosome-associated quality control (RQC) pathway. 

RQC results in the degradation of the aberrant polypeptide via K48-linked polyubiquitination 

mediated by the RING ligase Listerin [159, 160]. 

Another RING E3 ligase, ZNF598, has been reported to initiate RQC in human cell culture 

upon translation of adenosine rich transcripts [161, 162]. RQC is activated by stalling of the 

ribosome during translation elongation [158]. When stalling, ZNF598 binds to the ribosome 

and ubiquitinates components of the 40S subunit including RPS10 and RPS20 [161]. 

Ubiquitination of ribosomal proteins further results in abrogation of translation and disassembly 

of the ribosome. 

 

Interestingly, many RING ligases have evolved distinct functions including additional binding 

specificities. In fact, around 300 of these enzymes are predicted to bind to RNA [163]. This 

ability brings another layer of specificity, as the sequestration of an E3 ligase to its target might 

depend on a certain RNA [164]. As such, binding of the RING E3 ligase Roquin to mRNAs 

regulates mRNA stability [165, 166]. In macrophages, Roquin interacts witch a stem-loop 

structure of the TNF-α mRNA and recruits the CCR4-NOT1 complex resulting in degradation 

of the bound mRNA [167]. Interestingly, the RING E3 ligase MEX3C regulates the stability of 

its target RNA by another mechanism. MEX3C localizes to processing bodies (P bodies) and 

ubiquitinates a subunit of the CCR4-NOT1 complex [168, 169]. This ubiquitination does not 

induce degradation but stimulates the deadenylation activity of the complex [169]. 

 

 

1.2.2. The Makorin protein family has broad 

functions during development 

1.2.2.1. Structural domains of Makorin proteins 

Another RING E3 ligase that possesses the ability to bind RNA is the Makorin RING finger 

protein (Mkrn). Proteins belonging to the Mkrn family are characterized by their domain 

structure consisting of several Cys3His (C3H) zinc fingers (ZnF) and a RING domain [170]. 

The arrangement of cysteines and histidines within the ZnF plays a critical role in the interaction 
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with nucleic acids as well as in their sequence preference [171, 172]. However, the relevance 

of this RNA binding activity in Mkrn proteins has not been described yet.  

 

In addition, other motifs present in different Mkrn paralogs have been annotated: whereas only 

MKRN1 and MKRN3 comprise a PABP-interacting motif 2 (PAM2), a PAM2-like (PAM2L) 

motif is present in MKRN1, MKRN2 and MKRN3 [173]. The two motifs share similar binding 

specificities to the Mademoiselle (MLLE) domain present in PABP and other proteins [111, 

174, 175]. While the consensus sequence of the PAM2 motif comprises the core sequence EFxP 

(x being any hydrophobic or aromatic residue), the PAM2L motif consists of the core 

(D/E)FxxP sequence [174, 175]. The PAM2 motif has been extensively studied due to its role 

in the interaction with PABP [111, 174]. On the other hand, the PAM2L motif was only recently 

identified mediating the interaction with the MLLE-containing protein Rrm4 in Ustilago 

maydis [175]. It is likely that the PAM2 and PAM2L motif support distinct cellular functions 

of the Mkrn proteins by mediating binding to specific factors. 

 

 

1.2.2.2. The Makorin family consists of different paralogs with 

potential functions during development 

Altogether, the Mkrn family of proteins is highly conserved throughout animal kingdom with 

up to four family members existing in vertebrates (Fig. 3) [170, 172]. Additionally, many 

intronless genes evolved by gene duplication from the Mkrn genes [170, 172, 176]. As the Mkrn 

family depicts a high evolutionary conservation and many gene duplications, it has been 

suggested that the gene family has important functions during development. Interestingly, the 

members of the family are highly enriched in oocytes and maternally deposited in fish [170]. 

Also, in rice (Oryza sativa L. var. Nipponbare), MKRN displays a prominent expression in 

ovaries and embryos [177]. 
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Figure 3 Species tree of the Mkrn family.  

The Mkrn family consists of four paralogs with MKRN1 (highlighted in turquois) being the common ancestor. 

Four MKRN1-related genes are present in Drosophila. Tree adopted from TreeFam [178, 179]. 

 

Within the Makorin protein family, MKRN1 and MKRN2 are the only intron-containing genes 

expressed in vertebrates [172, 180]. Among the many retrocopies, MKRN1 has been proposed 

to be the common ancestor. This is also why it is referred to as “the source” (“makor”) of the 

family [172]. In line with this, Mkrn1 is the most studied family member. For instance, several 

reports identified ubiquitination targets of human MKRN1 [181-184]. Due to the different 

targets, MKRN1 has been implicated in diverse functions within the cell including 

tumorigenesis, maintenance of pluripotency and metabolism [181, 183-188]. 

For instance, MKRN1 ubiquitinates human telomerase reverse transcriptase (hTERT) and 

therefore negatively affects telomere length [181]. The E3 ligase also has been implicated in 

the ubiquitination-dependent degradation of the tumor suppressors p53 and p21 [183]. 

Additionally, MKRN1 promotes degradation of AMP-activated protein kinase (AMPK) [184]. 

This in turn results in suppression of mTOR signaling and contributes to insulin resistance in 

mice. Since the substrates of MKRN1 undergo degradation, it is not surprising that MKRN1 

induces polyubiquitination via Lys48, a mark for proteasomal degradation [184]. 

Compared to a rather ubiquitous expression of human MKRN1, the mouse ortholog is highly 

enriched in testis [172, 189, 190]. Furthermore, murine embryonic stem cells (ECSs) and 

induced pluripotent cells display strong MKRN1 expression that decreases upon differentiation 
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[185, 188]. In contrast, mutation of MKRN1 does not lead to embryonic defects in mice [189]. 

Interestingly, studies in Drosophila revealed a crucial role of Mkrn1 during oogenesis: its 

knockout impairs oocyte development while its knockdown leads to malformation of embryos, 

indicating a critical role in axis polarity [191]. 

 

Compared to MKRN1, the function of MKRN2 remains more elusive. In mammals, MKRN2 

consists of a similar protein structure like MKRN1 containing four ZnFs and a RING domain 

[180]. However, human MKRN2 is only 46% identical to MKRN1 (BLASTP [192, 193]). Due 

to the evolutionary divergence, it was suggested that MKRN1 and MKRN2 are involved in 

distinct cellular processes [180]. This is supported by the high homology of MKRN2 among 

different species. In humans, MKRN2 is expressed in various tissues including CD34+ 

hematopoietic cells, leukemic cell lines, thymus and testis [194-196]. This relatively broad 

expression suggests various biological functions.  

Interestingly, MKRN2 is essential for male fertility in mice [195, 197]. Furthermore, a reduced 

expression of MKRN2 in sperm correlates with infertility in human men [195]. Mutations in the 

Mkrn ortholog lep-2 in Caenorhabditis elegans (herein after referred to as C. elegans) led to 

male sterility as well [198].  

In Xenopus, mkrn2 depicts high expression levels in testis [199]. Moreover, mkrn2 is required 

for neurogenesis and axis formation during early embryogenesis. Interestingly, the ZnF3 and 

RING domains of mkrn2 are necessary for stimulating the glycogen synthase kinase-3β (GSK-

3β) expression [199, 200]. The mechanism of mkrn2 in this process however is unclear. In line 

with reports for MKRN1, ubiquitination substrates of MKRN2 were identified including the 

NF-κB subunit p65 [201]. Therefore, these observations highlight the importance of the 

conserved RING domain.  

 

In contrast to the two paralogs described above, the intronless MKRN3 gene evolved later in 

evolution and is only present in therian mammals [170, 202]. MKRN3 is paternally imprinted 

and displays high expression in testis [172, 202]. Furthermore, the human MKRN3 gene is 

located in the genomic region associated with the Prader-Willi syndrome. However, MKRN3 

does not have a direct implication as mutations within the gene alone do not cause the disease 

[203]. Intriguingly, SNPs in MKRN3 as well as reduced expression levels have been associated 

with central precocious puberty [204-207]. In mice, MKRN3 was suggested to have a similar 

function in the onset of puberty due to its specific expression pattern in the hypothalamus prior 
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to puberty [204]. Accordingly, mouse MKRN3 negatively regulates Nptx1, a neuronal protein 

involved in the timing of puberty [208]. 

 

The tight association of Mkrn expression and juvenile-to-adult transition was also examined in 

C. elegans as well as Drosophila, suggesting a conserved function [186, 198, 209]. The Mkrn 

ortholog of C. elegans, lep-2, has a critical role in juvenile-to-adult transition by degrading the 

developmental regulator LIN-28B [198, 209]. Also, a recent study in Drosophila observed a 

similar relevance in the transition to adulthood: Mkrn1 mutant larvae display a delayed instar 

to pupariation time [186].  

 

The paralog Mkrn4 has evolved different functions during evolution: although MKRN4 is 

annotated as pseudogene in humans and not expressed in mammals, in fish and amphibians it 

has a specific expression pattern in gonads and early embryogenesis [170, 210]. Nevertheless, 

elucidation of its function awaits further investigations. 

 

Collectively, the distinct functions and expression patterns of the Makorin proteins highlight 

the important and conserved roles of this family during development. However, as the 

mechanism by which Mkrn proteins mediate these different cellular processes remains largely 

elusive, further research is needed to uncover these functions and their degree of conservation. 

 

 

1.2.2.3. MKRN1 has an impact on translational regulation 

Although all Makorin paralogs possess a similar protein structure, so far only MKRN1 and 

MKRN2 have been shown to ubiquitinate target proteins [181-184, 201]. While the reports on 

MKRN2 are limited, many studies focused on the E3 ligase activity of mammalian MKRN1. 

Similarly, the ability to interact with RNA was only observed for mammalian MKRN1 and 

MKRN2 [173, 185, 211]. Intriguingly, E3 ligases that have the ability to bind to RNA were 

implicated in post-transcriptional gene regulation [163, 164]. 

 

Curiously, in mouse ESCs, many mRNAs that are locally translated at the ER are bound by 

MKRN1 [185]. Hence, a possible role of MKRN1 in the transport or translational control of 

mRNAs in undifferentiated cells has been suggested. However, the regulatory function of 
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MKRN1 in this process remains elusive. Recently, another study proposed specific binding of 

human MKRN1 upstream of A-rich sequences on mRNA [173]. The finding supports the 

conserved RNA-binding ability of MKRN1. Nevertheless, the question remains whether the 

observed interaction with RNA can be assigned to one or more ZnF domains. 

 

Due to the reported interaction with RNA, it not surprising that MKRN1 associates with other 

RNA binding proteins (RBPs): mass spectrometry approaches identified interactors of 

mammalian MKRN1 including PABP, IGF2BP1, LARP1, LARP4B, heterogeneous nuclear 

Ribonucleoprotein D (hnRNP D), UPF1 and Y-box-binding protein 1 (YBX1) among others 

[173, 185]. Moreover, the interaction with PABP is the best-studied one and is conserved in 

human, mouse and rat [173, 185, 212]. The binding to PABP occurs via the PAM2 domain of 

MKRN1 [212]. Strikingly, interaction of a short MKRN1 isoform to PABP stimulates 

translation of the bound mRNA in rat neurons [212]. More recently, human MKRN1 was shown 

to act in synergy with ZNF598 on ribosome-associated quality control. Upon translation of 

adenosine-rich stretches, MKRN1 ubiquitinates RPS10 and PABP to prevent translation of the 

error-prone mRNA [173]. These findings reveal miscellaneous functions of MKRN1 being able 

to promote and abrogate translation. Therefore, the precise mechanism by which MKRN1 

exerts this function and how the E3 ligase is regulated needs further investigation. 

 

 

1.3. Oogenesis 

One well-established model system to study the interplay of mRNA localization and translation 

is oogenesis. Especially in Drosophila, this process is under investigation since the 1980s. Due 

to the extensive research, the individual regulatory processes can be deciphered in great detail 

using advanced methods [213, 214].  

 

Drosophila females possesses two reproductive organs called ovaries. The ovaries themselves 

consist of 16 to 20 stretches of autonomous egg chambers, so-called ovarioles [214]. At the 

anterior of every ovariole are the germline stem cells located in a structure called the germarium 

(Fig. 4A). One germline stem cell divides in an asymmetrically manner, resulting in one stem 

cell and one cystoblast. The cystoblast further divides four times with incomplete cytokinesis 

producing a 16-cell cyst. The manner of the divisions results in germ cells being interconnected 
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with each other via ring canals. One cell located at the posterior of the cyst will receive signals 

inducing the oocyte fate. The other 15 cells become nurse cells, which produce maternal factors 

that are transported to the oocyte during oogenesis. In the germarium, a monolayer of somatic 

cells, called follicular cells, encloses the cyst to form a separated egg chamber [215]. The egg 

chamber further matures in 14 defined developmental stages, with stages 1-6 referred to as early 

oogenesis, stage 7-10A as mid-oogenesis and stages 10B-14 as late oogenesis (Fig. 4A). 

 

 
Figure 4. Schematic representation of Drosophila oogenesis.  

(A) Within the ovariole, the germ cells are present at the anterior site of the germarium. Asymmetric division of 

the stem cell results in a cystoblast that further divides four times. Due to incomplete cytokinesis during these 

divisions, a 16-cell cyst is formed interconnected by ring canals. One cell in the cyst, positioned at the posterior, 

is determined as oocyte. The cyst separates from the germarium and forms an egg chamber. A layer of follicle 

cells surrounds every egg chamber enabling a permanent connection to the germarium. The egg chamber 

subsequently develops in 14 distinct stages with the oocyte taking up factors produced by the other so-called nurse 

cells. The uptake of factors like mRNAs and proteins results in growth of the oocyte. Beginning with stage 11, the 

nurse cells undergo apoptosis leading to the oocyte being the only remaining cell of the cyst. The oocyte, still 

surrounded by follicle cells, matures into an egg and awaits fertilization. (B) With maturation of the oocyte, a set 

of factors positions at distinct sites to induce axis specification. This localization promotes axis polarity of the 

oocyte and is crucial for embryogenesis. The mRNAs oskar (red), gurken (blue) and bicoid (green) are critical 

players of axis formation inducing the posterior, antero-dorsal and anterior sites, respectively.  

 

Since the oocyte is the only cell that will develop into the egg, it is also the only one that 

undergoes meiosis. Progression of meiosis first arrests during prophase I and remains in this 

stage most of the time during oogenesis [216].  

During early oogenesis, factors required for oocyte maturation and embryogenesis that are 

produced by the nurse cells are transported to the oocyte. This transport is mediated via the 

actin-dependent motor protein Myosin along the ring canals [217-219]. In addition, a 

microtubule network organizes through the ring canals with a microtubule organizing center 
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(MTOC) directed at the posterior of the oocyte [217, 220]. The transport within the oocyte itself 

is mainly restricted to this microtubule network [217, 221]. During stage 5, the oocyte nucleus 

and additional maternal factors, including gurken (grk) mRNA, are localized to the posterior 

pole of the oocyte. Bicaudal D (Bic-D) and Egalitarian(Egl) are necessary for this early stage 

directed transport [222, 223]. Both, Bic-D and Egl bind to the microtubule motor protein 

complex [224, 225]. Upon binding to mRNA, the Bic-D/Egl-complex is activated and 

transports messenger ribonucleoproteins (mRNPs) across the microtubule network [226, 227]. 

 

A distinct population of follicle cells, termed polar cells, establishes at the anterior and posterior 

sites of the egg chamber [214]. Together with Grk protein, they determine the posterior identity 

of the oocyte [228-230]. Grk is a TGFα homolog that is secreted to the posterior polar cells 

[231]. The Egfr ligand Grk binds to the Torpedo receptor and activates the MAPK signaling 

cascade [231, 232]. The polar cells signal back to the oocyte which leads to the relocalization 

of the oocyte nucleus and Grk to the antero-dorsal site at stage 8/9 [233, 234].  

 

At the antero-dorsal site, Grk signaling occurs again determining the dorsal fate of adjacent 

follicle cells [235, 236]. Repositioning of the nucleus at stage 8 is accompanied by dramatic 

changes of the oocyte’s microtubule network: the microtubule minus ends spread throughout 

the oocyte cortex with a density gradient to the anterior [237-240]. The microtubule plus ends 

on the other hand focus towards the posterior pole. Therefore, transport to the posterior now 

requires the plus end-directed motor protein Kinesin 1 [241, 242]. Transport of mRNAs like 

bicoid (bcd) to the anterior, however, is minus end-directed and mediated by the motor protein 

Dynein [238, 243, 244].  

 

Since the microtubule network is only weakly polarized, transport of maternal factors is 

relatively slow and random [245]. Thus, factors like oskar (osk) mRNA are additionally 

anchored at the posterior pole by the actin cytoskeleton and RBPs [237, 246-249]. At the 

posterior, the germ plasm is formed that will later define the germ cells during embryogenesis. 

The germ plasm is a specialized compartment of the oocyte cytoplasm containing mRNAs, 

proteins, ribosomes and rRNAs [214]. Among others, the germ plasm-specific components 

include osk and nanos (nos) mRNAs as well as the proteins Osk, Aubergine (Aub) and Vasa.  

 

By stage 10B, cytoplasmic streaming within the oocyte becomes fast and coordinated [245]. 

Actin filaments redistribute and orient in a random manner around the oocyte cortex [250]. As 
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a consequence, the microtubule network, which is anchored by actin bundles, rearranges as well 

and becomes more loose. The microtubules further align parallel to the oocyte cortex and 

redistribute to subcortical regions [250]. At stage 11, the so-called dumping of the nurse cell 

cytoplasm occurs. The cytoplasm of the nurse cells is transported via the ring canals to the 

oocyte and released [245]. Fast streaming further supports mixing of the dumped components 

within the oocyte cytoplasm [251]. At around the same time the nurse cells start to degenerate 

[252]. Meiosis of the oocyte continues by stage 13 and arrests again in metaphase I during stage 

14. At this stage, the egg is completed and awaits egg activation to finish meiosis. Interestingly, 

egg activation is not dependent on fertilization as in mammals but relies on mechanical stress 

during transit to the oviduct [253]. 

 

 

1.3.1. Regulation of localization and translation 

during oogenesis 

The asymmetry within egg chambers mainly depends on different signaling pathways that are 

crucial for oogenesis. Within the oocyte, this asymmetry further establishes axis specification 

of the embryo, which is accomplished by local gradients of mRNAs and proteins. These 

gradients are generated via localization of maternal mRNAs that are primarily transcribed in 

the nurse cells, transported to their destination in the oocyte, and translated only at the specific 

time needed [116]. Localization and translation of individual maternal mRNAs is highly 

regulated and extremely complex. It involves diverse RBPs and interactions of proteins with 

mRNAs in dynamic mRNP complexes. Moreover, the mRNP composition highly varies in 

different tissues and developmental stages [211, 254, 255]. The same protein can bind various 

targets and depending on the mRNP composition, the regulatory function might differ [256]. 

This tight regulation is necessary to achieve temporal and localized expression of proteins, 

which ensures axis specification needed for embryonic development. 

 

The genes essential for embryonic patterning are a focus of research since many years and 

referred to as maternal effect genes. Mutations of these genes lead to defects in axis polarity 

and segmentation in the oocyte resulting in embryonic lethality [257-259]. Among those genes 

are bcd, grk and osk that establish the embryonic axes [260-262]. bcd, grk and osk mRNAs are 

localized during mid-oogenesis to the anterior, antero-dorsal and posterior of the oocyte, 
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respectively (Fig. 4B). Local translation of the mRNAs creates a protein gradient inducing 

antero-posterior and dorsal-ventral axis formation in the embryo [116]. 

 

Localization of bcd mRNA is required for patterning of the head and thorax [261]. Therefore, 

the mRNA is localized to the anterior at stage 8 but only translated upon egg fertilization [116]. 

In the embryo, Bcd protein induces transcription of developmental genes and regulates 

translation of bound mRNAs [263-265]. Grk protein on the other hand is already present during 

oogenesis as it is necessary to induce both, the antero-posterior and dorsal-ventral axis [228, 

231, 235]. For this purpose, the mRNA is first transported to the posterior at stage 1 and 

relocalized to the antero-dorsal site at stage 8/9 [266]. Although transport and translation of grk 

are tightly coupled, the two processes are independent of each other [267, 268]. The gene osk 

encodes an mRNA that is transported to the oocyte in early oogenesis and localized to the 

posterior pole at stage 8 [248, 269]. Localization of osk mRNA is crucial for the pole plasm 

definition at the posterior [270]. Similar to bcd, osk retains the same localization throughout 

oogenesis. However, immediately after reaching the posterior, osk is translated [249, 271]. 

Interestingly, osk mRNA as well as Osk protein have distinct functions during oogenesis. The 

mRNA associates with various proteins and its noncoding function is thought to sequester these 

proteins in tight mRNP complexes to the posterior pole [272, 273]. Osk protein on the other 

hand regulates the polarity of the microtubule network in mid-oogenesis and anchors osk 

mRNA to the posterior cortex [274, 275]. During embryogenesis, it nucleates the components 

of the germ plasm by binding to distinct mRNAs and proteins [276-278]. 

 

In conclusion, the regulatory mRNPs that form during oogenesis are highly complex to achieve 

a stage-dependent localization and translation of key transcripts. 

 

 

1.3.1.1. Regulation of grk expression by different RBPs 

As mentioned above, grk is initially transported to the posterior site by the minus end-directed 

motor protein Dynein and Bic-D/Egl. The accumulation of grk during early oogenesis depends 

on cis elements present in its 5’ UTR and 5’ CDS [268]. At the posterior, translation is activated 

by the DEAD box mRNA helicase Vasa [279, 280]. Vasa activates translation of grk by 

interacting with the initiation factor eIF5B [281, 282]. 
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Localization of grk to the antero-dorsal site during mid-oogenesis is a stepwise process 

beginning with transport to the anterior cortex at stage 7/8 [233, 281, 282]. With dorsal 

positioning of the nucleus at stage 9, grk further localizes to the location of the nucleus [266]. 

The transport of grk to the antero-dorsal site depends on the microtubule network and Dynein 

[233, 266]. Similarly, this localization is mediated via Bic-D/Egl and requires cis elements 

within the grk 3’ UTR [268, 283, 284]. The importance of different cis elements reveals that 

distinct RBPs are involved in the localization process. Additionally, from stage 9 onwards, grk 

is transcribed in the oocyte nucleus, which enhances its accumulation at the antero-dorsal site 

[283, 285].  

 

Localization and anchoring to the antero-dorsal site depends on Dynein and Squid (Sqd) [266, 

286]. Interestingly, the Sqd gene produces three different isoforms that are either localized in 

the oocyte nucleus or cytoplasm [285]. Thus, Sqd regulates different processes of grk including 

export from the oocyte nucleus, cytoplasmic localization and translation. In addition, Sqd is 

required in the nurse cells to repress the translation of grk during its transport to and within the 

oocyte [267]. The accumulation of Sqd in the oocyte nucleus depends on K10, which has been 

implicated in the regulation of grk localization and translation as well [266, 267, 283, 285]. K10 

binds directly to Sqd and mutants of Sqd and K10 display similar defects with Grk accumulating 

along the anterior cortex [285, 287]. 

 

Moreover, additional proteins are required to achieve the specific expression of grk. For 

instance, Sqd interacts with Bruno (Bru1) that binds to the grk 3’ UTR as well [285, 288]. 

Interestingly, the 3’ UTR is required for both, the relocalization of grk mRNA to the anterior 

site and for translational repression implicating a role for Bru1 in these processes [283]. Sqd 

also associates with other factors including heterogeneous nuclear ribonucleoprotein at 27C 

(Hrb27C) and the human ortholog of IGF2BP1, IGF-II mRNA-binding protein (Imp) [289, 

290]. However, these interactions depend on RNA, indicating that the proteins might function 

independently of another. Although Hrb27C and Imp associate both with grk mRNA, their 

regulatory role differs. Hrb27C is involved in the localization of grk to the antero-dorsal site by 

binding to its 3’ UTR [289]. In contrast, Imp has only a mild effect on grk expression during 

mid-oogenesis. It binds to grk 5’ UTR and localizes with the mRNA in the oocyte [290].  

 

Translational activation of grk during mid-oogenesis is mediated by lengthening of the polyA 

tail. Properly localized grk mRNA undergoes polyadenylation via oo18 RNA-binding protein 
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(Orb) [291, 292]. Orb recognizes the CPE in the 3’ UTR of grk and recruits the polyA 

polymerase wisp. At the antero-dorsal site, translational activation depends on pAbp and Encore 

(Enc), which interact physically and genetically with each other [293, 294]. Enc is thought to 

act as a scaffolding protein recruiting different proteins that are required for grk translation 

[294, 295]. 

 

 

1.3.1.2. Regulation of osk expression by different RBPs 

Similar to grk mRNA, osk remains translationally silent during its transport and is only 

activated from stage 9 onwards at the posterior [249, 271]. Localization of osk mRNA occurs 

in three different phases: transport to the oocyte, localization to the posterior pole and anchoring 

at the posterior [269, 296]. The steps are distinct from each other and require the interplay of 

different proteins. 

 

Already in the cyst stage, osk mRNA is transcribed and transported to the oocyte [248, 269]. 

The initial transport to the oocyte, similar to grk mRNA, depends on the microtubule network, 

Dynein and Bic-D/Egl [224, 248, 269, 297]. Furthermore, the transport to the oocyte requires 

the 3’ UTR of osk [272, 273]. Among others, a stem-loop structure within the 3’ UTR is needed 

for the Dynein-mediated transport of osk [298]. However, the localization also depends on 

additional sequences. Interestingly, the individual cis-acting elements present within the 3’ 

UTR are weak localization signals on their own [299]. The sequences might facilitate the 

exchange with transport factors mediating posterior localization of osk mRNA. Cooperated 

transport between different proteins ensures a dynamic control that can be easily modified 

depending on the oocyte’s needs. 

 

After transport to the oocyte, osk needs to localize to the posterior pole. This is first observed 

at stage 8 and requires the polarized microtubule network [221, 242]. As mentioned above, the 

plus end-directed transport is mediated by Kinesin 1 [241, 300]. Interestingly, the minus end-

directed cargo protein dynactin is also transported to the posterior. Upon localization, it induces 

growth of the microtubule network [301]. This in turn is important for the stabilization and 

polarization of the microtubules as well as for the proper localization of osk at the posterior 

cortex.  
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Several cis-elements in osk mRNA are essential for its localization to the posterior. For 

example, the group of Anne Ephrussi demonstrated that splicing of the first intron is required 

for its transport [302, 303]. Splicing produces the spliced oskar localization element (SOLE) 

that arranges in a stem-loop structure [303]. Disruption of this stem-loop affects osk mRNP 

motility along the microtubule network and consequently its localization. A second function of 

splicing is the deposition of the EJC at the exon-exon junction, which is another crucial player 

in the localization of osk to the posterior [302-306].  

 

Different dissections of the 3’ UTR revealed the presence of diverse regulatory elements that 

facilitate the localization to the posterior [249, 270, 296]. In fact, the osk 3’ UTR alone is 

sufficient for posterior localization [249, 296]. In the background of wild-type osk, the 3’ UTR 

induces posterior positioning of a reporter mRNA. Strikingly, this transport is accomplished 

due to base pairing with the wild-type osk containing SOLE and EJC. osk molecules can base 

pair via stem-loop structure located in the 3’ half of osk 3’ UTR [307]. As a result, the molecules 

associate in multi-copy mRNP complexes and localize to the posterior by a hitchhiking 

mechanism [277, 307].  

The protein Sqd, an important regulator of grk, is also required for localization of osk [292, 

308]. Sqd binds to the osk 3’ UTR and Sqd null mutants affect the microtubule organization. 

Thus, Sqd is directly involved in the localization of osk to the posterior pole [292, 308]. 

 

Although the microtubule network is necessary for the posterior transport of osk, the actin 

filament has an important role in this process as well [221, 309]. The actin-related protein 

Tropomyosin (Tm1) binds directly to osk 3’ UTR and is required for its posterior accumulation 

[310, 311]. Tm1 does not interfere with the cytoskeleton network but recruits Kinesin 1, hence 

modulating osk mRNP motility [311, 312].  

 

As described before, anchoring of localized mRNAs is extremely important to enhance mRNA 

and protein gradients. Transport of osk mRNA within the oocyte is only weakly biased towards 

the posterior. Therefore, accumulation of osk requires its tight association with the posterior 

cortex. This anchoring process is accomplished by the actin filament [237, 246, 247]. Moreover, 

translation of osk mRNA initiates a positive feedback loop as Osk protein binds and anchors its 

own mRNA [248, 249].  
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Two protein isoforms are produced by the osk gene: Short Osk and Long Osk. Short Osk is 

essential for germ plasm assembly by recruiting distinct germ plasm components including 

Vasa [248, 269, 271, 313, 314]. Long Osk on the other hand associates with membranous 

structures at the posterior and anchors its own mRNA during cytoplasmic streaming [275]. 

Interestingly, Osk not only binds to its own mRNA but also to others like nos, indicating that 

anchoring of mRNAs by Osk is a common process to restrict posterior localization [313, 315]. 

 

To increase the efficiency of posterior localization, mislocalized Osk protein is targeted for 

degradation by the proteasome [316]. The degradation of Osk requires multi-phosphorylation 

of the mislocalized protein.  

 

Apart from degradation, the main mechanism to prevent mislocalization of Osk protein is by 

translational repression. During its transport, Cup travels with osk mRNA and silences it 

through competition with eIF4G for binding to eIF4E (Fig. 1B, 1.1.1). Another mechanism by 

which Cup can repress translation of target mRNAs is by recruiting the CCR4-NOT1 complex 

that will lead to deadenylation [317]. In addition, Cup has been implicated to mediate the 

posterior localization of osk by binding to different localization factors [59]. These include a 

subunit of the EJC complex that is recruited to the osk mRNP via Cup. 

 

However, Cup does not only suppress osk but also other maternal mRNAs [61]. Its binding 

specificity is mediated through the RBP Bru1 that recruits Cup to osk [60]. Bru1 binds to the 

osk 3’ UTR at distinct sites called Bru1 responsive elements (BREs) [318, 319]. At the osk 3’ 

UTR, three distinct BREs are present that play a crucial role in the regulation of osk translation 

[318, 320]. While two of them (the AB region) are positioned at the proximal 5’ end, the C 

region is located at the distal end of the 3’ UTR. If all three BRE sites are deleted, osk is 

prematurely translated at stage 5 onwards [318]. However, although Bru1 associates more 

strongly with the AB region, deletion of the BRE-C alone prevents osk translation and embryos 

display severe patterning defects leading to lethality [318, 320]. Thus, the BRE-C region is not 

only involved in translational repression but also activation of osk [320]. 

 

Mutation studies within the C region identified nucleotides 977 to 988 of the osk 3’ UTR to be 

essential for the function of osk [273]. This was surprising as Bru1 binding to osk was not 

affected indicating that another protein might mediate the translational activation. Bicoid 

stability factor (BSF) was suggested to be such a factor of osk as it binds to the identified 
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sequence [321]. Interestingly, while knockdown of BSF did neither affect the stability nor the 

polyA tail length of osk mRNA, translation was strongly reduced in late oogenesis. However, 

since osk expression was normal during mid-oogenesis, it was suggested that an additional 

factor might be needed for early activation of osk translation [321]. 

 

Although the translational silencing of osk by Bru1 depends on Cup, Bru1 can also act 

independently [322, 323]. When binding to several osk transcripts at once Bru1 sequesters the 

molecules in large mRNPs [322]. The association of multiple osk mRNAs in one complex was 

assumed to prevent the association of translation factors with these transcripts. Such higher 

order complexes containing translationally repressed osk mRNAs have been also proposed to 

involve the polypyrimidine tract binding protein (PTB) [324]. Nevertheless, the regulatory role 

of osk dimerization and hitchhiking is still under debate, as mutations within the regulatory 

sequences do not interfere with translation activation [325]. 

 

Bru1 also interacts with other regulatory factors including Me31B [60]. In Me31B mutants, osk 

is prematurely expressed in the nurse cells, demonstrating that it represses osk translation [326]. 

In addition, Me31B interacts with Cup in an RNA-dependent manner [60]. Both, Bru1 and 

Me31B colocalize with Cup in the germ plasm. Together, these findings indicates that although 

the function of Me31B is most prominent during transport to the oocyte and early oogenesis, 

the protein still associates with osk in later stages probably to repress its translation. This 

hypothesis is in line with the fact that Bru1 alone is not sufficient to repress osk translation 

[327]. 

 

Translational activation of osk occurs at the posterior pole and involves a set of different 

proteins as well as cis elements. Hrb27C for instance has a dual function in regulation of osk 

translation. On the one hand, it can bind a cis-regulatory element in the 5’ UTR activating osk 

translation [289, 327]. On the other hand, Hrb27C interacts with Bru-1 and binds to the BRE-

AB region to repress translation [300, 328, 329]. Another protein that influences osk translation 

is Imp. The RBP was shown to bind to the osk 3’ UTR at distinct sequences called IMP-binding 

elements (IBEs) [330]. Mutations within these sequences affect translational activation and 

anchoring of osk but mutations in Imp itself did not. These observations imply that another 

unknown factor binds to the IBEs and acts as translational activator [325, 330].  
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In addition, Staufen (Stau), a dsRNA-binding protein, has a distinct role in osk translational 

activation as well. The protein associates with osk during early stages in the oocyte, travels with 

the mRNA to the posterior pole and remains associated with it throughout oogenesis [272, 300, 

331, 332]. Localization of Stau and osk depends on each other, implicating that they are 

transported together in the same mRNP complex [332, 333]. When Stau is absent, osk is not 

translated and remains at the anterior site of the oocyte [248]. Two distinct domains within the 

Stau protein are required to transport osk to the posterior and to activate its translation [331]. 

Currently, it is unknown how Stau activates osk translation, although this process was shown 

to be independent of Bru1 [318].  

 

Orb is another well-studied protein that mediates translational activation of mRNAs including 

osk. The RBP associates with osk during mid-oogenesis and binds to the CPE located in its 3’ 

UTR [334]. As for grk, Orb induces lengthening of the polyA tail [334, 335]. Orb performs this 

function by interacting with the cytoplasmic polyA polymerases hrg and wisp [117, 118].  

 

In summary, the interplay of the factors mentioned above highlight the complex regulation of 

osk. Many of them have dual functions, including regulation of mRNA stability, transport and 

translation. While there are numerous information regarding their activity towards osk, more 

work remains to be done to investigate the precise molecular mechanisms underlying these 

processes.  
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Over the past decades, researchers shed light on the regulatory processes during oogenesis in 

Drosophila. Especially the regulation of osk expression has been the focus of many groups. 

These studies highlight the complex interaction among proteins to safeguard osk mRNA to the 

posterior of the oocyte and regulate its translation. Translational activation of osk, however, is 

a process that remains largely elusive. One main obstacle is the small fraction of mRNAs within 

the oocyte that is actively translated. Indeed, most mRNAs remain repressed within the oocyte, 

while only a minor fraction is localized to its destination [336].  

To distinguish between osk mRNP complexes at the posterior from mislocalized ones and 

analyze the effect of specific proteins only on actively translated mRNAs is a bottleneck that 

researchers are still trying to bypass. Given that the composition of mRNP complexes is 

extremely dynamic, new methods are now established to study them in more detail [337-339]. 

Although our understanding of osk regulation is growing, many questions remain unanswered. 

Among them is the bivalent role of the BRE-C region in translational repression and activation. 

Moreover, what happens at the posterior pole to actively derepress translation is not clear yet. 

Work by the Macdonald lab helped to understand the regulation of osk translation and suggested 

the involvement of a still unknown factor in this process [273, 321]. 

A recent study by the group of Paul Lasko highlighted the importance of the protein Mkrn1 in 

Drosophila development: depletion of Mkrn1 in early embryogenesis results in defects of 

segmentation and axis polarity similar to the phenotype observed when osk is mutated [191]. 

Due to these observations, a new regulator of osk expression was suggested. Interestingly, 

knockout of Mkrn1 displays female sterility highlighting an essential role of the E3 ligase 

during oogenesis [186]. Although Mkrn1 belongs to a highly conserved family of proteins, little 

is known about its function and biological relevance.  

This study aims to decipher the function of Drosophila Mkrn1 and its biological importance 

during oogenesis. As a new regulator of osk mRNA, its role in translational activation was 

assessed. Also, the specificity of Mkrn1 to interact with the osk 3' UTR and the regulatory 

function of its binding were investigated.
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3.1. Identification of Mkrn1 as a new 

regulator of Drosophila oogenesis 

3.1.1. Four Mkrn1-related genes are present in 

Drosophila 

Through the animal kingdom, Mkrn genes are present and show a high conservation (Fig. 3) 

[170, 172]. Overall, the Mkrn protein family shares a common structure consisting of a RING 

domain and up to four ZnFs. While the RING domain has been shown to ubiquitinate target 

proteins in human cells, the function of the ZnFs remains more elusive [173, 181, 183, 340]. 

For instance, it has been proposed that the ZnF domains enable the interaction with RNA due 

to their structure and indeed mammalian MKRN1 can bind directly to RNA [172, 173, 185]. 

However, whether the interaction of Mkrn proteins with RNA is mediated via one or a 

combination of several ZnF domains is still unclear. 

In mammals, up to four Mkrn family members are present while Drosophila and other 

invertebrates like C. elegans comprise only one gene encoding Mkrn1 (Fig. 3) [170, 172, 173]. 

In Drosophila, three related genes diverged from Mkrn1 which are not characterized yet: 

CG12477, CG5334 and CG5347. Compared to Mkrn1, these genes are intronless with the 

exception for CG12477 harboring an intron in its 3’ UTR. The gene structure and similarity to 

Mkrn1 suggests that these genes might have evolved as retrocopies from Mkrn1. Thus, the 

question emerges whether the encoding proteins have a similar or redundant function to Mkrn1. 

 

Recent studies highlighted an important role of Mkrn1 during oogenesis and axis polarity in 

Drosophila [186, 191]. To assess whether all four genes have a role in oogenesis or solely 

Mkrn1, we first analyzed the expression pattern of the four individual genes throughout 

Drosophila development by quantitative PCR (RT-qPCR, Fig. 5). As expected, Mkrn1 mRNA 

is highly expressed in ovaries and during early embryogenesis. The levels of Mkrn1 mRNA 

decreased dramatically after 2.5 h post egg laying which marks the maternal-to-zygotic 

transition [341, 342]. Together with the high mRNA levels in ovaries, this expression pattern 

indicates that Mkrn1 is maternally deposited and degraded upon gastrulation. Compared to 

Mkrn1, the levels of CG12477, CG5334 and CG5347 peak in pupae and males (Fig. 5). 

Interestingly, the expression of the three Mkrn1-related genes are very similar among each other 
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with low transcript levels detected in females and embryos. From this observation we conclude 

that Mkrn1 has a distinct biological role in Drosophila females, especially during oogenesis and 

early embryogenesis. In contrast, CG12477, CG5334 and CG5347 seem to have evolved a 

distinct function that might be needed during spermatogenesis.  

 

 
Figure 5. Expression of the four Mkrn1-related genes during Drosophila development.  

RNA was isolated from different developmental stages including embryogenesis, larval stages, pupation and 

adulthood. Mkrn1 mRNA levels (turquois) were compared to the transcript levels of CG12477 (light grey), 

CG5334 (gray) and CG5347 (dark gray). mRNA levels were measured by RT-qPCR and normalized to Rpl15 

mRNA. Error bars depict Stdev, n = 3. 

 

 

3.1.2. Mkrn1 mutants display female sterility due 

to defects during oogenesis 

To gain further insights into possible functions of Mkrn1 genes in Drosophila, we applied the 

CRISPR/ Cas9 system to generate knockout alleles [343]. This well-established system uses 

the ability of a CRISPR-associated (Cas) endonuclease to cleave DNA. The specificity of the 

Cas activity relies on a guide RNA (gRNA) that was initially found to be transcribed from the 

so-called clustered regularly interspaced short palindromic repeats (CRISPR) locus. To utilize 

this method, the gRNA is specifically designed to contain a homologous region to the target 

sequence. When binding together with the gRNA to this sequence, Cas9 induces a double-

strand break. The induced DNA lesion will subsequently be repaired by non-homologous end 
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joining introducing mutations within the sequence [344, 345]. We aimed to generate knockouts 

of Mkrn1 and CG12477. To produce a gene deletion, two gRNAs were designed targeting the 

genomic locus of Mkrn1 or CG12477 (5.2.2.3).  

In both cases, the method led to successful deletions of 1854 and 747 nucleotides of the genomic 

regions of Mkrn1 and CG12477, respectively. Since the deletion in the Mkrn1 gene comprises 

the complete coding sequence leading to a molecular null allele, we further refer to it as Mkrn1N 

(Fig. 6A). For CG12477, the induced deletion resulted in a truncated protein including the 18 

N-terminal amino acids that we assume to be non-functional (Fig. 6B). For simplicity, I will 

refer to this mutant as a null allele, CG12477N. In addition, we analyzed different mutants of 

the Mkrn1 gene generated by our collaborator (Paul Lasko, McGill University, Montreal) 

comprising either a premature stop codon upstream of the RING domain (Mkrn1S) or an 8 

amino acid deletion in the ZnF1 (Mkrn1W, Fig. 6A) [346]. To exclude off-target effects 

produced by CRISPR/ Cas9, all mutants were crossed over a respective deficiency line (referred 

to as Mkrn1Def and CG12477Def).  

In all cases, mutant flies were viable and did not show any obvious phenotype (data not shown). 

However, females of all Mkrn1 mutants depicted sterility defects (Fig. 6C): neither Mkrn1N nor 

Mkrn1S females produced eggs while the eggs laid by Mkrn1W females did not develop further 

into larvae. In comparison, Mkrn1 mutant males were not compromised in their fertility (Fig. 

6C). Moreover, CG12477N females and males did not show any fertility defect. Thus, Mkrn1 

has an essential role on female fertility. As Mkrn1N and Mkrn1S mutant females did not produce 

any eggs, we assume that the function of Mkrn1 is essential during oogenesis. On the other 

hand, CG12477 may act redundant with the two other Mkrn-related proteins expressed in a 

similar fashion during pupation and in males (Fig. 5). For my PhD, I further focused on Mkrn1 

and its role during oogenesis. 
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Figure 6. Mutations within the Mkrn1 gene affect female fertility.  

(A) Schematic diagram of the proteins encoded by Mkrn1 and CG12477 alleles used to analyze their function in 

vivo. Mkrn1N is a null allele and produces no protein. Mkrn1W comprises a small deletion in the ZnF1 domain 

while the Mkrn1S allele produces a truncated protein. (B) CG12477N leads to a truncated peptide comprising the 

18 N-terminal amino acids. (C) Hatching rates of Mkrn1 and CG12477 mutant flies. Either mutant females or 

males over the respective deficiency were crossed with wild-type flies of the opposite sex. For males, individual 

crosses with single males and three to four females were performed. Embryos were collected and the ratio of larvae 

compared to laid eggs (hatching rate) was determined. At least 3 different biological experiments were performed 

for females. For males, at least 7 different biological experiments were performed.  

 

Due to the essential role of Mkrn1 during oogenesis, we aimed to examine ovaries in more 

detail. To this end, immunostainings against the oocyte-specific protein Orb were conducted 

either in wild-type or Mkrn1 mutant ovaries. For all alleles analyzed, flies were crossed over 
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Mkrn1Def. In wild-type as well as Mkrn1 mutants, the oocyte is determined, which is illustrated 

by an accumulation of Orb (Fig. 7A). However, compared to wild-type ovarioles, the oocyte is 

not properly positioned at the posterior pole. Moreover, Mkrn1N and Mkrn1S egg chambers do 

not develop further than stage 9. In contrast, a fraction of the Mkrn1W mutant ovaries developed 

into mature eggs. In many Mkrn1N and Mkrn1S mutant ovaries, egg chambers display condensed 

DNA and are positive for the apoptotic marker cleaved death caspase-1 (Dcp-1, Fig. 7B).  

 

 
Figure 7. Mutations of the Mkrn1 gene affect oogenesis.  

Ovaries of different Mkrn1 alleles over Mkrn1 deficiency were immunostained with (A) α-Orb (oocyte-specific; 

red) or (B) α-1B1 (cytoskeleton-specific; red) and α-Dcp1, cleaved (apoptotic marker; green). To stain the nuclei, 

DAPI (blue) was used. Scale bars indicate 50 μm. 

 

To confirm the specificity of Mkrn1 mutations, rescue experiments were conducted. Therefore, 

the UAS-Gal4 system was employed. This system uses a yeast regulatory promoter region 

(UAS), which is targeted by the transcriptional activator GAL4 [347-349]. By applying a tissue-



 RESULTS  

38 
 

specific promoter for GAL4, this system is used to drive overexpression of a target sequence. 

However, as the conventional UASt enhancer sequence is not able to promote expression in the 

germline the UASp promoter was used [347, 350]. GAL4 was expressed via the promoter of the 

nanos gene (in the later referred to as nos>GAL4 driver).  

To perform rescue experiments, transgenic flies carrying a FLAG-tagged Mkrn1 coding 

sequence under the control of a UASp enhancer sequence were utilized [346]. Using a 

nos>GAL4 driver, Mkrn1 was specifically overexpressed in ovaries which led to a complete 

rescue of the Mkrn1N phenotype (Fig. S1A). The rescue flies were also able to lay eggs that 

further developed into larvae (Fig. S1C). On the other hand, overexpression of Mkrn1 in follicle 

cells using a Tj>GAL4 driver did not lead to a rescue (Fig. S1B, S1C). Therefore, we conclude 

that the tagged Mkrn1 transgene is functional and Mkrn1 is specifically required in the 

germline. 

 

 

3.2. Mkrn1 regulates translation of osk 

mRNA 

3.2.1. Mkrn1 ensures correct expression of osk 

during oogenesis 

An earlier study performed by the Lasko group suggested that Mkrn1 has a role in embryonic 

segmentation and axis polarity [191]. Together with the results obtained above, this suggests 

that deposition of factors involved in axis specification is impaired in Mkrn1 mutant ovaries. 

To test this hypothesis, immunostainings of different proteins involved in embryonic patterning 

were conducted [346]. Although the phenotype of Mkrn1W flies is relatively mild compared to 

Mkrn1S and Mkrn1N, the small deletion in the ZnF1 domain was sufficient to disrupt localization 

of Osk and Stau proteins [346]. The positioning of Osk at the posterior cortex is a main 

determinant of pole cell establishment and accomplished via transport of osk mRNA during 

oogenesis [116]. During its localization, osk mRNA stays translationally silent. Upon 

localization to the posterior pole, however, translation of osk is activated. This results in a 

positive feedback loop of Osk anchoring its own mRNA [248, 249]. 
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By western blotting (Fig. 8A), we found a profound reduction of Osk protein in all Mkrn1 ovary 

lysates. Compared to the reduced protein levels, stability of osk mRNA was hardly affected in 

the tested mutants (Fig. 8B). Furthermore, in the early stages, we could hardly observe a 

staining for Osk protein while osk mRNA was correctly localized, indicating that translation 

rather than localization is the primary defect in Mkrn1 mutant ovaries [346].  

To analyze a potential role of Mkrn1 on mRNA stability on a global scale, we further performed 

RNA-sequencing (RNA-seq) experiments in Mkrn1W ovaries. This analysis was performed only 

in Mkrn1W mutants as the ovaries comprise mature egg chambers and is thus directly 

comparable with control ovaries. RNA-seq analysis revealed only a mild change in gene 

expression compared to heterozygous Mkrn1W ovaries that were used as control (Fig. S2). 

Moreover, the patterning genes grk, bcd and nos were not differentially expressed neither. 

Collectively, these experiments indicate that Mkrn1 has an important role in regulating osk 

translation at the posterior pole but is dispensable for osk mRNA localization or stability. 

 

 
Figure 8. Mkrn1 mutant ovaries display reduced levels of Osk protein.  

(A) Western blot analysis from lysates of Mkrn1W, Mkrn1S and Mkrn1N ovaries. Proteins were compared to 1 day-

old (young) or 7 day-old (adult) wild-type females. The protein levels of endogenous Osk and pAbp were analyzed. 

β-Tubulin was used as loading control. Ovary lysates from oskA87 females over deficiency were analyzed as control 

for the α-Osk antibody. (B) RT-qPCR analysis of the genotypes examined in (A). The level of osk mRNA was 

normalized to Rpl15 mRNA. Error bars depict Stedv, n = 2. 
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3.2.2. Mkrn1 interacts with factors involved in osk 

expression 

In order to further examine the function of Mkrn1, we created different mutations in the protein 

sequence (Fig. S3A). For instance, a point mutation within the RING domain was introduced 

(H239E, Mkrn1RING) resembling the mutation that has been used for human MKRN1 [181, 

183]. Moreover, we deleted the ZnF1 domain in the same manner as present in the Mkrn1W 

allele (deletion of amino acids 26-33, Mkrn1ΔZnF1) and introduced three point mutations within 

the ZnF2 domain (C302A, C312A and C318A, Mkrn1ZnF2). Using immunofluorescence, we 

could observe a cytoplasmic localization of all tested Mkrn1 mutants in Drosophila S2R+ 

cultured cells (Fig. S3B), consistent with previous findings for MKRN1 orthologs [185, 198, 

212]. Overexpression of the different Mkrn1 mutant constructs in cells revealed a high stability 

of Mkrn1RING compared to the others (Fig. S3C). The strong protein stability upon mutation of 

the RING domain is consistent with reports for mammalian MKRN1, which found that the E3 

ligase autoregulates its own protein stability via ubiquitination [181].  

 

Intrigued by the similarities we observed for Mkrn1 compared to the mammalian protein, we 

asked if Mkrn1 also binds to similar interaction partners. To this end, we overexpressed either 

Myc-tagged GFP, Mkrn1 or Mkrn1RING in S2R+ cells and isolated the proteins via 

immunoprecipitation (IP) against the Myc tag. The co-purified proteins were identified using 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) by label-free quantification 

(5.2.6.2). Proteins enriched in the Mkrn1 or Mkrn1RING IP were subsequently compared to GFP 

pulldown. While we could identify 26 significantly enriched interactors of Mkrn1, Mkrn1RING 

associated with more than 300 proteins compared to the GFP control (Fig. 9). This difference 

is likely due to the increased stability of the RING mutant. Nevertheless, we observed an 

overlap of enriched proteins in both IPs including pAbp, Imp, Sqd Hrb27C, larp and Larp4B 

(Fig. 9) [346]. Moreover, eIF4G, Me31B and Upf1 were enriched as well in the Mkrn1RING 

interactome (Fig. 9B).  

The mentioned proteins are all RBPs with known roles on osk expression during Drosophila 

oogenesis (pAbp, Squid, Me31B, Hrb27C) or translation in general (Imp, larp, eIF4G and 

Larp4B). For instance, mutation of pAbp leads to arrest in early oogenesis due to destabilization 

of osk mRNA [110]. Squid on the other hand is required for proper localization of osk mRNA 

by binding directly to its 3’ UTR [292, 308]. Interestingly, mutation of the Me31B gene results 
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in premature translation of osk mRNA [326]. In addition, Hrb27C has been implicated in 

localization and translation of osk mRNA by binding to its 3’ UTR [327-329]. 

 

 

Figure 9. Interactome of Mkrn1 in S2R+ cells.  

Either Myc-tagged (A) Mkrn1 or (B) Mkrn1RING was overexpressed in cultured cells and isolated by IP. Interactors 

of Mkrn1 were identified using LC-MS/MS and label-free quantification. The enrichment of proteins compared to 

the control (Myc-GFP, ctrl) is depicted in a volcano plot using a combined cutoff of log2 fold change of 2 and an 

FDR of 0.05. For both experiments, 3 technical replicates of the ctrl and Myc-Mkrn1 IP were prepared and 

compared with each other.  
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To verify the interactome data, we performed reciprocal co-IP experiments of selected proteins 

with Mkrn1. We overexpressed either GFP- or Myc-tagged pAbp, Imp, Sqd, eIF4G or Me31B 

in cultured cells and analyzed the binding to co-transfected Mkrn1RING. We used the Mkrn1RING 

mutant due to its higher stability. With these experiments, we could confirm the interaction 

between Mkrn1RING and the above-mentioned proteins by western blot analysis (Fig. S4). 

Furthermore, the binding of Mkrn1RING to its interaction partners did not change when samples 

were treated with RNase T1, indicating that the interactions are RNA-independent. However, 

it might still be possible that an intact polyA tail that persisted the RNase treatment might 

mediate the interactions. We also tested the binding of Mkrn1 to the decapping enzyme Dcp1 

and eIF4E that were enriched in the interactome. By co-IP experiments, we could not 

recapitulate these interactions (Fig. S4F, S4G). 

 

 

3.2.3. Mkrn1 is stabilized by its interaction with 

pAbp 

Interestingly, the interaction of MKRN1 with pAbp has been shown to be conserved for 

mammals [173, 185, 212]. Given that we also identified pAbp in the mass spectrometry analysis 

as one of the main binders of Mkrn1 (Fig. 9), we further focused on this interaction. To confirm 

a functional association of Mkrn1 and pAbp, we performed co-IP experiments in Drosophila 

ovaries. To do so, FLAG-Mkrn1 was overexpressed via a nos>Gal4 driver and 

immunoprecipitated using an antibody against the FLAG tag. As control, protein extracts of 

nos>Gal4 driver ovaries were processed in a similar manner. Western blot analysis confirmed 

our cell culture finding showing a strong association of Mkrn1 with pAbp (Fig. 10A).  

 

Interestingly, many of the proteins identified in the Mkrn1 interactome (Fig. 9) are known to 

interact with pAbp. Apart from its well-studied interaction with eIF4G, pAbp has been shown 

to interact with Sqd, Hrb27C, Imp, Me31B, larp and Upf1 [15, 74, 83, 294, 351-353]. Thus, we 

wondered whether Mkrn1 binds to its identified interactors indirectly via pAbp. To address this 

question, we increased the stringency of the Myc-based IP using higher amount of salt for the 

washing steps. Performing an IP with Mkrn1RING as bait, we analyzed the interacting proteins 

by mass spectrometry compared to GFP. For a more quantitative result that will allow 

comparison among the different conditions, we used stable isotope labeling by amino acids in 
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cell culture (SILAC, 5.2.6.2). Due to the different molecular weights of arginine and lysine 

supplemented in the medium, the cells express proteins labelled with either “heavy” or “light” 

amino acids [354]. This allows a direct comparison between different conditions, and in this 

case, different wash stringencies.  

Our results were very similar compared to the label-free mass spectrometry method described 

above (Fig. 9) confirming the reproducibility of the different approaches. As seen before, pAbp 

was among the strongest interactors of Mkrn1RING and persisted the high salt wash (Fig. 10B). 

In contrast, the binding of Mkrn1RING to the other strong interactors Sqd and Imp was 

compromised. Interestingly, although other interactors displayed only a moderate enrichment 

in the IP, the binding was hardly affected using a higher salt wash. We confirmed the finding 

by co-IP experiments with a similar salt gradient (150 mM, 300 mM and 500 mM NaCl, Fig. 

S5A). Together, the data highlight the stable interaction between Mkrn1 and pAbp. Also, 

Mkrn1 might be part of a complex containing pAbp, Sqd, Imp, eIF4G, Me31B and other 

proteins. 
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Figure 10. Mkrn1 interacts with pAbp via the PAM2 motif. 

(A) pAbp interacts with Mkrn1 in ovaries. co-IP experiments were performed in ovaries and analyzed by western 

blotting. FLAG-Mkrn1 was overexpressed in ovaries using a nos>Gal4 driver. To analyze if the interaction with 

pAbp is mediated by RNA, the IP was performed in the absence or presence of RNase T1. (B) The interactome of 

Mkrn1RING in S2R+ cells was measured by SILAC-based mass spectrometry analysis. Myc-GFP or Myc-

Mkrn1RING were immunoprecipitated in the presence of RNase T1 using either 150 mM or 500 mM NaCl for 

washing. The fold change in the IP of Mkrn1RING over GFP is indicated for the selected proteins. The interaction 

with pAbp persisted the high salt washes. (C) Co-expression of pAbp stabilizes Mkrn1. FLAG-Mkrn1 was co-

transfected with increasing levels of HA-pAbp in S2R+ cells. Left: proteins were examined using western blotting. 

Right: intensities of FLAG-Mkrn1 levels analyzed by western blots were quantified and normalized to intensities 

of β-tubulin. The relative intensity was further normalized to Mkrn1 mRNA levels (normalized to Rpl15 mRNA), 

which was analyzed by RT-qPCR. Error bars depict SEM, n = 9, n.s. p > 0.05, ** p ≤ 0.01 (one sample t-test). (D) 

Comparison of the PAM2 motif in Drosophila and humans. In Drosophila, a Glu to Val substitution (orange) is 

present in the consensus sequence. The PAM2 motif was mutated using two amino acid substitutions at positions 

90 and 92 to alanine (F90A and P92A, Mkrn1PAM2). (E) Western blot analysis of co-IP experiments between 

FLAG-Mkrn1 and endogenous pAbp in S2R+ cells. The interaction of pAbp and Mkrn1 is reduced when the 

PAM2 motif is mutated.  

 

To further examine the link between Mkrn1 and pAbp, Mkrn1 was co-transfected with 

increasing amounts of pAbp in S2R+ cultured cells. Interestingly, we found that the protein 

levels of Mkrn1 were elevated in the presence of pAbp in a dose-dependent manner (Fig. 10C). 
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This observation suggests that pAbp has a positive effect on the stability of Mkrn1. The same 

effect was seen when using cycloheximide, an inhibitor of translation: when co-transfecting 

pAbp, Mkrn1 was stabilized compared to GFP used as control (Fig. S5B). Additionally, the 

cycloheximide treatment displayed degradation kinetics of the proteins detected by western 

blotting. Compared to GFP, GFP-pAbp and the loading control β-tubulin, Mkrn1 was quickly 

degraded. As this degradation was observed in the presence of GFP-pAbp, we conclude that 

Mkrn1 is stabilized by its interaction with pAbp but not protected from degradation.  

 

For mammalian MKRN1, the interaction with PABP has been analyzed in more detail. The  

PAM2 motif, which is known to mediate the binding of several proteins to PABP, is present in 

mammalian MKRN1 and mutation of this motif impair the interaction with PABP [111, 174, 

212]. In Drosophila, the PAM2 motif of Mkrn1 contains an amino acid substitution of glutamic 

acid to valine (Fig. 10D), raising the question whether the motif is still functional. To analyze 

whether Mkrn1 can interact with pAbp via this motif in Drosophila, we introduced mutations 

within the PAM2 motif: The phenylalanine at position 10 was shown to be essential for the 

binding of the PAM2 motif to the MLLE domain [174, 355]. Furthermore, the proline at 

position 12 is also highly conserved and plays an important role in the binding to MLLE [174]. 

Therefore, we mutated both amino acids to alanine (Mkrn1PAM2, Fig. 10D).  

The association with pAbp was analyzed using co-IPs of either Flag-tagged GFP (as control), 

Mkrn1 or Mkrn1PAM2 overexpressed in S2R+ cells. Strikingly, this experiment revealed that the 

interaction between Mkrn1 and pAbp was compromised when the PAM2 motif is mutated (Fig. 

10E). Thus, we conclude that Mkrn1 binds to pAbp via the PAM2 motif although its sequence 

differs from the mammalian core. Altogether, our findings hint to an important regulatory role 

of pAbp towards Mkrn1.  

 

 

3.2.4. The RING domain and PAM2 motif are 

essential for the function of Mkrn1  

Intrigued by the findings that Mkrn1 associates with many factors required for oogenesis, we 

aimed to analyze the function of Mkrn1 in this process. We first generated transgenic lines 

carrying different versions of Mkrn1, similar to the constructs used for S2R+ cells (Fig. S3A). 

These include Mkrn1ΔZnF1, Mkrn1RING, Mkrn1PAM2 and human MKRN1 (5.2.2.4 and Table 1). 
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In addition, we created a double mutant for the ZnF1 and RING domain (Mkrn1ΔZnF1+RING). 

Overexpression in ovaries and subsequent western blot analysis revealed that Mkrn1 was 

expressed at low levels compared to Mkrn1RING, similar to the results obtained in cell culture 

(Fig. 11A). However, human MKRN1 was hardly detected, which was not observed in cell 

culture (Fig. M2 and data not shown). Thus, it is possible that the construct is either not properly 

expressed or the protein more rapidly degraded in ovaries. Due to this observation, we did not 

further investigate this line. 

 

To test the different mutant versions in vivo, we first assayed their ability to interact with pAbp. 

To this end, either wild-type or mutant Mkrn1 was overexpressed in ovaries and 

immunoprecipitated using the FLAG tag. In line with previous results, the binding of Mkrn1 to 

pAbp was strongly reduced when the PAM2 motif was mutated (Fig. 11A). In contrast, the 

ZnF1 and RING domain are not essential for the interaction with pAbp, although the binding 

was mildly reduced in these mutants compared to wild-type Mkrn1 (Fig. 11A). Surprisingly, 

the Mkrn1ΔZnF1+RING mutant was not able to interact with pAbp (Fig. S6A). Since the ZnF1 and 

RING mutations alone have no effect on pAbp binding, we hypothesize that the double 

mutation might affect either folding or function of Mkrn1. We therefore did not proceed with 

this mutant. 
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Figure 11. Impact of different domains on Mkrn1 rescuing ability. 

(A) co-IP experiments between various FLAG-tagged Mkrn1 proteins and pAbp were analyzed by western 

blotting. Wild-type or mutant Mkrn1 were overexpressed via a nos>Gal4 driver in ovaries. Binding of pAbp to 

Mkrn1 is compromised when the PAM2 motif is mutated. (B) Hatching rates of progeny from flies with 

overexpressed Mkrn1 mutants in the Mkrn1N background were analyzed. Females were crossed with wild-type 

males and hatching rates of the progeny was analyzed. Error bars depict SEM from at least 6 different biological 

replicates. (C) Ovarian lysates from females in (B) were analyzed by western blotting. Osk protein levels are 

restored when overexpressing wild-type Mkrn1 but not when the PAM2 motif, the RING domain or the ZnF1 are 

mutated. (D) Rescue experiments of wild-type or mutant Mkrn1 in Mkrn1N ovaries. FLAG-tagged Mkrn1 was 

overexpressed in ovaries using a nos>Gal4 driver line. Ovaries were stained with α-1B1 (cytoskeleton-specific, 

red) and α-Osk (green). DNA was visualized using DAPI (blue). Although overexpression of wild-type Mkrn1 

could restore Osk protein at the posterior, Mkrn1PAM2 and Mkrn1RING could not. Scale bar indicate 50 µm.  
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Given the mislocalization of osk mRNA observed in Mkrn1W mutants, we wondered whether 

Mkrn1 travels to the posterior pole maybe even as part of an osk mRNP complex [346]. 

Consistent with this possibility, pAbp was already shown to localize to the posterior [110]. To 

assess this hypothesis, we analyzed the localization of wild-type and mutant Mkrn1 proteins in 

ovaries by immunostainings against their FLAG tag. Except for Mkrn1PAM2, a distinct signal at 

the posterior pole was observed for all mutants tested (Fig. S6B). Thus, we conclude that the 

interaction with pAbp might be essential for the localization of Mkrn1 to the posterior pole.  

 

To elucidate the role of the PAM2 domain in vivo, we performed rescue experiments. We 

hypothesized, that if the localization of Mkrn1 to the posterior pole is important for its function, 

then overexpressing Mkrn1PAM2 in the Mkrn1N background should not rescue the ovarian 

phenotype. This was only partially the case as many egg chambers could now develop into 

mature eggs (Fig. S6C). However, none of the laid eggs hatched into larvae (Fig. 11B). 

Furthermore, immunostainings revealed that Osk protein was not visible at the posterior pole 

of the oocytes and its protein levels are dramatically reduced (Fig. 11C, 11D). This resembles 

the phenotypical defects of the Mkrn1W allele. Together, these results indicate that the PAM2 

motif is not essential for the early function of Mkrn1 in egg maturation but is required for proper 

assembly of the germ plasm by promoting osk translation.  

We also analyzed the importance of the RING and ZnF1 domains of Mkrn1 using similar rescue 

experiments. Interestingly, mutation of the RING domain did not lead to any mature eggs, 

resembling the Mkrn1N phenotype (Fig. 11B-11D, S6C). Thus, the E3 ligase activity of Mkrn1 

is essential for its function, probably leading to ubiquitination of critical targets at the posterior 

pole. In contrast, Mkrn1ΔZnF1 could rescue the Mkrn1N mutants to an extend comparable to wild-

type (Fig. 11B-11D, S6C). Although some of the ovaries contained degenerated egg chambers, 

the majority developed mature eggs with proper localization of Osk at the posterior (Fig. 11D). 

However, the level of Osk protein was slightly lower compared to wild-type which might 

explain the minor reduction in embryonic viability (Fig. 11C).  
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3.3. Mkrn1 competes with Bru1 for 

binding to osk 3’ UTR 

3.3.1. Mkrn1 associates specifically with osk        

3’ UTR 

Due to the pivotal role of pAbp and many other binding partners of Mkrn1 in translation and 

the reduced levels of Osk protein in Mkrn1 mutants, we wondered if Mkrn1 is involved in 

translation of osk. If this is the case, then Mkrn1 may bind directly to the mRNA. Mammalian 

MKRN1 has been shown to be an RBP, but the domain that mediates the association with RNA 

has not been identified [173, 185]. To analyze if Drosophila Mkrn1 can also bind RNA, FLAG-

tagged Mkrn1 was isolated via IP in S2R+ cells. Prior to harvesting, the cells were crosslinked 

introducing covalent bounds between proteins and their bound RNAs. Next, Mkrn1 protein-

RNA complexes were isolated via IP using high stringency conditions. The stringent IP 

conditions exclude the presence of other proteins in the IP fraction. Following IP, the bound 

RNAs are were trimmed to the desired size with RNase 1. By applying distinct dilutions of the 

RNase, the RNA-protein complexes exhibit specific sizes due to the different length of the 

digested RNAs [356]. Radioactive labelling of the RNA can permit to visualize the size shift of 

the complexes and thus inform about the RNA-binding ability of the isolated protein. Indeed, 

IP of FLAG-Mkrn1 resulted in a distributed shift when using a low concentration of RNase 1 

(1/5000 dilution, Fig. 12A) compared to a focused band at a high concentration (1/50 dilution). 

Strikingly, mutations in the RING and ZnF2 domains did not interfere with the RNA-binding 

ability, while deletion of the ZnF1 displayed a reduced signal (Fig. 12A). Thus, we conclude 

that Drosophila Mkrn1 is able to bind RNA and the ZnF1 domain is necessary to mediate this 

interaction. 

 

Since the experiment above only informs about the RNA-binding behavior of a protein, RNA-

IP (RIP) experiments were conducted to identify mRNA targets of Mkrn1. To this end, either 

FLAG-tagged Mkrn1 or Mkrn1ΔZnF1 was overexpressed in Mkrn1N ovaries. The proteins were 

isolated via an IP against the FLAG tag and the associated RNA was isolated. To analyze the 

binding of Mkrn1 to individual mRNAs, the enriched RNA of the IP fractions was examined 

by RT-qPCR. To monitor the enrichment of specific mRNAs, primers that bind to the respective 
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3’ UTRs were used. Compared to grk and bcd mRNA, osk mRNA was significantly enriched 

when using wild-type Mkrn1 as bait (Fig. 12B). Consistent with our previous findings, the 

interaction was reduced in the Mkrn1ΔZnF1 RIP highlighting the importance of this domain for 

binding to RNA.  

 

 
Figure 12. Analysis of the RNA-binding ability of Mkrn1. 

(A) Autoradiography experiments to examine the RNA-binding activity of Mkrn1. Different forms of FLAG-

tagged Mkrn1 were overexpressed in S2R+ cells and crosslinked to RNA. The RNA-protein complexes were 

immunoprecipitated and treated with different distinct of RNase I (left: 1/50, right: 1/5000). RNA was 

radiolabelled and the RNA-protein complexes were separated by SDS-PAGE. The sharp band corresponds to the 

size of FLAG-Mkrn1 (arrow) while a smear indicates RNA of different sizes bound by Mkrn1. FLAG-tagged GFP 

was used as control. (B) RIP experiments in ovaries. Either FLAG-tagged Mkrn1 or Mkrn1ΔZnF1 were 

overexpressed in ovaries using a nos>Gal4 driver. Left: RNA enriched in the IP fractions was analyzed by RT-

qPCR using primers of the respective 3‘ UTRs. As control, ovarian lysate of the nos>Gal4 driver alone was used. 

Error bars depict SEM, n = 3, n.s. p > 0.05, * ≤ 0.05, ** p ≤ 0.01 (multiple t-test). Right: Representative western 

blot of a FLAG-RIP in ovaries. Note that the Mkrn1ΔZnF1 runs higher due to the additional Myc tag that is not 

present in the Mkrn1 transgene. 

 

Intrigued by the RNA-binding ability of Mkrn1, we aimed to analyze the specific binding site 

on osk mRNA. Therefore, iCLIP experiments for Mkrn1 were conducted in cultured cells. As 

osk is hardly expressed in S2R+ cells, a reporter containing the osk genomic region under the 
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control of an actin promoter was co-transfected with FLAG-tagged Mkrn1. Similar to 

autoradiography experiments, the RNA-protein complexes were covalently bound by 

crosslinking and isolated by FLAG-IP. Sequencing of the bound RNA further allows a 

nucleotide resolution of the crosslinking events between protein and RNA [256, 356, 357]. We 

identified 46 mRNAs specifically bound by Mkrn1. Among them was osk mRNA, depicting 

distinct binding sites in the 3’ UTR at the BRE-C (Fig. 13A). Interestingly, the binding sites are 

in close proximity to the polyA tail and upstream of an A-rich sequence (AR) bound by pAbp 

[110]. In addition, the Mkrn1 binding sites partially overlap with a cis-element that is bound by 

Bru1, the BRE-C. Bru1 is a well-studied translational repressor of osk that is known to bind to 

the BREs located in the osk 3’ UTR [318, 319]. However, the BRE-C region is also involved 

in translational activation of osk [320].  
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Figure 13. Mkrn1 specifically binds to osk 3‘ UTR. 

(A) iCLIP experiment of Mkrn1 in S2R+ cells. Above: gene browser view of osk depicts crosslinking events of 

either FLAG-tagged GFP (ctrl) or Mkrn1 (two technical replicates). Mkrn1 binds to the BRE-C region (yellow). 

Below: close up of the osk 3’ UTR indicates that the Mkrn1 binding site (turquois) partially overlaps with the 

BRE-C region upstream of an AR region (blue). Different cis-elements of the BRE-C region are indicated (yellow). 

(B and C) RIP experiments of FLAG-Mkrn1RING in S2R+ cells. Fold enrichment of the luciferase-osk-3’UTR 

reporter was analyzed by RT-qPCR. Fold change is illustrated relative to wild-type osk 3’ UTR reporter. (B) To 

validate the binding site of Mkrn1, this site was deleted (oskΔMkrn1, deletion of nucleotides 955-978 of osk 3’ UTR). 

Error bars depict SEM, n = 4. (C) The 3’ type II Bru1-binding site (nucleotides 968-973 of osk 3’ UTR) and BSF 

binding site (nucleotides 976-980 of osk 3’ UTR) were either deleted or mutated to analyze the association of 

Mkrn1 to the reporter constructs in S2R+ cells. Error bars depict SEM, n = 4. (D) BSF RIP was performed in either 

control (LacZ) or Mkrn1 knockdown S2R+ cells. Depicted is the relative change in binding to luciferase-osk-

3’UTR. Error bars depict SEM, n = 3. (B-D) Data information: n.s. p > 0.05, * ≤ 0.05, **** p ≤ 0.0001 (one sample 

t-test). 
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The binding sites identified by iCLIP were further verified using RIP experiments. For this, the 

3’ UTRs of either osk or grk were cloned downstream of the firefly luciferase coding sequence. 

The constructs were co-transfected in cells together with either FLAG-tagged GFP (ctrl) or 

Mkrn1RING. Similar to experiments performed in ovaries, the osk 3’ UTR displayed a significant 

enrichment in the Mkrn1 RIP compared to the grk 3’ UTR (Fig. S7A). Consistently, the binding 

to the osk 3’ UTR was reduced when using Mkrn1ΔZnF1. Furthermore, deletion of the binding 

site identified by iCLIP (nucleotides 955-978 of osk 3’ UTR; oskΔMkrn1, Fig. S7B) diminished 

the association of Mkrn1RING to the reporter construct (Figs. 13B and S8A).  

We next wondered whether Mkrn1 might bind to the 3’ type II Bru1-binding site (nucleotides 

968-973 of osk 3’ UTR, Fig. 13A). Interestingly, the group of Paul Macdonald observed that 

mutation of this sequence abrogates translational activation of osk [321]. To test binding of 

Mkrn1, the distal type II Bru1-binding site was either mutated (nucleotides 968-973 (TGTCC) 

mutated to CGCTT; osktypeII, Fig. S7B) or deleted (nucleotides 968-973 of osk 3’ UTR; oskΔtypeII, 

Fig. S7B). RIP experiments in S2R+ cells using FLAG-Mkrn1RING revealed that the association 

with osk 3’ UTR did not change when mutating the 3’ type II Bru1-binding site (Fig. 13C, S8B). 

However, deletion of the element reduced the binding of Mkrn1RING with osk by around half. 

Collectively, these results confirmed that Mkrn1 binds specifically to the 3’ UTR of osk via the 

ZnF1 domain and that its binding site partially overlaps with the Bru1 binding site. 

 

Another factor that has been shown to activate osk is BSF. Knockdown of BSF impairs osk 

translation during late oogenesis [321]. Interestingly, the binding site of BSF at osk overlaps 

with the Mkrn1 binding site [321]. Therefore, we asked if Mkrn1 and BSF may act in concert 

to regulate osk translation. To this end, we first assessed a possible interaction between the two 

proteins by co-IP experiments. Interestingly, we observed that BSF binds to Mkrn1RING in an 

RNA-independent manner (Fig. S8C). Next, generated a luciferase-osk-3’UTR reporter 

harboring a mutation in the BSF binding site (nucleotides 976-980 (TAACA) of osk 3’ UTR 

mutated to ATTGT; oskBSF, Fig. S7B) or a deletion. Interestingly, a mild but reproducible effect 

on Mkrn1 binding was observed with both mutant reporters (Fig. 13C, S8D). Given that the 

absence of Mkrn1 impaired osk translation in earlier stages than observed for BSF knockdown, 

we speculate that Mkrn1 might recruit BSF to osk 3’ UTR [321]. To examine this hypothesis, 

RIP experiments of FLAG-tagged BSF were performed in S2R+ cells subsequently to 

knockdown of Mkrn1 mRNA. However, the binding of BSF was unchanged compared to 

control cells (Fig. 13D, S8E). Therefore, we conclude that Mkrn1 does not affect the interaction 

of BSF with osk 3’ UTR in S2R+ cells.  



 RESULTS  

54 
 

3.3.2. The interaction of Mkrn1 to osk 3’ UTR 

depends on pAbp 

Due to our observations of pAbp interacting and stabilizing Mkrn1, we hypothesized that the 

protein might facilitate the binding of Mkrn1 to osk 3’ UTR. This argument is supported by the 

fact that pAbp binds in close proximity to the Mkrn1 binding site at the AR region of osk [110]. 

To test if pAbp has indeed a regulatory role on Mkrn1 binding, the AR region was deleted in 

the luciferase-osk-3'UTR reporter (nucleotides 987-1019 of osk 3’ UTR; oskΔAR, Fig. S7B). 

Intriguingly, RIP experiments in S2R+ cells revealed a reduction in Mkrn1RING binding to the 

reporter when the AR is absent (Fig. 14A, S9A). Moreover, the observed reduction is of similar 

extent as the deletion of the Mkrn1 binding site (oskΔMkrn1, Fig. 13B), suggesting that the AR 

sequence has an important function in the association of Mkrn1 to osk. The close proximity of 

the AR to the Mkrn1 binding site might enhance the probability of pAbp to interact with Mkrn1, 

which in turn leads to the increased stability of Mkrn1. Consistently, we observed a decreased 

enrichment of osk 3’ UTR  in the Mkrn1RING RIP upon knockdown of pAbp in S2R+ cells (Fig. 

14B, S9B). Since the knockdown of another interaction partner, Imp, did not result in a change 

of Mkrn1 binding, we conclude that this effect is specific for pAbp (Fig. 14B, S9C).  

If the diminished association of Mkrn1 to osk is indeed dependent on the interaction with pAbp, 

mutation of the PAM2 motif should interfere with the binding to osk as well. Therefore, the 

interaction of Mkrn1PAM2 with osk was assessed in S2R+ cells. In line with RIP experiments in 

ovaries, we observed a reduced binding of Mkrn1 to osk when the ZnF1 domain is deleted (Fig. 

14C, S9D). Interestingly, a similar reduction was observed when mutating the PAM2 domain. 

Furthermore, a double mutant comprising the deletion of the ZnF1 as well as a mutation of the 

PAM2 motif (Mkrn1ΔZnF1+PAM2) strongly impaired the association between Mkrn1 and osk (Fig. 

14C, S9D). Thus, Mkrn1 binds directly to osk 3’ UTR upstream of an AR region and this 

binding is facilitated or stabilized by the interaction with pAbp. Mkrn1 interacts with osk via 

its ZnF1 domain that does not interfere with the binding to pAbp. 
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Figure 14. Binding of Mkrn1 to osk 3‘ UTR depends on pAbp.  

(A-C) RIP experiments of FLAG-Mkrn1 to the luciferase-osk-3’UTR reporter in S2R+ cells. Error bars depict 

SEM. n.s. p > 0.05, **** p ≤ 0.0001 (one sample t-test). (A) A deletion of the A-rich region of osk 3’ UTR (oskΔAR, 

deletion of nucleotides 987-1019 of osk 3’ UTR) was introduced to examine the binding of Mkrn1RING. Fold 

enrichment displays the difference of immunoprecipitated oskΔAR reporter compared to IP with wild-type osk 3’ 

UTR. n = 4. (B) RIP experiments were performed in either control (LacZ), Imp or pAbp knockdown cells. Fold 

change of Mkrn1RING compared to the LacZ knockdown is displayed. n=3. (C) RIP experiments of different 

versions of FLAG-Mkrn1 binding to luciferase-osk-3’UTR. Fold change of binding to osk 3’ UTR is depicted 

compared to wild-type Mkrn1. Binding of Mkrn1 depends on the ZnF1 domain as well as the PAM2 motif. n ≥ 3.  

 

 

3.3.3. Mkrn1 antagonizes the binding of Bru1 to 

osk 3’ UTR 

As mentioned above, the Mkrn1 binding site at osk 3’ UTR partially overlaps with the BRE-C. 

Given the positive role of Mkrn1 on osk translation and the fact that interaction with osk occurs 

at a region bound by the translational repressor Bru1, it is possible that Mkrn1 and Bru1 

compete for binding to osk. To gain insights into this possible scenario, the interaction of both 

proteins and the well-studied binding partner of Bru1, Cup, was examined. Intriguingly, co-IP 

experiments in S2R+ cells showed that Mkrn1RING binds to both, Bru1 and Cup independently 

of RNA (Fig. S10A, S10B).  
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To next address whether Mkrn1 influences Bru1 binding to osk mRNA, we performed RIP 

experiments upon depletion of Mkrn1. We found that knockdown of Mkrn1 lead to an increased 

association of Bru1 with osk (Fig. 15A, S10C). In contrast, the interaction with other factors 

involved in osk regulation such as pAbp, Sqd and Imp was not affected (Fig. 15A, S10D, S10E). 

To confirm that Mkrn1 indeed influences the binding of Bru1 to osk, we repeated the RIP 

experiment in the absence of pAbp. Consistently, the luciferase-osk-3'UTR reporter was 

enriched in RIPs of GFP-Bru1 when pAbp was depleted (Fig. 15B, S11A). We also tested the 

association of Bru1 to the osk reporter deleted for the AR region. RIP experiments revealed a 

mild increase in Bru1 binding when using the oskΔAR reporter (Fig. S11B).  

As the experiments above were performed in Drosophila cultured cells, we aimed to confirm 

our findings in vivo as well. To this end, RIP experiments were conducted in ovaries using 

endogenous Bru1 antibody. Since Mkrn1N ovaries do not develop to late-stage egg chambers, 

ovarian extract from Mkrn1W flies was used. Heterozygous Mkrn1W ovaries were prepared in a 

similar manner as control. Consistent with the experiments in S2R+ cells, the interaction 

between Bru1 and osk mRNA increased in Mkrn1W mutant ovaries (Fig. 15C, S11C). Together, 

these results suggest that Mkrn1 competes with Bru1 for binding to the osk 3’ UTR.  

 

 
Figure 15. Mkrn1 competes with Bru1 for binding to osk mRNA.  

(A) RIP experiments of different proteins in either LacZ (control) or Mkrn1 knockdown condition in S2R+ cells. 

Fold change represents the difference in enrichment to osk 3’ UTR compared to control knockdown. Error bars 

depict SEM, n ≥ 4. (B) RIP experiments of GFP-tagged Bru1 in S2R+ cells either depleted for LacZ or pAbp 

mRNA. Fold change of osk 3‘ UTR upon pAbp knockdown is depicted. Error bars depict SEM, n = 3. (C) RIP 

experiments in ovaries for endogenous Bru1. Fold change depicts enrichment of endogenous osk in heterozygous 

(wild-type) compared to homozygous Mkrn1W ovaries. Error bars indicate SEM, n = 4. (A-C) Data information: 

n.s. p > 0.05, ** ≤ 0.01, **** p ≤ 0.0001 (one sample t-test). 
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3.3.4. Mkrn1 does not influence Bru1 dimerization 

nor its interaction with Cup 

Bru1 was recently shown to be phosphorylated resulting in its homodimerization [358]. The 

phosphorylation relieves the repressive effect of Bru1 and stimulates osk translation. We thus 

wondered whether Mkrn1 mediates osk translation by affecting Bru1 phosphorylation or 

homodimerization. To test this possibility, co-IP experiments were performed in S2R+ cells. 

Using two differently tagged versions of Bru1, the homodimerization can be examined by 

western blotting. We did, however, not observe a change in Bru1 dimerization upon knockdown 

of Mkrn1 (Fig. S12A).  

 

Apart from the dimerization, the function of Bru1 is regulated via its interaction with Cup [60]. 

To elucidate a possible role of Mkrn1 in regulating the interaction between Bru1 and Cup, co-

IP experiments were conducted in cultured cells. Compared to the control, depletion of Mkrn1 

did not affect the interaction of Bru1 with Cup (Fig. S12B). This finding suggests that in 

Mkrn1W ovaries, Cup should also associate stronger with osk mRNA via its interaction to Bru1. 

Therefore, we performed RIP experiments using an endogenous Cup antibody with ovarian 

extracts from Mkrn1W flies. Surprisingly, the interaction of Cup with osk was not altered in the 

Mkrn1W mutant (Fig. S12C). These results indicate that Mkrn1 targets specifically Bru1 but 

does not interfere with Cup. 

 

Since Mkrn1 is an E3 ligase, it is possible that it exerts its function via ubiquitination of Bru1. 

To test this hypothesis, we performed a ubiquitination assay in S2R+ cells: Bru1, Cup and Imp 

were overexpressed in either control or Mkrn1 depleted cells and subsequently isolated by IP. 

The stringent conditions employed during the IP allowed isolation of the respective protein 

without other interaction partners (5.2.6.5). The ubiquitination was further tested by western 

blotting using an antibody against endogenous Ub. However, neither Bru1, Cup nor Imp 

displayed ubiquitination in any of the conditions tested (Fig. S13A, S13B), suggesting that 

Mkrn1 does not ubiquitinate either of the proteins.  

Interestingly, pAbp depicted a polyubiquitin signal in control conditions, which was clearly lost 

upon Mkrn1 depletion (Fig. S13B). This indicates that pAbp is targeted for ubiquitination, 

perhaps directly via Mkrn1. 
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3.3.5. Mkrn1 has no global effect on translational 

regulation 

Human MKRN1 has been recently identified to regulate aberrant translation of A-rich 

sequences [173]. Readthroughs of the ribosome into polyA stretches results in recruitment of 

MKRN1 and ZNF598. The two proteins subsequently induce RQC by ubiquitination of 

ribosomal proteins and PABP [161, 162, 173]. In Drosophila, Mkrn1 binds upstream of an A-

rich sequence at the osk 3’ UTR and this association strongly depends on pAbp. Moreover, 

Mkrn1 influences the ubiquitination of pAbp. Thus, we wondered if Drosophila Mkrn1 might 

have a similar effect on RQC. To test this possibility, we took advantage of a flow cytometry-

based assay that has been used before to study RQC in human cells [161]. This assay employs 

a reporter consisting of GFP and RFP that are separated by viral P2A sequences (Fig. S14A). 

The P2A element leads to skipping of the peptide bond formation without terminating 

translation [359-361]. A FLAG-tagged stalling reporter (SR) is inserted between the GFP and 

RFP coding sequences, which contains a stretch of adenosine triplets encoding for lysine 

(KAAA)N [161]. If the SR does not contain lysine codons translation is not affected. This (KAAA)0 

SR leads to GFP and RFP being equally translated (Fig. S14A). However, if the SR consists of 

a longer stretch of adenosine triplets as for instance in (KAAA)20, the ribosome stalls and 

translation abrogates resulting in a shifted ratio towards GFP (Fig. S14A) [161].  

In human cells, knockdown of either ZNF598 or MKRN1 rescues this ratio by increasing 

translation of RFP due to suppression of ribosome stalling [161, 173]. Employing the same 

reporter in Drosophila S2R+ cells revealed a similar shift towards GFP when using an high 

number of lysine codons (Fig S14B). In line with observations in humans, this shift was not 

visible when using a nucleotide stretch encoding for arginines (RCGA)10 [161]. However, 

knockdown of either Mkrn1 nor the ortholog of human ZNF598, CG11414, did not rescue 

translation of RFP (Fig. S14B). This result suggests that the RQC pathway in Drosophila is not 

regulated by Mkrn1. 

 

As many of the Mkrn1 interactors are involved in translation, we argued that Mkrn1 might have 

a global effect on protein synthesis. To test this, mass spectrometry-based proteome analysis of 

S2R+ cells was performed in different conditions. However, neither knockdown nor the 

overexpression of Mkrn1 did interfere with protein synthesis on a global scale (Fig. S15A, 

S15B). Thus, these results suggest that the function of Mkrn1 on translation is highly specific.  
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3.4. The regulation of Mkrn1 

3.4.1. The function of Mkrn1 is not regulated by 

phosphorylation 

As osk expression undergoes a high degree of regulation, Mkrn1 itself might be tightly 

regulated to ensure a spatial and temporal activation of translation. One possible way to regulate 

the activity, localization and stability of a protein is by phosphorylation. Employing the online 

prediction tool PTMcode2 for possible phosphorylation sites in Mkrn1 identified only one 

residue, serine 343 (Fig. S16A) [362]. To analyze if Mkrn1 is regulated via phosphorylation of 

this serine, two different point mutations were introduced that either inhibit the usage of the 

amino acid for phosphorylation (mutation of serine to alanine, Mkrn1S343A) or mimic 

phosphorylation (mutation of serine to aspartic acid, Mkrn1S343D). Together with wild-type 

Mkrn1, the mutants were overexpressed in S2R+ cells and binding to osk 3’ UTR was assessed 

by RIP experiments. Neither the phosphosilant nor the phosphomimetic mutant had an impact 

on binding to the luciferase-osk-3'UTR reporter (Fig. S16B). Similarly, we did not observe a 

change in the interaction with pAbp for any of the mutants (Fig. S16C), suggesting that Mkrn1 

might not be regulated by phosphorylation. 

 

 

3.4.2. Mkrn1 autoregulates itself via the RING 

domain 

Mammalian MKRN1 has been shown to autoubiquitinate itself resulting in its own degradation 

by the proteasome [173, 181, 184]. A mutation of the RING domain abolishes this 

autoregulation leading to elevated protein levels. Since we observed a similar effect in 

Drosophila, we hypothesized that this autoregulation might be conserved. To test this, FLAG-

tagged versions of the different Mkrn1 mutants were overexpressed in S2R+ cells. As described 

before, an IP against the FLAG tag was performed in order to isolate Mkrn1 applying stringent 

conditions (5.2.6.4.1). Western blot analysis revealed that Mkrn1 depicts a polyubiquitination 

pattern similar to its human ortholog (Fig. 16A) [173, 181, 183, 340]. Intriguingly, this signal 
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is present in all mutants except for Mkrn1RING, indicating that the RING domain mediates 

polyubiquitination of Mkrn1.  

If Mkrn1 directly mediates its own polyubiquitination, the E3 ligase should be able to 

homodimerize. To this end, Mkrn1 proteins containing different tags were overexpressed in 

S2R+ cells and isolated by IP. The co-IP experiments revealed that Mkrn1 is indeed able to 

bind to itself (Fig. 16B). Furthermore, we also observed that the Mkrn1RING mutant can bind to 

itself (data not shown). Thus, our data suggests that Mkrn1 binds and polyubiquitinates itself, 

probably to autoregulate its protein levels within the cell.  

 

 

Figure 16. Mkrn1 ubiquitinates itself. 

(A) Ubiquitination assay of different Mkrn1 mutants in S2R+ cells. FLAG-tagged GFP or different Mkrn1 mutants 

were overexpressed and immunoprecipitated. IP efficiency and ubiquitination pattern were analyzed by western 

blotting. Ubiquitination is diminished in the Mkrn1RING mutant. (B) Western blot depicting co-IP experiments of 

differently tagged versions of Mkrn1. HA-Mkrn1 was overexpressed co-expressed with Myc-tagged GFP or 

Mkrn1. Myc-IP was performed in the presence or absence of RNase T1.  
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4.1. Mkrn1 is a new regulator of 

oogenesis 

With this study, the function of the RBP Mkrn1 was characterized using Drosophila as a model 

system. Strikingly, knockout of Mkrn1 results in female sterility (Fig. 6C), identifying the 

conserved E3 ligase as a novel regulator of oogenesis. In line with the specific expression of 

Mkrn1 in ovaries (Fig. 5), the knockout displays a female-specific phenotype. Moreover, 

overexpressing Mkrn1 in the germline, but not in follicle cells rescued the complete knockout 

of Mkrn1 (Mkrn1N, Fig. S1). To further analyze the function of Mkrn1 during oogenesis, the 

rescue potential of different Mkrn1 mutant constructs was examined. These experiments 

highlighted that the RING domain and PAM2 motif are essential for the function of Mkrn1 

(further discussed in 4.1.2 and 4.2). 

In collaboration with the group of Paul Lasko, different mutations within the Mkrn1 gene were 

introduced. For instance, the Mkrn1S allele only expresses a truncated version of Mkrn1 and 

displays a similar phenotype as Mkrn1N. On the other hand, the Mkrn1W mutation consists of a 

small deletion of the ZnF1 that disrupts the RNA-binding ability of the protein (Fig. 12A). This 

allele has a weaker phenotype: ovaries can partially develop to eggs. However, the Mkrn1W 

allele is embryonic lethal as none of the laid eggs further develop to larvae. Together, these 

observations imply that Mkrn1 is essential for oogenesis.  

Interestingly, the E3 ligase is dispensable for other tissues and developmental stages. 

Consistently, another study reported similar findings: female Mkrn1 null mutants are sterile and 

this phenotype can be rescued by germline-specific overexpression of Mkrn1 [186]. However, 

the authors showed that Mkrn1 has an important role in the regulation of the insulin pathway. 

This is in contrast to our work implicating Mkrn1 as a novel regulator of osk translation. It 

might be possible that Mkrn1 has diverse functions during oogenesis. In line with this, another 

study in mice also identified MKRN1 as a regulator of the insulin pathway, suggesting that the 

function of Mkrn1 is conserved throughout different species [340]. As the Mkrn1W allele gives 

rise to a weaker phenotype, another domain that is functional in this mutant might be required 

to regulate insulin signaling.  

 

Apart from Mkrn1, three other related genes (CG12477, CG5334 and CG5347) are present in 

Drosophila. Interestingly, these three genes exhibit an expression pattern that greatly differs 

from Mkrn1 with high levels in males and during pupation (Fig. 5). The differential expression 
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might indicate that the Mkrn1-related genes have an independent function, maybe in testis. This 

hypothesis is supported by observations in mice where knockout of MKRN2 leads to complete 

sterility of males, but not in females [195]. Furthermore, the study found a positive association 

of mutations in the human MKRN2 gene and male sterility.  

Intriguingly, MKRN2 knockout in mice led to increased apoptosis in testis [197]. Similarly, we 

observed apoptosis in Mkrn1 mutant ovaries (Fig. 7B). This suggests that murine MKRN2 and 

Drosophila Mkrn1 might act by a similar mechanism. To test if the Mkrn1-related genes display 

a similar phenotype as reported in mice, knockout of CG12477 was performed and a potential 

effect on fertility was examined. However, both females and males were fertile and produced 

viable progeny (Fig. 6C). This result indicates that CG12477 might encode a non-functional 

retrocopy. Indeed, retroposition of Mkrn genes is frequent across evolution, resulting in 

duplicated genes that are not functional [170]. On the other hand, it is possible that CG12477, 

CG5334 and CG5347 have a redundant role in males. To test this possibility, triple knockouts 

should be examined for effects on fertility and spermatogenesis.  

 

 

4.1.1. Mkrn1 specifically regulates osk translation 

Translational activation of osk was suggested to be induced by active derepression once the 

mRNA reaches the posterior pole of the oocyte [327]. Several lines of evidence support Mkrn1 

as a novel derepressor of osk. First, Mkrn1 is a cytoplasmic protein that localizes to the posterior 

within the oocyte (Fig. S3B, S6B). Second, it interacts with many known RBPs that regulate 

osk expression (Fig. 9, S4). Third, Mkrn1 binds directly and with high specificity to osk 3’ UTR 

(Fig. 12B, 13A). Moreover, Mkrn1 associates with osk at the BRE-C known to be bound by the 

translational repressor Bru1 and the interaction of Mkrn1 with osk has an antagonistic effect on 

Bru1 binding (Fig. 12B, 15, S10). Finally, in the absence of Mkrn1, Osk protein levels are 

dramatically reduced (Fig. 8A, 11C). Together, these observations support the hypothesis that 

Mkrn1 is a component of the osk mRNP, which is required for activation of osk translation.  

 

Curiously, knockdown or overexpression of Mkrn1 in cultured cells had only a mild effect on 

the proteome (Fig. S15). The small changes observed suggest that Mkrn1 does not have a global 

role on translation but regulates only a specific set of mRNAs. Nevertheless, it would be 
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important to examine changes on the proteome in Mkrn1 mutant ovaries as this is the place 

where loss of Mkrn1 produces a strong phenotype. 

 

 

4.1.1.1. Mkrn1 is part of the osk mRNP  

Our mass spectrometry experiments revealed that Mkrn1 interacts with several proteins 

involved in osk expression (Fig. 9). As many of the binding partners of Mkrn1 are known to 

associate with osk mRNA, it is likely that Mkrn1 is part of a multiprotein complex regulating 

the transcript. This is supported by various studies examining the association of Mkrn1’s 

interactors with each other. For instance, Sqd is known to bind to Imp, Hrb27C, and Cup [289, 

290, 294]. Furthermore, Hrb27C and Me31B both bind to Cup, and Imp interacts with Hrb27C 

[60, 290, 294]. All of these interactions are mediated by RNA. Moreover, Me31B and Sqd 

interact with Bru1 [60, 285]. Together, these observations demonstrate that the regulators of 

osk bind to each other – either directly or mediated by the mRNA itself. Due to the RNA-

independent association of Mkrn1 with its binding partners, Mkrn1 might be part of different 

osk mRNPs regulating distinct processes.  

 

As stated above, many Mkrn1-interacting partners are known regulators of translation. This 

includes the initiation factors eIF4G and pAbp [15]. Moreover, Imp, Me31B, larp, Sqd, 

Hrb27C, and the human orthologs of Larp4B and Upf1 associate with pAbp to regulate 

translation [74, 294, 351-353, 363].  

 

In mammals, IGF2BP represses translation of β-actin mRNAs during its axonal transport [48-

50]. Interestingly, Drosophila Imp has been implicated in translational control of localized 

mRNAs during neurogenesis and oogenesis [290, 330, 364, 365]. Furthermore, PABP stabilizes 

the RNA-binding ability of IGF2BP [366]. Given that pAbp acts on Mkrn1 in a similar manner, 

it is tempting to speculate that, when binding together to mRNA, Imp, Mkrn1 and pAbp 

stabilize one another. In support of this hypothesis, the interaction of pAbp with Imp is reduced 

in Mkrn1 depleted cells (data not shown). 

 

In addition, IGF2BP remodels the structure of its bound RNA [367]. This remodeling step was 

suggested to be required for other factors to bind to the same transcript. Since Imp binds to the 
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osk 3’ UTR as well, one could argue that the protein modulates the accessibility of osk mRNAs 

for Mkrn1 and other factors [330]. However, for Mkrn1, binding to osk does not depend on Imp 

nor does Mkrn1 affect the interaction of Imp with osk 3’ UTR in S2R+ cells (Fig. 14B, 15A, 

S9C, 10D). Still, it would be compelling to repeat these experiments in ovaries where an effect 

could be more pronounced.  

 

Me31B on the other hand has an established role in repressing translation. The yeast and human 

orthologs initiate mRNA decay by recruiting the decapping complex and CCR4-NOT1 [66-68]. 

Interestingly, although the interaction between the two proteins was relatively weak, Mkrn1 

protein levels were greatly reduced in Me31B depleted cells (data not shown). It is plausible, 

that Me31B affects the mRNA or protein stability of Mkrn1. Moreover, the RNA helicase 

activity of Me31B might be required for the accessibility of osk for Mkrn1. In this case, we 

expect that knockdown of Me31B would affect the binding of Mkrn1 to osk 3’ UTR which 

could be measure by RIP experiments. 

 

The functions of larp and Larp4B on translation are more elusive as they depend on the bound 

mRNA and interacting proteins [72]. Consequently, human LARP1 was shown to both repress 

and activate translation when binding to 5’ TOP mRNAs [71, 73]. Moreover, in C. elegans, 

larp regulates translation during oogenesis via mRNA decay [70]. Similarly, human LARP4 

also binds A-rich sequences together with PABP [363]. However, Drosophila Larp4B appears 

to negatively influence translation [355, 363]. We did not test the genetic or physical association 

of larp nor Larp4B to Mkrn1, but such experiments would be helpful to analyze the 

dependencies of the proteins with each other. 

 

Together, the findings reveal that Mkrn1 exists as part of one – or several – mRNP complexes 

that regulate osk translation. This implies that most likely, Mkrn1 acts in synergy with other 

regulatory proteins to fulfill its job. Further experiments are needed to clarify their interplay. 
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4.1.1.2. Mkrn1 activates translation by competing with Bru1 

for binding to osk 

The BRE-C region was shown to be required for both repression and activation of osk 

translation [296, 320]. Deletion of this sequence results in severe patterning defects due to the 

absence of Osk protein. Our demonstration that Mkrn1 associates with the BRE-C to activate 

translation of osk by competing with Bru1, answered a long-standing question about the dual 

activity of this cis-regulatory sequence. 

 

We tested the antagonizing function of Mkrn1 via different approaches. For instance, 

knockdown of either Mkrn1 or pAbp in S2R+ cells increased the association of Bru1 to osk 3’ 

UTR (Fig. 15A, 15B, S10C, S11A). A similar result was observed in Mkrn1W ovaries (Fig. 15C, 

S11C). Surprisingly, while deletion of the AR region reduces the interaction of Mkrn1 to osk, 

it only had a minor impact on Bru1 binding (Fig. 14A, S11B). An earlier study reported a similar 

observation of Bru1 binding being unaffected when the AR region of osk 3’ UTR was deleted 

[110]. Given that the binding of Mkrn1 to oskΔAR is only reduced to around 40%, it could be 

that the residual Mkrn1 proteins interacting with osk are sufficient to antagonize Bru1 binding. 

Also, the increased association of Bru1 to osk in Mkrn1W ovaries was weaker than the increase 

observed in cultured cells. Since the main fraction of osk is not localized to the posterior and is 

translationally silent, it might overshadow the effect seen for the Mkrn1 mutant. In the future, 

in vitro binding assays using the osk 3’ UTR with different deletions including the AR region 

could help to decipher the competitive behavior of Mkrn1 to Bru1. 

 

In support of the competitive binding of the two proteins at osk 3’ UTR, we found that they also 

interact genetically: a partial rescue of osk translation was observed when removing one copy 

of Bru1 in the Mkrn1W mutant [346]. This partial rescue, however, suggests that additional 

mechanisms are involved to relieve the repression by Bru1. Perhaps a similar competitive mode 

of binding between Bru1 and BSF occurs at a later stage (see also below). Another important 

question to address will be to identify the signal that releases Bru1 repressive function towards 

osk translation only when the transcript reaches the posterior pole. Why the competition 

between Mkrn1 and Bru1 occurs only at the posterior? Perhaps the polyA tail of osk mRNA 

increases in size at this location, allowing stronger binding of pAbp, and therefore the 

stabilization of Mkrn1 and its interaction with osk. More experiments would be required to test 
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this hypothesis, including in vitro binding assays with osk containing different polyA tail 

lengths in the absence or presence of pAbp.  

 

 

Figure 17. Model of Mkrn1 regulating translation of osk mRNA. 

During transport of osk, Bru1 and Cup associate with the mRNA and repress its translation. At the posterior of the 

oocyte osk translation is activated. One factor involved in this derepression is Mkrn1 that is recruited to the osk 3’ 

UTR and stabilized by pAbp. The interaction with Mkrn1 leads to the displacement of Bru1 from the BRE-C, 

promoting osk translation. 

 

Another open question raised from our work is to understand how precisely Mkrn1 interplays 

with Bru1. Bru1 represses translation by interacting with Cup, a 4E-BP that competes with 

eIF4G for binding to eIF4E [59-61]. Moreover, repression can be achieved by Bru1 

homodimerization [358]. Surprisingly, neither the interaction of Bru1 to Cup nor its 

dimerization was affected in Mkrn1 depleted cells (Fig. S12A, S12B). Similarly, Cup binding 

to osk was hardly affected in Mkrn1W ovaries (Fig. S12C). This might be due to the fact that the 

majority of osk mRNA is in a repressive state, making it difficult to dissect changes occurring 

only at the posterior pole. However, our findings could also indicate that Mkrn1 activates 

translation by a mechanism that does not involve Cup. In line with this observation, Mkrn1 

interacts with eIF4G but not with eIF4E, which is bound by Cup (Fig. S4G).  

 

Another possibility could be that, by repelling the binding of Bru1, Mkrn1 reduces the RNA-

RNA dimerization of osk transcripts. The mRNAs might thus be less associated with each other 
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enabling the binding of translation factors and ribosomes. Such a mechanism has been proposed 

for osk mRNA to occur independently of Cup and the 5’ cap [322, 323].  

Also, for nos mRNA, an analogous mechanism was suggested to repress its translation during 

embryogenesis [368]. Intriguingly, Me31B was identified as one factor that interacts with nos 

mRNA with a high stoichiometry [368]. The binding of Me31B might in turn prevent 

recruitment of the ribosome to nos mRNA. Thus, it would be intriguing to analyze the interplay 

of Mkrn1 and Me31B on osk in more detail. 

 

BSF was also recently identified as a positive regulator of osk translation [321]. The binding 

site of BSF was reported to have a strong influence on embryonic patterning similar to the 

phenotype observed for Mkrn1 mutants [273, 321]. The Mkrn1 binding site overlaps with the 

distal type II Bru1-binding site, which is also bound by BSF, and deletion of this sequence 

affects the association of Mkrn1 to osk (Fig. 13A, 13C, S8B). However, a mutation that affects 

BSF binding did not change the interaction of Mkrn1 with osk. Moreover, mutating or deleting 

the main BSF binding site had only a mild effect on Mkrn1. Therefore, BSF might influence 

the binding of Mkrn1 only to some extent. Also, we did not observe a change in binding of BSF 

when Mkrn1 was depleted (Fig. 13D, S8E). Nevertheless, since Bru1 is not expressed in S2R+ 

cells, it is possible that our results obtained in cultured cells do not reflect the in vivo situation. 

For instance, additional factors only present at the posterior of the oocyte might be required for 

this regulation. 

 

An elegant way to regulate translation of osk would be by Mkrn1 and BSF acting in synergy. 

BSF is required for osk translation only at stage 10 onwards indicating that another factor is 

necessary to activate translation during mid-oogenesis [321]. During mid-oogenesis, the effect 

of Mkrn1 on Bru1 binding might be required to derepress a subset of osk transcripts. This initial 

activation might be further enhanced by BSF in late oogenesis. Such a stepwise activation might 

be required to ensure correct osk expression and would explain why Mkrn1 has a relatively mild 

effect on Bru1 binding.  

Interestingly, for the accurate translational control of polar granule component (pgc) mRNA, a 

cascade of different regulatory factors acting at specific stages of oogenesis was proposed [369]. 

The restrictive manner by which individual factors regulate pgc is necessary to establish a 

distinct expression pattern. Furthermore, the study predicts that such complex mechanisms are 

used for many different mRNAs during oogenesis. Due to the plurality of regulators required 
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for osk expression, it is reasonable to assume that osk translation could be activated by a similar 

stepwise mechanism. 

 

 

4.1.2. The function of Mkrn1 is regulated by pAbp 

Using different approaches, we identified pAbp as crucial interactor of Mkrn1 in Drosophila. 

The interaction was confirmed by various mass spectrometry approaches (Fig. 9, 10B) as well 

as by co-IPs in S2R+ cells and ovaries (Fig. 10A, S4A). Moreover, we identified the PAM2 

motif in Drosophila Mkrn1 as the region required for the binding to pAbp (Fig. 10E, 11A, see 

also 4.1.2.1). The increased stability of Mkrn1 in the presence of pAbp (Fig. 10C) and the 

reduced protein level of Mkrn1PAM2 in ovaries (Fig. 11A, 11C) further demonstrate the 

importance of this interaction to stabilize the E3 ligase. Consequently, if pAbp is depleted or 

the PAM2 motif mutated, the association of Mkrn1 to osk 3’ UTR is impaired (Fig. 14).  

 

Consistent with the functionality of this interaction, overexpression of Mkrn1PAM2 in the null 

allele led to the production of a certain number of eggs but none of them hatched (Fig. 11B). 

Moreover, Osk protein level was reduced and not localized to the posterior (Fig. 11C, 11D). In 

contrast, this effect was not observed when using Mkrn1 with a deletion of the ZnF1 domain. 

Instead, rescue with Mkrn1ΔZnF1 displayed a phenotype more similar to wild-type ovaries, 

producing viable embryos. This result was not anticipated as the deletion of the ZnF1 in the 

Mkrn1W mutant leads to embryonic lethality. We suspect that the protein level of Mkrn1ΔZnF1 

in the rescue experiment might increase the probability of the mutant to associate with pAbp, 

and therefore bypass the need to directly interact with osk mRNA. Consequently, Mkrn1ΔZnF1 

still localized to the posterior pole, which was not observed when the PAM2 motif was mutated 

(Fig. S6B). Hence, although the RNA-binding ability is to some extent dispensable, the 

interaction with pAbp is essential for the function of Mkrn1. 

 

For human MKRN1, a similar dependency on pAbp was observed, as MKRN1 binds less 

efficiently to RNA when the PAM2 motif is mutated [173]. Interestingly, the same study found 

that MKRN1 binds to mRNAs predominantly upstream of A-rich stretches, as we observed for 

Mkrn1 binding to osk. Therefore, the presence of A-rich sequences could be a conserved 

prerequisite for Mkrn1 binding. We could not address this on a global scale in Drosophila as 
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our iCLIP approach was suboptimal and only a few targets were identified. It would be 

compelling to repeat this experiment in ovaries, to identify the full set of physiological targets 

and to analyze their nucleotide sequences downstream of Mkrn1 binding sites.  

 

 

4.1.2.1. Mkrn1 interacts with pAbp via a non-conserved PAM2 

motif 

In the course of this study, we identified a non-conserved PAM2 motif in Mkrn1 which contains 

a glutamic acid to valine substitution (Fig. 10D). Despite this mutation, the interaction with 

pAbp is intact (Fig. 10D, 11A). The interaction between Mkrn1 and pAbp is also conserved in 

other species including C. elegans where mkrn1 contains a PAM2 with the EFxP consensus 

sequence (Almeida and Ketting, personal communication). In contrast, Mkrn4 in Danio rerio 

lacks this motif and does not bind to Pabp (Wittkopp and Ketting, personal communication). 

Together, these observations suggest that the PAM2 motif has a conserved and essential 

function in Mkrn1 to mediate the interaction with pAbp. 

 

Compared to other PABP-interacting proteins like Paip1 and Paip2, MKRN1 only shares the 

essential EFxP motif [173]. Although this finding is surprising, it seems very common for the 

motif to diverge: for other proteins containing PAM2 motifs that differ from the consensus site, 

the interaction with PABP was also shown to be maintained [370]. For instance, the PAM2 of 

LARP4 does not possess the EFxP core but still associates with PABP [363]. 

 

It is then clear that the PAM2 motif of MKRN1 has partially evolved but the structure still 

allows binding to PABP. Usually, the PAM2 motif recognizes the MLLE domain [111, 174]. 

However, rat MKRN1 mainly interacts with PABP via the RRM1 and RRM2 domains [212]. 

Interestingly, the RRM2 domain also interacts with eIF4G [371]. An altered PAM2 motif that 

binds to RRM1 and RRM2 could potentially enhance the interaction with eIF4G and other 

members of the PIC. This in turn would increase translation efficiency, which was reported for 

rat MKRN1 [212]. It would be interesting to investigate if a similar binding preference exists 

for Drosophila Mkrn1. To address this, binding assays of Mkrn1 with different truncated 

versions of pAbp could be examined.  
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In addition to PAM2, MKRN1 contains a PAM2L motif. Recently, a study in Ustilago maydis 

focused on the protein Upa1 that possesses such a PAM2L motif [175]. Interestingly, the 

authors showed that this PAM2L motif was able to interact with the MLLE domain of Rrm4 

and is required for the recruitment to endosomal mRNPs. This MLLE domain however displays 

a distinct sequence that differs from the PABP MLLE domain. 

In Drosophila, the PAM2L motif comprises a mutation within the consensus site (DFVCP 

instead of EFxxP). Similar to the PAM2 motif, this mutation is conserved among close relatives 

of Drosophila including Anopheles (Rücklé and Zarnack, personal communication). Likewise, 

this amino acid substitution might not interfere with the interaction to a certain binding partner. 

Currently, the relevance of this motif for Mkrn1 function is unknown. Mutational analysis and 

mass spectrometry approaches could help to elucidate this question and identify potential 

factors that require this motif for interacting with Mkrn1. 

 

 

4.1.3. Other possible functions of Mkrn1 during 

oogenesis 

We identified a role for Mkrn1 on translational activation of osk. Nevertheless, due to its 

essential function during oogenesis, the question arises if Mkrn1 possesses other roles within 

the oocyte besides mediating osk translation.  

 

Since many interaction partners of Mkrn1 regulate mRNA stability, it is tempting to speculate 

that Mkrn1 could regulate this process as well. For instance, pAbp has a distinct role in 

stabilizing osk mRNA by binding to the AR region in its 3’ UTR  [110]. Cup on the other hand 

can recruit the deadenylase complex to repress translation [317]. Moreover, in Cup mutants osk 

mRNA levels are reduced [372]. Mutating the binding site of BSF negatively affects the 

stability of osk mRNA as well [273]. Also for bcd, BSF has a positive influence on its stability 

[373]. In addition, Imp was shown to stabilize its bound mRNAs in human cell culture as well 

as in Drosophila neurons [374, 375]. Furthermore, Me31B and larp negatively affect the 

stability of their mRNA targets [68, 69, 74].  

Nevertheless, using RNA-seq and RT-qPCR we did not detect a global effect on RNA stability 

in Mkrn1W ovaries (Fig. 8B, S2). Consistently, Mkrn1 does not interact with the decapping 

enzyme Dcp1 (Fig. S4F). These findings are further supported by observations in mouse ESCs 
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where MKRN1 is not required for the stability of its mRNA targets [185]. Therefore, despite 

the association of Mkrn1 with several factors involved in mRNA stability, our results indicate 

that Mkrn1 does not carry out such a function. 

 

Similarly, it is unlikely that Mkrn1 regulates the localization of osk mRNA to the posterior. In 

Mkrn1W ovaries, a clear localization of osk to the posterior was visible at stages 7/8 [346]. 

Starting at stage 10B, osk mRNA was detached from the posterior due to a lack of Osk protein, 

which is required for anchoring of its own transcript [248, 249]. Moreover, deletion of the BRE-

C region at the osk 3’ UTR did not interfere with its early posterior localization [296, 320]. 

Thus, the results of our study together with those of other groups suggest that Mkrn1 is not 

involved in the localization of osk mRNA. We cannot rule out, however, that Mkrn1 mediates 

the localization of other mRNAs. In situ hybridizations of different mRNAs in Mkrn1W ovaries 

could help to identify such a function. 

 

 

4.1.3.1. Mkrn1 as a regulator of the polyA tail length 

Many reports highlighted the role of polyA tail lengthening in translational activation of 

maternal mRNAs [97]. This is also the case for osk as its polyA tail requires at least 150 

adenosines to be translated [335]. Interestingly, a recent study demonstrated that Bru1 

negatively influences the polyA tail length of osk [105]. Moreover, Bru1 shows homologies to 

the EDEN-binding protein that induces deadenylation in Xenopus embryos [319, 376]. It is thus 

possible that Bru1 is able to act as translational repressor by maintaining a short polyA tail.  

 

However, lengthening of the polyA tail itself cannot overcome Bru1-mediated repression 

indicating that additional regulators are required [335]. Since Mkrn1 binds in close proximity 

to the polyA tail, interacts with pAbp and displaces Bru1 from osk, it is a good candidate to 

additionally relieve osk repression. Consistent with such a role, knockdown of Mkrn1 led to a 

slight but significant decrease of pAbp binding to osk 3’ UTR (Fig. 15A). This reduced 

enrichment of osk might be due to a shorter polyA tail length. Alternatively, Mkrn1 may have 

a mild stabilizing effect on pAbp. In our interactome experiments, we did not find evidence for 

an association of Mkrn1 with polyA polymerases. However, Bru1 interacts with Orb, which 

positively regulates the polyA tail length of osk  [335]. Further experiments assessing the polyA 
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tail length of osk in Mkrn1W ovaries and a potential interaction with Orb could tell us whether 

Mkrn1 is involved in this function. 

 

 

4.1.3.2. Mkrn1 as a possible new m6A reader 

A layer of gene regulation that recently gained strong interest is the modification of distinct 

nucleotides on mRNAs. One prominent modification that has been extensively studied is N6-

methyladenosine (m6A). Intriguingly, m6A deposited on mRNA can enhance translation of the 

targets [377]. Moreover, during oogenesis and embryogenesis, the modification is used to 

regulate the levels of maternal mRNAs [378, 379].  

Overall, the impact of m6A greatly depends on reader proteins that recognize and bind to the 

modified base. The number of identified m6A readers is constantly growing revealing the 

complex regulation of methylated mRNAs. For instance, in human cell culture, IGF2BP 

proteins, Fragile X Mental Retardation Protein 1 (FMR1) and YBX1 were recently classified 

as such novel m6A reader proteins [374, 377, 380].  

 

Strikingly, mass spectrometry experiments revealed that human, mouse and Drosophila 

MKRN1 interact with IGF2BP1, FMR1 and YBX1 [173, 185, 346]. In addition, these proteins 

are expressed during Drosophila oogenesis where m6A levels are high [290, 330, 381-383]. 

Thus, it is possible that the modification has a function in regulating maternal mRNAs during 

Drosophila oogenesis, and Mkrn1 could be involved in this process. Consistently, our group 

has preliminary data suggesting that indeed Mkrn1 binding is enriched on methylated mRNA 

in S2R+ cells (Stock and Roignant, unpublished). Thus, one potential novel reader protein could 

be Mkrn1 that would exert its function in translational activation after binding to m6A-modified 

mRNA. 

While a direct binding of Mkrn1 to Imp was confirmed, the interaction with FMR1 and Yps 

still needs to be addressed. We could imagine a scenario where the modification would be added 

at the posterior site of the oocyte, leading to enhanced binding of Mkrn1 to osk mRNA, either 

directly or indirectly via its interaction with Imp, and perhaps others like Fmr1 and Yps. This 

would explain why osk is only translated when reaching the posterior pole. Further experiments 

are needed to test this hypothesis. For instance, the binding of Mkrn1 to osk could be examined 

in ovaries depleted for the functional m6A writer complex [381]. Also, localization and protein 
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levels of Osk in these mutants would give insights into a potential role of m6A on osk 

expression. 

 

 

4.2. The E3 ligase activity of Mkrn1 is 

essential for its function 

In our work, the importance of the E3 ligase activity of Drosophila Mkrn1 was determined. 

Similar to mammalian MKRN1, the RING domain is essential for the function of the RBP since 

a mutation that removes the domain gives rise to an early arrest during oogenesis (Fig. 6, 7). 

Furthermore, overexpression of Mkrn1 with a mutation in the RING domain could not rescue 

the Mkrn1N phenotype (Fig. 11C, 11D, S6C). This indicated that Mkrn1 has other targets than 

osk, but the ubiquitination substrates of Mkrn1 still remain to be identified. It is possible that 

Mkrn1 is selective towards a few substrates rather than ubiquitinating many different targets. 

This would be consistent with the specific function of Mkrn1 on osk translation. 

 

Using ubiquitination assays, the E3 ligase activity of Mkrn1 in S2R+ cells was assessed. Neither 

Bru1, Cup nor Imp display any ubiquitination pattern in wild-type conditions (Fig. S13). Due 

to the fact that Bru1 is not expressed in S2R+ cells, this observation does not necessarily 

indicate that it is not ubiquitinated in a more physiological context. Since Mkrn1 levels are 

especially high in ovaries (Fig. 5), its E2 enzyme might show a similar expression pattern. In 

line with this possibility, we did not identify an E2 enzyme by interactome analysis of Mkrn1 

in S2R+ cells.  

 

Furthermore, the binding to osk mRNA might be necessary to activate the ubiquitinating 

activity. This is the case for other E3 ligases, like TRIM25, where the binding to RNA is 

required for its enzymatic activity [384]. On the other hand, a Bru1-Ub signal might have been 

missed due to a limited sensitivity of the approach. Interestingly, Bru1 protein levels were 

mildly upregulated in Mkrn1W ovaries (Fig. S11C), indicating a negative regulation by Mkrn1. 

A global ubiquitylome analysis in ovaries might give more insight into the possible targets of 

Mkrn1.  
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Strikingly, pAbp is of polyubiquitinated in cultured cells, and this signal is reduced when Mkrn1 

is depleted (Fig. S13B). This finding indicates that Mkrn1 – either directly or indirectly – 

regulates the ubiquitination of pAbp. Human PABP was also shown to be ubiquitinated by 

MKRN1, but without effect on protein stability [173]. Thus, perhaps the ubiquitination does 

not induce pAbp degradation but modulates the binding to another protein or the polyA tail. 

Interestingly, the main ubiquitination site of PABP regulated by MKRN1 is positioned at the 

RRM1. Since this domain is required for the binding to the polyA tail, the PTM might modulate 

the binding affinity of PABP [86]. This in turn would regulate translation initiation. It would 

be interesting to further examine the effect of ubiquitination on pAbp as well as the role of 

Mkrn1 in this process. To this end, effects on translation and RNA binding for a Ub mutant 

version of pAbp could be analyzed. Also, in vitro ubiquitination assays between pAbp and 

Mkrn1 could verify a direct role of the E3 ligase. 

 

Human MKRN1 was additionally found to ubiquitinate the ribosomal proteins RPS10 and 

RPS20 [173]. Both ribosomal proteins were also found in the interactome of Mkrn1RING. 

Therefore, it could be interesting to test if the function of Mkrn1 in ubiquitinating these 

ribosomal proteins is conserved in Drosophila. 

 

 

4.2.1. Mkrn1 autoregulates itself 

PTMs are powerful means to regulate protein stability, localization, folding, interactions and 

activity. Among all PTMs, phosphorylation is the most prevalent one [385]. For instance, pAbp 

was shown to be phosphorylated in plants, yeast and sea urchins [386]. When phosphorylated, 

the binding of pAbp to polyA mRNA is enhanced. For RING ligases, phosphorylation is also a 

common regulatory layer to influence their activity and localization [385]. However, the 

predicted modification site, when altered, does not affect Mkrn1 binding to pAbp nor to osk 3’ 

UTR (Fig. S16). While this experiment suggests that phosphorylation does not regulate Mkrn1 

function, one cannot exclude that the software we used to identify the PTM failed to identify 

relevant sites. Thus, analysis of the global interactome of phosphomutants of Mkrn1 could help 

to identify a possible regulatory role of this PTM. 
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In mammals, the only identified PTM having a regulatory influence on MKRN1 is Ub [181]. 

Interestingly, MKRN1 is able to autoubiquitinate itself using K48-linked chains [173, 181, 

340]. This autoubiquitination results in decreased stability of the E3 ligase due to its degradation 

by the proteasome. Consistently with these observations, a positive stability effect for the RING 

mutant was also observed in Drosophila (Fig. 11A, 11C, S3C). Moreover, the ubiquitination 

pattern of Mkrn1 is strongly reduced when the RING domain is not functional (Fig. 16A) and 

increasing the amount of transfected Mkrn1 reduces its own protein stability (Fig. 16B). 

Furthermore, treatment with a proteasome inhibitor stabilizes Mkrn1 (data not shown). 

Together, these results suggest that Drosophila Mkrn1 autoregulates itself similar to the human 

ortholog. This autoregulatory function has already been reported for other RING E3 ligases 

[385]. Given that the observed effect of the RING mutant could also imply an indirect role of 

Mkrn1, this needs to be further assessed using in vitro ubiquitination assays with purified 

protein.
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5.1. Materials 

5.1.1. Cell and fly lines 

5.1.1.1. Cell line 

Drosophila S2R+ are embryonic derived cells obtained from Drosophila Genomics Resource 

Center (DGRC, Flybase ID: FBtc0000150). 

 

5.1.1.2. Fly lines 

Table 1. List of fly lines used in this study. 

Name Genotype Source 

wild-type w1118 
Bloomington Drosophila 

Stock Center 

Balancer line Sp/Cyo; Prnt/Tm6B Roignant lab 

TBX-0002 y1 v1 P(nos-phiC31\int.NLS)X; attP40 
National Insitute of 

Genetics (NIG) 

TBX-0008 y2 cho2 v1/Yhs-hid; Sp/CyO 
National Insitute of 

Genetics (NIG) 

Cas-0001 y2 cho2 v1; attP40(nos-Cas9)/CyO 
National Insitute of 

Genetics (NIG) 

attP40 yw (nanos:integrase); attP40 Perrimon lab 

Mkrn1Def w1118; Df(3L)BSC418/TM6C, Sb1 cu1 
Bloomington Drosophila 

Stock Center 

CG12477Def 

w[1118]; Df(3L)BSC832, 

P+PBac(w[+mC]=XP3.RB5)BSC832/ 

TM6C, Sb[1] cu[1] 

Bloomington Drosophila 

Stock Center 

Mkrn1W Mkrn1W/Tm3 Lasko lab 

Mkrn1S Mkrn1S/Tm3 Lasko lab 

Mkrn1N Mkrn1N/Tm6B This study 

CG12477N CG12477N/Tm6B This study 

nos>Gal4 driver line Nanos>Gal4/CyO; Mkrn1N/Tm3 Lasko lab 

Tj>Gal4 driver line Tj>GAL4/CyO; UAS-3HA-piwi/Tm3 Roignant lab 

UASp-FLAG-Mkrn1 w; UASp-FLAG-Mkrn1/CyO Lasko lab 
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5.1.2. Plasmids 

5.1.2.1. Plasmids of different Mkrn1 constructs 

Table 2. List of plasmids used in this study encoding different Mkrn1 constructs. 

Name Promoter Tag Insertion Source 

pAFW_Mkrn1 actin5 FLAG Mkrn1 This study 

pAFW_Mkrn1_H239E actin5 FLAG Mkrn1RING  This study 

pAHW_Mkrn1_H239E actin5 HA Mkrn1RING  This study 

pPFW_attB_Mkrn1 UASp FLAG, Myc Mkrn1 This study 

pPFW_attB_Mkrn1_H239E UASp FLAG, Myc Mkrn1RING  This study 

pPFMW_attB_Mkrn1_ΔZnF1 UASp FLAG, Myc Mkrn1ΔZnF1  This study 

pPFMW_attB_Mkrn1_ZnF2 UASp FLAG, Myc Mkrn1ZnF2 This study 

pPFMW_attB_Mkrn1_PAM2 UASp FLAG, Myc Mkrn1PAM2 This study 

pPFMW_attB_Mkrn1_S343A UASp FLAG, Myc Mkrn1S343A This study 

pPFMW_attB_Mkrn1_S343D UASp FLAG, Myc Mkrn1S343D This study 

pPFM_attB_Mkrn1_ΔZnF1+

RING 
UASp FLAG, Myc Mkrn1ΔZnF1+RING  This study 

pPFMW_attB_human_Mkrn1 UASp FLAG, Myc human MKRN1 This study 

 

 

 

UASp-FLAG-Myc-

Mkrn1ΔZnF1 
w; UASp-FLAG-Myc-Mkrn1ΔZnF1/CyO This study 

UASp-FLAG-Myc-

Mkrn1PAM2 
w; UASp-FLAG-Myc-Mkrn1PAM2/CyO This study 

UASp-FLAG-Myc-

Mkrn1RING 
w; UASp-FLAG-Myc-Mkrn1RING/CyO This study 

UASp-FLAG-Myc-

Mkrn1ΔZnF1+RING 

w; UASp-FLAG-Myc-Mkrn1ΔZnF1+RING/ 

CyO 
This study 

UASp-FLAG-Myc-

huMKRN1 
w; UASp-huMKRN1/CyO This study 
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5.1.2.2. Plasmids created of binding partners of Mkrn1 

Table 3. List of plasmids used in this study encoding binding partners of Mkrn1. 

Name Promoter Tag Insertion Source 

pAWG_pAbp actin5 GFP pAbp This study 

pAWG_Imp actin5 GFP Imp This study 

pAWG_Bruno actin5 GFP Bruno This study 

pAWG_Squid actin5 GFP Squid This study 

pPFMW_attB_pAbp UASp FLAG, Myc pAbp This study 

pPFMW_attB_Squid UASp FLAG, Myc Squid This study 

pPFMW_attB_me31B UASp FLAG, Myc me31B This study 

pPFMW_attB_eIF4G UASp FLAG, Myc eIF4G This study 

pPFMW_attB_Cup UASp FLAG, Myc Cup This study 

pPFMW_attB_BSF UASp FLAG, Myc BSF This study 

pPFMW_attB_Dcp1 UASp FLAG, Myc Dcp1 This study 

 

5.1.2.3. Plasmids used to analyze Mkrn1 binding to RNA 

Table 4. Plasmids used to analyze Mkrn1 binding to RNA. 

Name Promoter Insertion Source 

pAct5-osk_gene actin5 oskar gene This study 

pAct_FL_EcoRV actin5 firefly luciferase This study 

pAct_FL_grk_3'UTR actin5 grk 3' UTR This study 

pAct_FL_osk_3'UTR actin5 osk 3' UTR This study 

pAct_FL_osk_3'UTR-ΔAR actin5 oskΔAR 3' UTR This study 

pAct_FL_osk_3'UTR-ΔMkrn1 actin5 oskΔMkrn1 3' UTR This study 

pAct_FL_osk_3'UTR-typeII-2 actin5 osktypeII 3' UTR This study 

pAct_FL_osk_3'UTR-ΔtypeII-2 actin5 oskΔtypeII 3' UTR This study 

pAct_FL_osk_3'UTR-BSF actin5 oskBSF 3' UTR This study 

pAct_FL_osk_3'UTR-ΔBSF actin5 oskΔBSF 3' UTR This study 
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5.1.2.4. Plasmids used for flow cytometry 

Table 5. Plasmids used for flow cytometry. 

Name Promoter Source 

act5_GFP-RFP_R10 actin5 Hegde lab, modified in this study 

act5_GFP-RFP_K0 actin5 Hegde lab, modified in this study 

act5_GFP-RFP_K12 actin5 Hegde lab, modified in this study 

act5_GFP-RFP_K20 actin5 Hegde lab, modified in this study 

 

5.1.2.5. Others 

Table 6. Additional plasmids used in this study. 

Name Promoter Tag Position of tag Source 

act5_GFP actin5 GFP N/A Roignant lab 

act5_Myc-GFP actin5 Myc GFP Roignant lab 

act5_HA-Flag-GFP actin5 FLAG, HA GFP This study 

act5_Gal4 actin5 N/A N/A Roignant lab 

pAFW actin5 FLAG N-terminal 
Drosophila Gateway 

Vector Collection 

pAHW actin5 HA N-terminal 
Drosophila Gateway 

collection 

pAWG actin5 GFP C-terminal 
Drosophila Gateway 

Vector Collection 

pPFMW_attB UASp 
FLAG, 

Myc 
N-terminal 

Drosophila Gateway 

Vector Collection, 

modified in this study 

 

 

 

 

 



 MATERIALS AND METHODS  

82 
 

5.1.3. Oligonucleotides 

5.1.3.1. Oligonucleotides used to prepare dsRNAs 

Table 7. Oligonucleotides used to prepare dsRNAs. 

Name Sequence 

RNAi-LacZ-F TAATACGACTCACTATAGGGCAGGCTTTCTTTCACAGATG 

RNAi-LacZ-R TAATACGACTCACTATAGCTGATGTTGAACTGGAAGTC 

RNAi_Mkrn1_F TAATACGACTCACTATAGGGTCTCCAGTCAGCAGAGGAAC 

RNAi_Mkrn1_R TAATACGACTCACTATAGCGTTGAGCAATTTGTCCTTT 

RNAi_PABPC1_F TAATACGACTCACTATAGGGTCAGGCTCTCAATGGCAAGG 

RNAi_PABPC1_R TAATACGACTCACTATAGTGATTTGACGGAAGGGTCGG 

RNAi_IMP_F TAATACGACTCACTATAGGGGGTCTGAACGGTGTCGAGTT 

RNAi_IMP_R TAATACGACTCACTATAGGTGTCGACATCATTGCCATC 

RNAi_Mkrn1_F2 TAATACGACTCACTATAGGGTGTTGGCCACAAGCGTAATA 

RNAi_Mkrn1_R2 TAATACGACTCACTATAGTCCTACGAGGGTCCTCAATG 

RNAi_CG11414_F TAATACGACTCACTATAGGGGAGCAACCAGGAGAATCAGC 

RNAi_CG11414_R TAATACGACTCACTATAGGCTGGTGGCTCTTTAAGTCG 

 

5.1.3.2. Oligonucleotides to generate Mkrn1 mutants 

Table 8. Oligonucleotides used to create Mkrn1 mutants. 

Name Sequence 

Mkrn1_sgRNA_left_sense CTTCGAATCTGCGTATGTACGCAG 

Mkrn1_sgRNA_left_as AAACCTGCGTACATACGCAGATTC 

Mkrn1_sgRNA_right_sense CTTCGACTAAGCTTCTGAAGCAGA 

Mkrn1_sgRNA_right_as AAACTCTGCTTCAGAAGCTTAGTC 

sgRNA_CG12477_left_sense CTTCGGGCTGTTCGTGCTGGGCAC 

sgRNA_CG12477_left_as AAACGTGCCCAGCACGAACAGCCC 

sgRNA_CG12477_right_sense CTTCGTAAACTAGTCTGACGAAAC 

sgRNA_CG12477_right_as AAACGTTTCGTCAGACTAGTTTAC 
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Table 9. Oligonucleotides used to screen for Mkrn1 mutants. 

Name Sequence 

Mkrn1_gDNA_F CGAACAACTGTGGTTTAAGGGT 

Mkrn1_gDNA_R2 GGATTGGTGTGTGCGTTTCA 

CG12477_gDNA_F CAGGTAATTGTCCGCACCTT 

CG12477_gDNA_R CATGCAAAAAGTGTCCCAAA 

 

5.1.3.3. Oligonucleotides used for cloning  

5.1.3.3.1. Cloning of coding sequences 

Table 10. Oligonucleotides used for cloning of coding sequences. 

Name Sequence 

Mkrn1_wt_KpnI_F CACCGGTACCATGAGTGCCGTCACCAG 

Mkrn1_wt_XbaI_R TCTAGAGTCTTCATCCGAGTAATCTGA 

hMkrn1_Kpn1_F AAAAGGTACCATGGCGGAGGCTGCAAC 

hMkrn1_XbaI_R AAAATCTAGATAGATCCAAGTCATAAAAATCTTCCA 

Mkrn1_H239E_F TGCAACGAAATATTCTGCTTGGAGTGCAT 

Mkrn1_H239E_R CAGAATATTTCGTTGCAGTTGGGGAGAATGC 

Mkrn1_PAM2_mut_F CCCTGTGGCCGTGGCCAGCCAAAAGCGCTATACTGC 

Mkrn1_PAM2_mut_R TTGGCTGGCCACGGCCACAGGGGCGTTCGCCCAGT 

Mkrn1_ZnF1_del_F 
GGAGCCAGACCATCTGCCGCTTTGGGGAACTTTG 

CCGC 

Mkrn1_ZnF1_del_R GTTCCCCAAAGCGGCAGATGGTCTGGCTCC 

Mkrn1_Znf2_F 

AGGACGCCAAATACTTTAAAAAAGGAGAGGGCAAG

GCCCCCTTTGGTAACAAGGCCTTCTACAAGCACGCTC

TGCCCAA 

Mkrn1_Znf2_R 

TGTAGAAGGCCTTGTTACCAAAGGGGGCCTTGCCCT

CTCCTTTTTTAAAGTATTTGGCGTCCTTTGCTCCCAAA

GCGG 

Mkrn1_S343A_F GTTACAGGCGCAGAATGAAATAATCGATTTA 

Mkrn1_S343A_R TCATTCTGCGCCTGTAACTTTCGGGTGCGCTT 

Mkrn1_S343D_F GTTACAGGACCAGAATGAAATAATCGATTTA 

Mkrn1_S343D_R TCATTCTGGTCCTGTAACTTTCGGGTGCGCTT 

Imp_KpnI_F AAAAGGTACCATGCACAGCAACAATAATAGCA 

Imp_XbaI_R AAAATCTAGACTGTTGTGAGCTCGCCAG 

eif4G-PB_Notl_F AAAGCGGCCGCCATGCAACAGGCTATACCAAC 

eif4G-PB_AscI_R AAAGGCGCGCCCGTTGGCATCATCGTTTAACA 

me31B-RA_NotI_F AAAGCGGCCGCCATGATGACTGAAAAGTTAAATTC 

me31B-RA_AscI_R AAAGGCGCGCCCTTTGCTAACGTTGCCCTC 
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Sqd_NotI_F AAAGCGGCCGCCATGGCCGAGAACAAGCAA 

Sqd_AscI_R AAAGGCGCGCCCGAACTGCTGATAGTTGTTGCT 

cup_RB_NotI_F AAAGCGGCCGCCATGCAAATGGCCGAAGCTGA 

cup_RB_KpnI_F AAAAGGTACCATGCAAATGGCCGAAGCTGA 

cup_RB_AscI_R AAAGGCGCGCCCATGAAACTCATCCCCGCTGT 

cup_RB_XbaI_R AAAATCTAGAATGAAACTCATCCCCGCTGT 

bruno_RA_KpnI_F AAAAGGTACCATGTTCACCAGCCGCGCTT 

bruno_RA_AscI_R AAAGGCGCGCCCGTAGGGCTTCGAGTCCTTGGG 

bruno_RA_XbaI_R AAATCTAGAGTAGGGCTTCGAGTCCTTGGG 

Sqd_KpnI_F AAAAGGTACCATGGCCGAGAACAAGCAA 

Sqd_XbaI_R AAAATCTAGAGAACTGCTGATAGTTGTTGCT 

BSF_Notl F AAAGCGGCCGCCATGGCATCCATCCTGAGGAC 

BSF_AscI_R AAAGGCGCGCCCGGCCTTGCTGTCCGGTTT 

Dcp1_NotI_F AAAGCGGCCGCCATGGCCGACGAGAGCATC 

Dcp1_AscI_R AAAGGCGCGCCCTTGATATGTGGAGCTGGAGTCC 

eiF4E_NotI_F AAAGCGGCCGCCATGCAGAGCGACTTTCACA 

eiF4E_AscI_R AAAGGCGCGCCCCAAAGTGTAGATCGATTTCACG 

 

5.1.3.3.2. Cloning of reporter constructs 

Table 11. Oligonucleotides used for cloning of reporter constructs. 

Name Sequence 

osk_KpnI_F AAAAGGTACCGGATCACTTTCCTCCAAGC 

osk_SalI_R AAAAGTCGACTAATGCAAGGTTGGAAACTG 

osk_3UTR_EcoRV_F AAAAGATATCGTTGGGTTCTTAATCAAGAT 

osk_3UTR_SalI_R AAAAGTCGACTAGCAAAGATTCAAGCCAAT 

grk_3UTR_EcoRI_F AAAAGAATTCGATTTAGAATTTGATTTGGA 

grk_3UTR_SalI_R AAAAGTCGACAAATGATGAAAGTGAGGAGA 

osk_delta_AR_F 
TTTGTCCTATAACAAGCTGCAATAAAAGGGA 

AATCAATGA 

osk_delta_AR_R 
TCATTGATTTCCCTTTTATTGCAGCTTGTTAT 

AGGACAAA 

osk_delta_Mkrn1_F 
AATTGTATGTATTGATGGTGCAAGCTGCAAT 

GTAAAATCC 

osk_delta_Mkrn1_R 
GGATTTTACATTGCAGCTTGCACCATCAATA 

CATACAATT 

osk_typeII_2_F 
TGATGGTGATCACGTTTTTTTCGCTTTATAAC 

AAGCTGCAATGTAA 

osk_typeII_2_R 
TTACATTGCAGCTTGTTATAAAGCGAAAAAA 

ACGTGATCACCATCA 

osk_delta_typeII_2_F 
TGATGGTGATCACGTTTTTTTATAACAAGCTG 

CAATGTAA 



 MATERIALS AND METHODS  

85 
 

osk_delta_typeII_2_R 
TTACATTGCAGCTTGTTATAAAAAAACGTGAT 

CACCATCA 

Osk_977-981_mut_F 
ATCACGTTTTTTTTGTCCTAATTGTAGCTGCAA 

TGTAAAATCCAA 

Osk_977-981_mut_R 
TTGGATTTTACATTGCAGCTACAATTAGGACA 

AAAAAAACGTGAT 

Osk_977-981_del_F 

ATCACGTTTTTTTTGTCCTAAGCTGCAATGTA

A 

AATCCAA 

Osk_977-981_del_R 
TTGGATTTTACATTGCAGCTTAGGACAAAAAA 

AACGTGAT 

 

5.1.3.3.3. Others 

Table 12. Additional oligonucleotides used for cloning in this study. 

Name Sequence 

attB_F TCGACATGCCCGCCGTGA 

attB_R GACGATGTAGGTCACGGTCTCGA 

Act5_prom_AseI_F CCCCATTAATCACAAATGATACTTCTAAAA 

Act5_prom_NheI_R CCCCGCTAGCGTCTCTGGATTAGACGACT 

 

5.1.3.4. Oligonucleotides used for RT-qPCR 

Table 13. Oligonucleotides used for RT-qPCR. 

Name Sequence 

rpl15_F AGGATGCACTTATGGCAAGC 

rpl15_R GCGCAATCCAATACGAGTTC 

18S_F CTGAGAAACGGCTACCACATC 

18S_R ACCAGACTTGCCCTCCAAT 

Fluc_F CCAGGGATTTCAGTCGATGT 

Fluc_R AATCTGACGCAGGCAGTTCT 

osk_mRNA_F2 TTCGCTTGCACAAAATCAAC 

osk_mRNA_R2 TTTGCAAACGGAAACAGAAA 

grk_mRNA_F2 AGCTTTCGTTGGAGCTTTTG 

grk_mRNA_R2 TCGAGTCCCAATCCTCTTCT 

bcd_mRNA_F2 AACATTTGCGCATTCTTTGA 

bcd_mRNA_R2 AGTTATTCCGTTTGGCAGCA 

Mkrn1_mRNA_qPCR_F2 CCCAACGGAGATATCGTCGA 
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Mkrn1_mRNA_qPCR_R2 AGCTTAGTCTTCATCCGAGTAATCT 

CG12477_mRNA_qPCR_F1 AACCAATCCAATAGAGCAG 

CG12477_mRNA_qPCR_R1 TTCACTATGTCGGCAGAG 

CG5334_mRNA_qPCR_F2 GTTGCTAAGCGAATATCGCG 

CG5334_mRNA_qPCR_R2 TAAAAGTCGTCATCCTCCATTG 

CG5347_mRNA_qPCR_F2 CGTGAACGTCGCTTTGGCAT 

CG5347_mRNA_qPCR_R2 CCCATTGCCGCGCGATATTC 

dPABP_cDNA_F CCAGCAGCGTACTTCCAACT 

dPABP_cDNA_R CCCAGGATCTGTTTCTGCTC 

Imp_mRNA_F TCCGGTGGAGATGAAGAGAC 

Imp_mRNA_R TGTTCTTTGGCAGCTTTCTG 

CG11414_mRNA_F GCGAACTGGAGGCAAATAAC 

CG11414_mRNA_R TCTCGACGCATAGGTCACAG 

 

5.1.4. Antibodies and beads 

5.1.4.1. Antibodies used for western blotting 

Table 14. List of primary antibodies used for western blotting. 

Antibody Dilution Source/ Supplier 

α-β-Tubulin MMS-410P mouse 1:5.000 Covance 

α-Bru1 rabbit 1:1.000 Ephrussi lab 

α-Cup rat 1:1.000 Lasko lab 

α-FLAG M2 mouse 1:1.000 Sigma-Aldrich 

α-GFP TP401 rabbit 1:5.000 Acris Antibodies 

α-HA F7 mouse 1:1.000 Santa Cruz 

α-HA mouse 1:1.000 IMB CF, Protein Production 

α-HA rabbit 1:1.000 Santa Cruz 

α-HA 3F10 rat 1:1.000 Roche 

α-Myc 9E10 mouse 1:2.000 Enzo Life Sciences 

α-Myc 9B11 mouse 1:2.000 Cell Signaling 

α-Osk rabbit 1:1.000 Ephrussi lab 

α-pAbp rabbit 1:3.000 Lasko lab 

α-Ubiquitin sc-8017 mouse 1:1.000 Santa Cruz 
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Table 15. List of secondary antibodies used for western blotting. 

Antibody Dilution Source/ Supplier 

α-mouse HRP (L) 1:10.000 Dianova 

α-mouse HRP (H+L) 1:10.000 Dianova 

α-rabbit HRP (H+L) 1:10.000 Dianova 

α-rat HRP (H+L) 1:10.000 Dianova 

 

5.1.4.2. Antibodies used for immunostaining experiments 

Table 16. List of primary antibodies used for immunostaining. 

Antibody Dilution Source 

α-1B1 1ea mouse 1:20 DSHB 

α-Dcp1, cleaved 9578 rabbit 1:200 Cell Signaling 

α-FLAG M2 mouse 1:500 Sigma-Aldrich 

α-Osk rabbit 1:1.000 Ephrussi lab 

α-Orb 4H8 mouse 1:20 DSHB 

DAPI 1:1.000 Sigma-Aldrich 

 

Table 17. List of secondary antibodies used for immunostaining. 

Antibody Dilution Source 

α-mouse Alexa Flour 488 1:500 Dianova 

α-mouse TRITC 1:250 Dianova 

α-rabbit Alexa Flour 488 1:500 Dianova 

 

5.1.4.3. Antibodies used for IPs 

Table 18. List of antibodies used for IPs. 

Antibody Dilution Source 

α-Bru1 rabbit 1:1.000 Ephrussi lab 

α-Cup mouse 1:1.000 Lasko lab 

α-FLAG M2 mouse 1:1.000 Sigma 

α-mouse IgG 12-371 1:500 Merck 

α-Myc 9E10 mouse 1:500 Enzo Life Sciences 

α-Myc 9B11 mouse 1:1.000 Cell Signaling 

α-rabbit IgG 12-370 1:500 Merck 
 



 MATERIALS AND METHODS  

88 
 

5.1.4.4. Beads used for IPs 

Table 19. Beads used for IP experiments. 

Beads Source 

Dynabeads® Protein G Thermo Fisher 

GFP binder beads, magnetic agarose IMB CF, Protein Production 

GFP-Trap, magnetic agarose Chromotek 

Myc-Trap, magnetic agarose Chromotek 

Pierce™ α-Myc magnetic beads Thermo Fisher  

 

5.1.5. Enzymes, reagents and commercially 

available kits 

Table 20. List of enzymes used in this study. 

Enzyme Supplier 

AscI  NEB 

AseI NEB 

DNaseI  NEB 

EcoRI NEB 

EcoRV NEB 

KpnI NEB 

M-MLV Reverse Transcriptase  Promega 

NheI NEB 

NotI NEB 

OneTaq NEB 

Phusion NEB 

Polynucleotide Kinase (PNK) NEB 

Power SYBR® Green PCR Master Mix  ThermoFisher 

Proteinase K Sigma-Aldrich 

RNaseI Thermo Fisher  

RNase A Sigma-Aldrich 

RNase T1 ThermoFisher 

SalI NEB 

T4 DNA Ligase NEB 

Turbo DNase Thermo Fisher  

XbaI NEB 
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Table 21. List of reagents used in this study. 

Reagent Supplier 

1 kb ladder NEB 

4x LDS buffer Life Technologies 

5x OneTaq quick load buffer NEB 

5x Phusion HF buffer NEB 

10x Cutsmart buffer NEB 

10x PBS IMB CF, Media Lab 

10x PNK buffer NEB 

10x Running buffer IMB CF, Media Lab 

10x T4 DNA Ligase NEB 

10x Transfer buffer IMB CF, Media Lab 

30% Acrylamide/Bis Solution BioRad 

50x TAE butter IMB CF, Media Lab 

100 bp ladder NEB 

µ-Slide containing 8 well ibidi  

Agarose Sigma-Aldrich 

Ambion nuclease-free water Thermo Fisher  

Ambion GlycoBlue™ Thermo Fisher  

Ambion 3M Sodium acetate (NaAc) Thermo Fisher  

Ampicillin Sigma-Aldrich 

Ampure XP beads Beckman Coulter 

Ammonium Persulfate (APS) BioRad 

Apoprotinin Roth 

Bleach/ Sodium hypochlorite Roth 

Blotting Paper Neolab 

Bradford reagent BioRad 

Bromphenol Blue Sigma-Aldrich 

Chloroform/ Trichlormethan Roth 

Colloidal Blue Staining Kit Life Technologies 

Cycloheximide (CHX) Sigma-Aldrich 

Donkey serum Sigma-Aldrich 

Dry milk powder, non-fat Cell Signaling 

DL-Dithiothreitol (DTT) Sigma-Aldrich 

EDTA IMB CF, Media lab 

Ethanol (EtOH) Thermo Fisher  

Ethidium Bromide  (EtBr) Applichem 

FBS Sigma-Aldrich 

Formaldehyde Sigma-Aldrich 

Glycerol Sigma-Aldrich 

Glycine Sigma-Aldrich 

Isopropanol Honeywell Research Chemicals 

Kanamycine IMB CF, Media lab 
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LB media IMB CF, Media lab 

Leupeptin Roth 

Lithium chloride (LiCl) Sigma-Aldrich 

low molecular weight marker NEB 

Magnesium chloride, 2M IMB CF, Media lab 

Methanol  Roth 

MG-132 Sigma-Aldrich 

N-Ethylmaleimide (NEM) Sigma-Aldrich 

Nitrocellulose membrane Neolab 

Nonfat Dry Milk Cell Signaling 

Nonidet P 40 (NP-40) Sigma-Aldrich 

NuPAGE 5x TBE buffer Thermo Fisher  

NuPAGE 6% TBE-Urea gel Thermo Fisher  

NuPAGE 20x MOPS buffer Thermo Fisher  

NuPAGE 20x Transfer buffer Thermo Fisher  

NuPAGE Antioxidant Thermo Fisher  

NuPAGE Tris-Bis gel 4-12% Thermo Fisher  

Oligo d(T)25 magnetic beads NEB 

Orange G Merck 

Paraformaldehyde 95% Sigma-Aldrich 

Patent blue V Sigma-Aldrich 

Penicillin-Streptomycin  Sigma-Aldrich 

Pepstatin Roth 

Phenol - chloroform - isoamyl alcohol mixture Sigma-Aldrich 

Phenylmethanesulfonyl fluoride (PMSF) Sigma-Aldrich 

Polylysine  Sigma-Aldrich 

Potassium chloride (KCl) Roth 

Prestained Protein Marker NEB 

PVDF membrane, Immobilon®-P Merck  

Schneider’s Drosophila Medium,  

w: L-Glutamine, w: 0.4 g/L NaHCO3 
PAN Biotech 

Schneider's medium without lysine and arginine,  

Custom Medium Manufacturing 
AthenaES 

SDS running solution IMB CF, Media lab 

SDS stacking solution IMB CF, Media lab 

Sodium acetate (NaAc) Thermo Fisher  

Sodium chloride (NaCl), 5 M IMB CF, Media lab 

Sodium phosphate monobasic (NaH2PO4) Sigma-Aldrich 

Sodium deoxycholate (Na-DOC) Sigma-Aldrich 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich 

Sodium hydroxide (NaOH) Sigma-Aldrich 

SuperSignal™ West Femto Chemiluminescent 

Substrate  
Thermo Fisher  

SuperSignal™ West Pico Chemiluminescent 

Substrate  
Thermo Fisher  
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Tetramethylethylenediamine (TEMED) Roth 

Tris, 1M, pH 7.5 IMB CF, Media lab 

Tris, 1M, pH 8 IMB CF, Media lab 

Triton-X 100 Sigma-Aldrich 

TRIzol Thermo Fisher  

Tween-20 Sigma-Aldrich 

Urea Sigma-Aldrich 

Vectashield with DAPI Linaris 

Voltaleff Oil 3S Lehmann & Voss 

Voltaleff Oil 10S VWR 

Water, ultra pure IMB CF, Media lab 

Water, nuclease free Qiagen 

 

Table 22. List of commercial kits used in this study. 

Kit Supplier 

Effectene Quiagen 

Gateway kit ThermoFisher 

Gel extraction Kit Eurogentec 

GeneJet Plasmid Mini Kit  Thermo Scientific 

High Sensitivity DNA Kit Aglient 

HiScribe T7 Kit NEB 

NEBNext Ultra II Directional RNA Kit  NEB 

pENTR/D-TOPO cloning kit  ThermoFisher 

QIAprep Spin Midiprep Kit  Quiagen 

QIAprep Spin Miniprep Kit  Quiagen 

RNA 6000 Nano Kit Aglient 

SmartPure Gel Kit Eurogentec 

 

5.1.6. Electronic devices and software 

Table 23. List of electronic devices used in this study. 

Electronic device Supplier 

Bioanalyzer 2100  Aglient 

Bioruptor Diagenode 

Gel Doc™ XR+ Gel Documentation System BioRad 

LSRFortessa SORP analyzer BD Biosciences 

Microscope M80 (Brightfied) Leica 

MiSeq sequencing system Illumina 
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NanoDrop 2000  Thermo Fisher  

NextSeq500 sequencing system Illumina 

TCS SP5 (inverted) Leica 

Phosphoimager Typhoon FLA9500 GE Healthcare Life Sciences 

ViiA7 real-time PCR system Applied Biosystems 

 

Table 24. List of software used in this study. 

Software Supplier 

bcl2fastq conversion software v2.19.1 Illumina 

Bioanalyzer 2100 Expert Software Aglient 

FastQC v0.11.5 Babraham Bioinformatics 

FlowJoTM BD Biosciences 

Image Lab v2.0 BioRad 

MaxQuant v1.5.28 
Max Planck Institute of 

Biochemistry 

NanoDropTM 2000 Thermo Fisher  

Leica Application Suite (LAS) Leica 

QuantStudio Real-Time PCR Software Thermo Fisher  

SerialCloner v2.6 Serial Basics 
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5.2. Methods 

5.2.1. Cell culture 

5.2.1.1. Cell culture maintenance 

Drosophila S2R+ cells were grown in Schneider’s medium supplemented with 10% FBS and 

1% Penicillin-Streptomycin. 

 

5.2.1.2. Knockdown and transfection 

For knockdown experiments, S2R+ cells were seeded at the density of 106 cells/ml in serum-

free medium and 15 µg/ml of dsRNA (5.2.5.2) was added to the cells. After 6 h of cell 

starvation, serum supplemented medium was added to the cells. dsRNA treatment was repeated 

after 48 h and cells were collected 24 h after the last treatment. A list of primers used to create 

dsRNA templates by PCR is appended (Table 7). Effectene® was used to transfect vector 

constructs in all overexpression experiments following the manufacturer’s protocol.  

 

5.2.1.3.  Cycloheximide treatment 

For cycloheximide (CHX) treatments, 10 mM of CHX was added to S2R+ cells prior to 

harvesting for 4, 8 or 24 hrs. 

 

5.2.1.4. Protein lysate preparation  

Proteins from S2R+ cells seeded in 6-well formate were extracted using 100 µl of RIPA buffer 

(Table 25) containing protease inhibitors (1 μg/mL Leupeptin, 1 μg/mL Pepstatin, 1 μg/mL 

Aprotinin and 1 mM PMSF) by incubating at 4°C for 10 min. Cells were subsequently subjected 

to 2 cycles of sonication on a bioruptor with 30 seconds “ON”/ “OFF” at low setting. Remaining 
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cell debris was removed by centrifugation at 21.000 g for 10 min at 4°C and protein content 

was measured using Bradford reagent.  

 

Table 25. Buffer used for protein lysate preparation. 

Name Composition 

RIPA buffer 
140 mM NaCl, 50 mM Tris pH 7.5, 1 mM EDTA pH 8, 1% Triton X-

100, 0.1% SDS, 0.1% sodium deoxycholate 

 

5.2.1.5. Western Blotting 

For Western blot analysis, proteins were separated on an 8% SDS-PAGE gel and transferred 

on Immobilon-P PVDF membrane according to the manufacturer’s instruction. After blocking 

for 1 h at RT, the membrane was incubated with primary antibody in blocking solution O/N at 

4°C. The membrane was washed 3x in PBST for 10 min and incubated 1 h a RT with 1:10.000 

dilution of HRP secondary antibody in blocking solution. Protein bands were detected using 

SuperSignal™ West Pico Chemiluminescent Substrate in a Gel Doc station. A list of antibodies 

used in this study can be found in Table 16 and Table 17. 

For restaining, the membrane was incubated for 10 min with mild stripping buffer, washed 

twice with PBS and PBST and blocked again. Incubation of primary and secondary antibodies 

was performed as described above. Buffer compositions are displayed in Table 26. 

 

Table 26. Buffers used for western blotting. 

Name Composition 

Blocking solution 5 % (w/v) skim milk powder in PBST 

Mild stripping buffer 100 mM Glycine, 1% SDS, 10% Tween 20, adjust pH to 2.2 

PBST 0.1% Tween-20 in PBS 

SDS buffer 
50 mM Tris pH 6.8, 2% SDS, 10% glycerol, 100 mM DTT, 

0.05% Bromphenol Blue 
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5.2.2. Fly work  

5.2.2.1. Genomic DNA preparation from flies 

To isolate gDNA, flies were collected in tubes and smashed in 100 µl Fly lysis buffer (Table 

27) and incubated at 37°C for 1 hr. Proteinase K and RNase A were subsequently inhibited at 

95°C for 5 min and the DNA containing supernatant was stored at 4°C. 

 

Table 27. Buffer composition used for DNA preparation from flies. 

Name Composition 

Fly lysis buffer  
150 mM NaCl, 100 mM Tris pH 8, 10 mM EDTA pH 8, 

200 µg/ ml Proteinase K, 10 µg/ ml RNase A 

 

5.2.2.2.  Protein lysate preparation  

To isolate proteins from ovaries, the protocol was applied as for S2R+ cells (5.2.1.4) with small 

adjustments: The ovaries were smashed in RIPA buffer using pistils and sonicated twice with 

10 min incubation at 4°C in between. To remove remaining lipids from ovaries, the 

centrifugation step was repeated 3 times. 

 

5.2.2.3. Generation of Mkrn1 mutants using CRISPR/ Cas9 

The guide RNAs used were cloned into expression vectors pBFv-U6.2 and pBFv-U6.2B [387]. 

To this end, two guide RNAs were used in combination (gRNA_left starting at 387 nt of Mkrn1 

gene and gRNA_right starting at position 2239 nt and for deletion of CG12477 gRNA_left 

starting at 196 nt and gRNA_right starting at 934 nt). TBX-0002 embryos were injected with 

the purified plasmids containing the gRNA (250 ng/µl in injection buffer, Table 28). When 

reaching adulthood, the injected embryos were crossed with TBX-0008 flies to analyze the 

integration of the gRNAs by the expression of the vermillion gene in the progeny [387]. Flies 

carrying the integrated gRNAs were crossed with Cas-0001 flies expressing Cas9 under the 

control of a nos promoter [387]. Subsequently, the progeny was crossed with a balancer line 

and screened for successful deletion. To this end, genomic PCR from single flies was prepared 
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and tested for CRISPR/ Cas9 induced mutations by PCR using primers that bind in proximity 

to the gRNA targeting site. Successful deletion was indicated by a reduced size of the amplicon 

(Fig. M1). To verify the deletion the amplicon was subsequently sequenced. A list of gRNAs 

and primers to verify the knockout can be found in Table 8 and Table 9. 

 

Table 28. Buffer used for DNA injection into Drosophila embryos. 

Name Composition 

Injection buffer 0.1 mM NaH2PO4, 5 mM KCl, adjusted to pH 6.8 

 

Flies containing the deletion of the Mkrn1 gene (Mkrn1N) were isogeniezed before using for 

experiments. To this end, the Mkrn1N flies were crossed four times with w1118 wild-type flies 

to remove potential off-target mutations induced by CRISPR/ Cas9. To ensure the presence of 

the deletions, flies were screened by PCR. After isogenization, flies were crossed with a 

balancer line to establish a stable stock. 
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Figure M1. Generation of Mkrn1 mutants in Drosophila. 

Mutations of the (A) Mkrn1 and (B) CG12477 genes were generated using CRISPR/ Cas9. The genes are 

schematically presented with the coding sequence indicated in black and introns as lanes. The deletions introduced 

by CRISPR/ Cas9 are indicated with dashed lines below. Scale bars depict 500 bp. For both genes, the deletion 

was verified by semi-quantitative PCR indicated by a drop visualized with agarose gels. (A) Below: Deletion of 

the Mkrn1 gene resulting in Mkrn1N allele was verified by PCR and is indicated with a fragment size of 565 bp 

instead of 2388 bp. (B) Right: A Deletion of the CG12477 gene leading to the CG12477N allele was analyzed by 

PCR and depicted with a fragment size of 247 bp instead of 1005 bp. 

 

5.2.2.4.  Generation of transgenic flies 

The Mkrn1 constructs were prepared using the GatewayTM pPFMW vector containing an 

inserted attB sequence (5.2.3). Constructs containing either huMKRN1, Mkrn1ΔZnF1, 

Mkrn1RING, Mkrn1ΔZnF1+RING or Mkrn1PAM2 were verified by sequencing and injected into 

attP40 embryos (250 ng/µl in injection buffer) either in-house or via BestGene Inc. Progeny 

harboring the transgenes were crossed with balancer flies to establish the individual lines. 

Mkrn1 expression was driven by crossing the transgenic flies with a nos>Gal4 driver. 

Expression of Mkrn1 transgenes was verified by western blotting (Fig. M2). As control, flies 

with integrated wild-type Mkrn1 were used [346]. 
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Figure M2. Validation of Mkrn1 transgenes in Drosophila. 

pPFMW constructs with Mkrn1 coding sequence containing mutations of either the PAM2 motif, ZnF1, ZnF2 or 

RING domain were introduced in the Drosophila genome. In addition, a construct encoding a double mutant of 

the ZnF1 deletion and the mutation within the RING domain (ΔZnF1+RING) was generated. Human MKRN1 was 

integrated as well. The expression of all transgenes was examined using a nos>Gal4 driver. Ovarian protein lysates 

were analyzed for their expression using an immunoblot against the FLAG tag. As loading control, protein levels 

of β-tubulin were analyzed. To verify the expression, wild-type Mkrn1 was used as control. Note that the wild-

type Mkrn1 runs faster as it does not possess an additional Myc tag. 

 

5.2.2.5.  Rescue experiments 

Flies carrying wild-type, human or mutant Mkrn1 transgenes on the second chromosome were 

crossed with the nos>Gal4 driver in the Mkrn1N mutant background. For wildtype Mkrn1, 

transgenic flies carrying pPFW-Mkrn1 were used [346]. For all other Mkrn1 constructs, 

pPFMW-Mkrn1 transgenes with the respective mutations were used (5.2.2.4). The progeny was 

collected and analyzed together with heterozygous and homozygous Mkrn1N mutants as 

controls (Fig. M3). To examine the degree of each rescue, hatching rate (5.2.2.6) was measured 

and immunostaining (5.2.4.2) as well as western blotting (5.2.1.5) of the ovaries was performed. 
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Figure M3. Analysis of rescue experiments performed in Drosophila. 

Different transgenes encoding wild-type or mutant Mkrn1 were overexpressed in the Mkrn1N background. 

Overexpression was induced via a nos>Gal4 driver. Expression of the transgenes was analyzed by western blotting 

against the FLAG tag. As loading control, protein levels of β-tubulin were analyzed. Note that wild-type Mkrn1 

runs faster due to a missing Myc tag present in the other transgenes. 

 

5.2.2.6.  Hatching rate 

Flies were incubated on apple juice plates for 6-10 h. The laid eggs were collected and incubated 

at 25°C for 36 h to allow completion of hatching. Hatched and non-hatched embryos were 

counted with a M80 brightfield microscope, and the hatching rate was calculated. For every 

genotype at least three individual tests were performed. 

 

5.2.2.7.  Staging 

Staging experiment was performed as described using Drosophila wild-type flies [381]. For all 

stages, RNA was isolated and cDNA prepared. 

 

5.2.3. Gene cloning  

5.2.3.1.  Polymerase chain reaction 

Amplifications of DNA for cloning and colony PCR (5.2.3.4), to create dsRNA templates 

(5.2.1.2) as well as to screen for Makorin mutants (5.2.2.3) were performed using PCR. To 

this end, either OneTaq® DNA Polymerase or Phusion® High-Fidelity DNA Polymerase was 

Fig M3
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used according to the manufacturer’s instructions. The produced amplicons were examined 

using agarose gel electrophoresis (5.2.3.2). 

 

5.2.3.2.  Agarose gel electrophoresis and gel elution 

Analysis of PCR products and plasmids incubated with restriction endonucleases was 

performed using agarose gel electrophoresis. Dependent on the size, 1-1.7% agarose gels were 

prepared using 1x TAE buffer. DNA fragments were loaded on the gels with 1x DNA loading 

buffer (Table 29), separated by size and detected using Ethidium Bromide staining in a Gel 

DocTM station. 

To purify specific DNA fragments, the responding band was cut out of the agarose gel and 

purified using SmartPure gel extraction kit according to the manufacturer’s instruction. 

 

Table 29. Buffer used to separate DNA fragments via agarose gel electrophoresis. 

Name Composition 

6 x DNA loading buffer 15 % Ficoll, 10 mM EDTA pH 8.0, Orange G 

 

5.2.3.3.  Digestion, ligation and transformation 

The produced PCR amplicons were incubated with the indicated restriction endonucleases 

according to the manufacturer’s instructions. Digested DNA fragments were purified and 

subsequently ligated to the digested vector in a molar vector / insert ratio of 3 / 1 using T4 DNA 

Ligase.  

The ligated plasmids were transformed into chemically competent DH5α cells. In brief, ligation 

mix was added to 10-fold volume of cells and incubated for 10 min on ice. Heat shock was 

performed at 42°C for 45 sec and 10 volumes of LB medium was added. After incubation at 

37°C for 45 min, cells were plated on LB agar plates either containing ampicillin (100 mg/l) or 

kanamycine (50 mg/l) and kept at 37°C O/N. 
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5.2.3.4.  Cloning analysis 

To validate the successful cloning, colony PCR (5.2.3.1) or restriction digestion was performed. 

To analyze the restriction pattern, plasmid DNA was isolated using a conventional DNA mini 

prep protocol. Bacterial cells were pelleted at 12.000 g for 30 sec and resuspended in 250 µl 

Solution P1, mixed with 250 µl Solution P2 and subsequently with 350 µl Solution P3 by 

inversion. Cell debris were pelleted at 20.000 g for 10 min and the supernatant was mixed with 

1 volume of Solution P4. The DNA was precipitated at 20.000 g for 10 min, washed with 

Solution P5 and air dried before resuspending in 50 µl water. Buffer compositions are listed in 

Table 30. 

For transfections in cell culture and injections in flies, plasmid DNA was isolated using the 

GeneJet Plasmid Mini Kit and QIAprep Spin Miniprep Kit, respectively. All plasmids were 

additionally verified by DNA sequencing using GATC lightrun (Eurofins Genomics). 

 

Table 30. Buffers used for plasmid DNA isolation using mini prep. 

Name Composition 

Solution P1 50 mM Tris-HCl, 10 mM EDTA pH 8.0, 0.1 mg/ml RNase A 

Solution P2 200 mM NaOH, 1% SDS. 

Solution P3 3 M potassium acetate pH 5.5. 

Solution P4 Isopropanol 

Solution P5 70% Ethanol 

 

5.2.3.5.  Strategies used for cloned plasmids 

Full-length wild-type Mkrn1 coding sequence was cloned into the pENTR entry vector using 

the pENTR/D-TOPO cloning kit. For further cloning, KpnI and XbaI restriction sites were 

introduced flanking the coding sequence. The insert was subcloned into GatewayTM expression 

vectors containing the actin5 promoter with different tags by LR in vitro recombination (The 

Drosophila GatewayTM Vector Collection) [347, 350, 388]. A list of plasmids with their 

respective promoter and tags can be found in Table 2 and Table 3. To introduce mutations or 

different coding sequences into the same vectors, the KpnI and XbaI restriction sites were 

subsequently used. To overexpress proteins under the control of a UASp promoter, the 

respective coding sequence was inserted into the GatewayTM pPFMW vector using AscI and 

NotI restriction sites. A list of primers used to introduce the coding sequences as well as to 
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introduce mutations in the Mkrn1 coding sequence is appended (Table 10). To use the 

GatewayTM pPFMW vector for attB/ attP recombination, an attB sequence was introduced into 

the vector backbone using ZraI restriction site (primers sequence see Table 12). All plasmids 

produced in this study contain the attB sequence in the pPFMW vector. 

 

To analyze the binding of Mkrn1 to osk by iCLIP, the osk gene was cloned in the vector 

backbone of pAc5.1B-EGFP (gift from Elisa Izaurralde, Addgene plasmid #21181) using 

restriction sites KpnI and SalI. The binding of Mkrn1 to the 3’ UTR of osk and grk was 

examined by insertion of the respective 3’ UTR downstream of firefly luciferase coding 

sequence. To this end, firefly luciferase coding sequence was introduced into the pAc5.1B-

EGFP backbone using KpnI and EcoRI restriction sites. In addition, the coding sequence 

contained an EcoRV restriction site at its 3’ end. The 3’ UTRs of (wild-type and mutant) osk 

and grk were introduced using EcoRV and SalI or EcoRI and SalI restriction patterns, 

respectively. To ensure the proper usage of the endogenous polyA signal the 3’ UTRs included 

220 and 229 nucleotides of sequence downstream of the 3’ UTR. All plasmids used to analyze 

the RNA-binding ability of Mkrn1 are listed in Table 4. Primers used for cloning of the 

respective plasmids are listed in Table 11. 

 

The dual fluorescence reporter plasmids (pmGFP-P2A-K0-P2A-RFP, pmGFP-P2A-

(KAAA)12-P2A-RFP, pmGFP-P2A-(KAAA)20-P2A-RFP and pmGFP-P2A-(RCGA)10-P2A-

RFP) were generously provided by Ramanujan S. Hegde [161]. To ensure the expression in 

Drosophila S2R+ cell culture the promoter was replaced by the actin5 promoter using AseI and 

NheI restriction patterns (Primer sequences see Table 12). A list of the reporter plasmids is 

appended in Table 5. 

 

5.2.4. Immunostaining 

5.2.4.1.  Immunostaining of S2R+ cells 

Immunostaining was performed using µ-Slide 8 well microscopy chambers and S2R+ cells 

transfected 72 h prior to the experiments. The chambers were treated with polylysine for 30 

min, washed once with PBS and around 106 cells were seeded in Drosophila’s Schneider 

medium. Cells were allowed to attach for 1 h at RT and then washed with PBS. Fixation was 
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performed using 4 % formaldehyde in PBS for 10 min at RT. Subsequently, cells were washed 

with PBST0.1 for 10 min and blocked using PBST0.1 supplemented with 10 % donkey serum 

for 1 h at RT. Primary antibodies were diluted in PBST0.1 supplemented with 10 % donkey 

serum in the respective dilutions (Table 16) and incubated with the cells O/N at 4°C. Cells were 

washed three times with PBST0.1 and the secondary antibodies together with DAPI were added 

diluted in PBST0.1 supplemented with 10 % donkey serum (Table 17) for 2 h at 4°C. After the 

incubation cells were washed again three times with PBST0.1 and imaged using a TCS SP5 

(inverted) confocal microscope using 40 x oil lens by laser scanning and processed with ImageJ. 

Buffer compositions are displayed in Table 31.  

 

Table 31. Buffers used for immunostainings in S2R+ cells. 

Name Composition 

PBST0.1 0.1% Triton-X100 in 1x PBS 

PBST0.2 0.2% Triton-X100 in 1x PBS 

 

5.2.4.2.  Immunostaining of ovaries  

Ovaries were dissected and fixed in 4% paraformaldehyde in PBS for 20 min at RT. Ovaries 

were washed three times in PBST0.2, washed once with PBST1 and permeabilized for 2 h at 

RT in PBST1. Subsequently, the ovaries were blocked in PBTB for 1 h at RT and incubated 

with the primary antibodies diluted in PBTB at 4°C overnight. The respective dilution of the 

antibodies can be found in Table 16. The ovaries were washed twice for 30 min with PBTB and 

blocked again using PBTB containing 5% donkey serum for 1 h at RT. Incubation with the 

conjugated secondary antibodies was performed in PBTB with 5% donkey serum for 2 h at RT. 

After 5 washes for 15 min with PBST0.2 egg chambers were dissected and mounted in DAPI 

containing Vectashield®. Buffer compositions are displayed in Table 32.  

Stained egg chambers were examined using a TCS SP5 (inverted) confocal microscope. Images 

were taken using 40 x oil lens by laser scanning and processed with ImageJ.  
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Table 32. Buffers used for immunostainings in ovaries. 

Name Composition 

PBTB 0.2% Triton X-100 and 1 % BSA (neutral pH) in 1x PBS 

PBST0.2 0.2% Triton-X100 in 1x PBS 

PBST 1 1% Triton-X100 in 1x PBS 

 

5.2.5. RNA work 

5.2.5.1. RNA isolation and measurement of RNA levels 

Cells or tissues were harvested in TRIzol Reagent, RNA was extracted using Chloroform and 

precipitated with Isopropanol according to the manufacturer’s instructions. For input and IP 

samples of RIP experiments, precipitation was performed in the presence of 0.5 µl of Ambion 

GlycoBlueTM. 

Prior to RT, possible DNA contaminants were removed with a DNaseI treatment at 37°C for 

20 min. DNaseI was subsequently inhibited by adding 5 mM EDTA and incubating at 75°C for 

10 min. cDNA was prepared from 500 ng - 2 µg of RNA with M-MLV Reverse Transcriptase 

and random primer according to the manufacturer’s instructions.  

The transcript levels were quantified by qPCR with Power SYBR® Green PCR Master Mix 

using the indicated primer (Table 13) and a ViiA7 real-time PCR system. 

 

5.2.5.2.  In vitro transcription and purification of ds RNAs 

For preparation of dsRNAs, in vitro transcription was performed using the HiScribe® T7 Kit 

according to the manufacturer’s instructions. To this end, 500 ng of DNA template containing 

T7 overhangs were used in 20 µl reaction volume. The produced dsRNAs were purified using 

2.5 M Lithium Chloride and washed with 70% Ethanol. Subsequently, the dsRNA was 

dissolved in nuclease free water at 65°C for 10 min and allowed to slowly cooled down to RT 

to assure correct annealing. 
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5.2.5.3. RNA sequencing 

5.2.5.3.1. Sample and library preparation 

Ovaries of 6-7 days old flies were isolated and lysed in TRIzol Reagent. RNA was isolated 

(5.2.5.15.2.5.1) and the integrity of the RNA samples was analyzed using an RNA nano 6000 

Chip. 

2 µg of the obtained RNA was subjected to DNaseI treatment in 100 µl reaction volume 

according to the manufacturer’s instruction. The mRNA was subsequently isolated in two 

rounds of PolyA extraction with oligo d(T)25 magnetic beads following the manufacturer’s 

instruction. Four individual libraries for homozygous Mkrn1W and three for heterozygous 

Mkrn1W ovary samples were prepared using NEBNext Ultra II Directional RNA Kit according 

to the manufacturer’s instructions. To this end, 10 cycles were used to amplify each library. 

Libraries were subsequently purified from remnant oligo-dimers twice using Ampure XP beads.  

Concentration and profiles of the libraries were analyzed with an Agilent High Sensitivity DNA 

Kit. The libraries were pooled to a final concentration of 4 nM and submitted to sequenced 

using Illumina NextSeq500 with a read length of 2x42 bp paired-end (NextSeq Control 

Software v. 2.2.0.4).  

 

5.2.5.3.2. Sequencing analysis 

The subsequent steps were performed by N. Kreim (IMB CF, Bioinformatics). 

 

The samples were demultiplexed using bcl2fastq and the fastq files downsampled to 21 million 

read pairs. The paired end fastq files were mapped against BDGP6 Ensembl release 91 [389] 

using STAR [390]. Gene expression was quantified using featureCounts from the subread 

package taking only uniquely mapping reads into account [391]. Bigwig coverage tracks were 

generated using deepTools2 [392]. Differential expression analysis was performed using 

R/Bioconductor and DESeq2 [393, 394]. Genes were deemed significantly differently 

expressed for an FDR < 1%. GO-term and pathway analysis was performed using 

ClusterProfiler and ReactomePA [395, 396]. 
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5.2.6. Immunoprecipitation (IP)  

5.2.6.1. IP 

Methods are described after [346]. 

 

For IPs, S2R+ cells were harvested, washed with PBS and lysed in IP buffer (Table 33) 

supplemented with proteinase inhibitors (1 μg/mL Leupeptin, 1 μg/mL Pepstatin, 1 μg/mL 

Aprotinin and 1 mM PMSF) for 30 min at 4°C. Cells were subjected to 2 cycles of sonication 

on a Bioruptor® with 30 seconds “ON”/ “OFF” at low setting and the remaining cell debris was 

removed by centrifugation at 21.000 g for 10 min at 4°C. Protein concentrations were 

determined using Bradford reagent. 

2 mg of the protein lysates was incubated for 3 h with 2 μg of α-Myc or α-FLAG antibody pre-

coupled to 15 μl of protein G Dynabeads® or 10 μl GFP-Trap® magnetic agarose beads with 

head-over-tail at 4°C. Beads were washed 4x for 10 min in IP buffer and eluted in 1x SDS 

buffer 95°C for 10 min. Eluted IP proteins were removed from the beads and analyzed by 

Western blot together with input samples. 

To determine the dependence of interactions on RNA, 50 Units of RNaseT1 were added to the 

respective IP. To ensure the activity of RNase T1, lysates were incubated 10 min at room 

temperature prior to the incubation of lysate with antibody. 

 

Table 33. Buffer used for IP experiments. 

Name Composition 

IP buffer 150 mM NaCl, 50 mM Tris-HCl pH 7.5, 0.5% NP-40 
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5.2.6.2. Liquid chromatography-tandem mass spectrometry 

LC-MS/MS 

Methods are described after [346].  

5.2.6.2.1. Experimental setup and IP 

To identify binding partners of Mkrn1, either Myc-GFP as control or Myc-Mkrn1 were 

ectopically expressed in S2R+ cells. Upon lysis, Myc-GFP or Myc-Mkrn1 were 

immunoprecipitated as described above (5.2.6.1). To ensure efficient IP, 15 μl of PierceTM α-

Myc magnetic beads were incubated for 2 h with the lysate at 4°C. In addition, the IP buffer 

was supplemented with 10 mM N-ethylmaleimide, 1 mM sodium orthovandate, 5 mM β-

glycerophophoate and 5 mM sodium flouride to avoid degradation of target proteins. After IP, 

samples were eluted in 2x LDS buffer supplemented with 1 mM Dithiothreitol for 10 min at 

70°C and incubated with 5.5 mM 2-chloracetamide (CAA) for 30 min at RT in the dark. All 

conditions were prepared in technical triplicates and performed in parallel.  

For SILAC experiments, IP was performed similar as above containing the following additions: 

Cells were grown in Schneider’s medium supplemented with 600 mg/ mL arginine and 1,650 

mg/ mL lysine. The supplementation allows the metabolic incorporation of either “light” or 

“heavy” labelled amino acids. Whereas the natural containing amino acids are referred to as 

“light” (Arg0 and Lys0), “heavy” labelled amino acids contain the isotopes 15N2
13C6-lysine 

(Lys8) and 15N4
13C6-arginine [Arg10, 354]. The “light” cells were transfected with Myc-GFP 

whereas “heavy” cells expressed Myc-Mkrn1RING. IP was performed as for the label-free 

quantification method described above. To analyze the strength of interaction, different NaCl 

concentrations (150 mM or 500 mM) were used in the washing buffer. After the third wash, 

“light” and “heavy” samples were combined and washed once more prior to elution and CAA 

treatment. 

 

5.2.6.2.2. LC-MS/MS analysis 

The subsequent steps were performed by A. Hildebrandt (P. Beli group, IMB) and A. Busch 

(IMB CF, Bioinformatics). 
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Conventional interactome analysis of the IP samples was performed as described before [164] 

with following changes: The enriched proteins were separated by SDS-PAGE with a 4-12% 

Bis-Tris protein gel and stained with Colloidal Blue Staining Kit. Subsequently, proteins were 

in-gel digested using trypsin and digested peptides were then extracted from the gel. 

Concentration, clearance and acidification of peptides, mass spectrometry analysis, and peptide 

identification were performed as described before [164]. For the SILAC quantification, samples 

were prepared using the conventional SILAC workflow [164].  

For peptide identification in MaxQuant, the DROME database from UniProtKB (release May 

2016) was used. For label-free quantification (LFQ) at least 2 LFQ ratio counts (without fast 

LFQ) were activated.  

 

The data table of LFQ values resulting from MaxQuant was filtered for potential contaminants, 

reverse binders and protein groups only identified by site. Furthermore, protein groups with less 

than two peptides and less than 1 unique peptide were also removed from further analysis. After 

log-transforming all remaining LFQ values, missing values were imputed by beta distributed 

random numbers between 0.1% and 1.5% of the lowest measured values. As a final filtering 

step, only protein groups having measured values for at least two replicates of at least one 

experimental condition were kept for further analysis. All filter and imputing steps were done 

with an in-house R script. 

Differential protein abundance analysis was performed on log-transformed LFQ values 

between two conditions at the time using the R package limma [397]. For each such 

comparison, only protein groups found in at least two replicates of at least one condition were 

kept and used. To visualize the interactome, the R package ggplot2 was used [398]. All protein 

groups with an FDR ≤ 0.05 and a log2 fold change of ≥ 2 were considered significantly changed. 

 

5.2.6.3. RNA-Immunoprecipitation (RIP) 

Methods are described after [346]. 

 

For RIP, S2R+ cells or ovaries were harvested and lysed in RIP buffer (Table 34) supplemented 

with proteinase inhibitors (1.5 μg/ml Leupeptin, 1.5 μg/ml Pepstatin, 1.5 μg/ml Aprotinin and 

1.5 mM PMSF) and RNase inhibitors (20 U/μl). S2R+ cells were lysed for 20 min at 4°C, 

subtracted to 2 cycles of sonication on a Bioruptor® with 30 sec “ON”/“OFF” at low setting and 
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the remaining cell debris was removed by centrifugation at 21,000 g for 10 min at 4°C. To 

remove lipids and cell debris, ovary lysates were centrifuged 4 times. Protein concentrations 

were determined using Bradford reagent. 2 mg of protein lysate were incubated for 3 h with 2 

μg of α-FLAG M2® antibody pre-coupled to 20 μl of rotein G Dynabeads® head-over-tail at 

4°C. For RIP experiments analyzing binding of Bru1 or Cup in ovaries, either 1 μl of rabbit α-

Bru1 or 1 μl of mouse α-Cup were incubated with ovarian lysate over night (15 h) at 4°C. As 

controls, either 2 μg of normal rabbit IgG or 2 μg of normal mouse IgG were used. 20 μl of 

protein G Dynabeads® were added for 2 h after the incubation. For every RIP experiment, beads 

were washed 4 x for 10 min in RIP buffer at 4°C.  

For immunoprecipitation of GFP-tagged Imp and Bru1 15 μl of GFP-Trap® were used. Lysates 

were prepared similar as above using RIPA buffer (Table 34) supplemented with proteinase 

and RNase inhibitors. IP was performed for 2 h at 4°C and subsequently washed 4 x for 10 min 

with RIPA buffer.  

 

Table 34. Buffers used for RIP experiments. 

Name Composition 

RIPA buffer 
140 mM NaCl, 50 mM Tris pH 7.5, 1 mM EDTA pH 8, 1% Triton X-

100, 0.1% SDS, 0.1% sodium deoxycholate 

RIP buffer 150 mM NaCl, 50 mM Tris-HCl pH 7.5, 0.5% NP-40, 1 mM EDTA 

 

5.2.6.4. Individual-nucleotide resolution UV CrossLinking and 

ImmunoPrecipitation (iCLIP) and autoradiography 

Methods are described after [346]. 

5.2.6.4.1. Experimental setup of iCLIP experiments 

The iCLIP protocol was performed as in [256] with the following adaptations: S2R+ cells were 

crosslinked with 150 mJ/cm2 of UV light and subsequently harvested. Cells were lysed in urea 

cracking buffer and sonicated using 2 cycles with 30 sec “ON”/“OFF” at low setting. 

Remaining cell debris was removed by centrifugation at 21,000 x g for 10 min at 4°C. For 

ovaries, the centrifugation step was repeated twice. Lysate was diluted 1:5 in IP buffer and 

incubated with 4 µg of anti-FLAG M2® antibody pre-coupled to 100 µl of protein G 
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Dynabeads® for 2 h at 4°C. After IP, the pulled-down RNA-protein complexes were washed 3x 

with high salt buffer and 3x with PNK buffer. To trim the length of the crosslinked RNA, on-

bead digestion using Turbo DNase and RNase I was performed. Subsequently, the beads were 

washed again 3x with high salt buffer and 3x with PNK buffer. Buffer compositions are 

displayed in Table 35. 

 

Table 35. Buffers used for iCLIP experiments. 

Name Composition 

High salt buffer 
1 M NaCl, 50 mM Tris pH 7.4, 1 mM EDTA, 1% NP-40, 0.1% 

SDS, 0.5% Na-DOC 

IP buffer 
150 mM NaCl, 50 mM Tris pH 7.5, 0.5% Tween-20, 0.1 mM 

EDTA 

PNK buffer 10 mM MgCl2, 20 mM Tris pH 7.6, 0.2% Tween-20 

Urea cracking buffer 50 mM Tris pH 7.5, 6 M urea, 1% SDS, 25% PBS 

 

5.2.6.4.2. Library preparation 

The following steps were performed by A. Hildebrandt (J. König group, IMB)  

 

For high-throughput sequencing of S2R+ cells, libraries of 6 technical replicates for FLAG-

Mkrn1 and 1 replicate for FLAG-GFP (ctrl) were prepared as described [256]. 

Multiplexed iCLIP libraries were sequenced as 75-nt single-end reads on an Illumina MiSeq 

sequencing system.  

 

5.2.6.4.3. Sequencing analysis 

The following steps were performed by A. Busch (IMB CF, Bioinformatics). 

 

Sequencing qualities were checked for all reads using FastQC. Afterwards, reads were filtered 

based on sequencing qualities (Phred score) of the barcode region. Reads with more than one 

position with a Phred score < 20 in the experimental barcode (positions 4 to 7 of the reads) or 

any position with a Phred score < 17 in the random barcode (positions 1 to 3 and 8 to 9) were 

excluded from subsequent analysis. Remaining reads were de-multiplexed based on the 

experimental barcode (positions 4 to 7) using Flexbar without allowing any mismatch [399]. 
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All following steps of the analysis were performed on the individual samples after de-

multiplexing. Remaining adapter sequences were removed from the read ends using Flexbar 

(version 3.0.0) with a maximal error rate of 0.1 and a minimal overlap of 1 nt between the 

beginning of the adapter and the end of the read. Following adapter trimming, the first 9 nt of 

each read containing the experimental and random barcodes were trimmed off and added to the 

read name in the fastq files in order to keep this information for downstream analysis. Reads 

shorter than 15 nt were removed from further analysis.  Trimmed and filtered reads were 

mapped to the Drosophila genome (Ensembl genome assembly version BDGP6) and its 

annotation using STAR [390, 400]. When running STAR, up to two mismatches were allowed, 

soft-clipping was prohibited at the 5’ ends of reads and only uniquely mapping reads were kept 

for further analysis. For further analysis, only unspliced reads were kept and analyzed. 

Following mapping, duplicate reads were marked using the dedup function of bamUtil (version 

1.0.13), which defines duplicates as reads whose 5' ends map to the same position in the genome 

(https://github.com/statgen/bamUtil). Subsequently, marked duplicates with identical random 

barcodes were removed since they are considered technical duplicates, while biological 

duplicates showing unequal random barcodes were kept. 

Resulting bam files were sorted and indexed using SAMtools [401]. Afterwards, bedgraph files 

were created based on bam files, using bamToBed of the BEDTools, considering only the 

position upstream of the 5' mapping position of the read, since this nucleotide is considered as 

the crosslinked nucleotide [402]. Using bedGraphToBigWig of the UCSC tool suite, all 

bedgraph files were converted into bigWig files [403].  

 

5.2.6.5. Ubiquitination assay 

Ubiquitination assay was performed as described previously [194, 404] with the following 

adaptations: Cells were transfected with GFP alone or GFP-tagged protein of interest and 

treated for 6 h with 10 µM MG-132 prior to harvesting. Cells were lysed using 500 µl lysis 

buffer supplemented with protease inhibitors, PMSF and 10 mM NEM. IP was performed using 

20 µl of GFP-Trap® beads for 90 min at 4°C. Subsequently, beads were washed once with 

dilution buffer, 3 times with stringent washing buffer and once with mild washing buffer. Buffer 

compositions are displayed in Table 36.  

For analysis of proteins with a FLAG tag, IP conditions of iCLIP were used (5.2.6.4.1) with the 

following changes: Cells were treated for 6 h with 10 µM MG-132 prior to harvesting. The 
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Urea cracking buffer as well as IP buffer contained 10 mM NEM in addition to protease 

inhibitors. IP was washed 4 times with high salt buffer and 3 times with PNK buffer. 

In both assays described above beads were boiled in 1x SDS buffer at 95°C for 10 min. 

Ubiquitination of the eluted proteins was analyzed by western blotting together with input 

samples using 50% of IP samples. The other half was analyzed for its IP efficiency on a different 

blot. 

 

Table 36. Buffers used for UB assays. 

Name Composition 

Dilution buffer 150 mM NaCl, 10 mM Tris pH 7.5, 0.5 mM EDTA 

Lysis buffer 
150 mM NaCl, 50 mM Tris pH 7.5, 1 mM EDTA, 

0.5% Triton X-100 

Mild washing buffer 1% SDS in PBS 

Stringent washing buffer 8 M Urea, 1% SDS in PBS 

 

5.2.7. Dual fluorescence translation stall assay by 

flow cytometry 

To analyze the effect of Mkrn1 on RQC, a translation stall assay was performed as described 

before [161, 173]. In short, knockdowns in S2R+ cells were performed in 6 well format against 

LacZ (ctrl), Mkrn1 and CG11414 mRNA (5.2.1.2). Cells were washed and harvested in cold 

PBS (1x). Subsequently, cells were resuspended in 300 µl FACS buffer (Table 37).  

The cellular expression of GFP and RFP was measured by flow cytometry using LSRFortessa 

SORP analyzer. For every experiment, 30.000 viable and transfected cells were analyzed. The 

data was analyzed using FlowJo and the ratio of RFP to GFP expression was calculated. 

 

Table 37. Buffer used for flow cytometry experiments. 

Name Composition 

FACS buffer 3 mM EDTA, 5% FBS in 1x PBS 
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Figure S1. Mkrn1 is required in germ cells but not in follicle cells.  

Rescue experiments in Mkrn1N ovaries were conducted. (A, B) Wild-type Mkrn1 was overexpressed using (A) a 

nos>Gal4 or (B) a Tj>Gal4 driver line. Ovaries were analyzed by immunostaining against α-Orb (oocyte specific; 

red) and DAPI (DNA; blue). Scale bars indicate 50 μm. (C) Fertility of Mkrn1 females was analyzed via a hatching 

assay. The number of laid eggs was compared to the number of larvae hatched from females overexpressing Mkrn1 

in the germline (nos>Gal4) or in the follicle cells (Tj>Gal4) in a Mkrn1N background. Error bars depict Stdev of 

three technical replicates. 
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Figure S2. Transcriptome of Mkrn1W ovaries hardly differs from wild-type condition. 

RNA-seq analysis of polyA-enriched RNA in either heterozygous (ctrl) or homozygous Mkrn1W ovaries was 

compared. Genes with an FDR ≤ 1% are marked in red as significantly differentially expressed. Selected genes, 

which are differentially expressed are highlighted. Also, pAbp as well as maternal effect genes including osk, bcd 

and grk are highlighted. 
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Figure S3. Generation of different Mkrn1 mutants in S2R+ cells.  

(A) Schematic diagram of various Mkrn1 protein mutants. Different mutations were introduced to analyze the 

distinct domains: Mkrn1RING carries a point mutation that substitutes histidine 239 with glutamic acid (H239E). 

Mkrn1ΔZnF1 contains a deletion of amino acids 26 to 33 similar to the Mkrn1W allele. The ZnF2 domain was mutated 

with amino acid substitutions of the cysteines at positions 302, 312 and 318 to alanines (C302A, C312A and 

C318A; Mkrn1ZnF2). (B) Immunostaining of the different Mkrn1 mutants indicated in (A). The proteins were 

overexpressed in S2R+ cells and immunostained against the FLAG-tag (green). To visualize the nucleus, DAPI 

staining (blue) was performed as well. Scale bar indicates 5 μm. (C) Western blotting of the individual Mkrn1 

mutants indicated in (A). To normalize the protein levels, β-tubulin was analyzed. 
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Figure S4. Validation of the Mkrn1 interactome. 

Pulldown experiments to validate the associations of tagged Mkrn1RING with (A) GFP-pAbp, (B) GFP-Imp, (C) 

Myc-eIF4G (D) Myc-Sqd, (E) Myc-Me31B (F) Myc-Dcp1 and (G) Myc-eIF4E. GFP and Myc IPs were performed 

in the absence or presence of RNase T1 and enrichment of the proteins was analyzed by western blotting. As 

control, GFP alone or Myc-GFP were used. All co-IP experiments were performed in S2R+ cells.  
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Figure S5. Analysis of the interaction of Mkrn1 with pAbp. 

(A) Summary of co-IP experiments between Myc- or GFP-tagged interacting proteins and Mkrn1RING. IP 

experiments were performed in the presence of RNase T1 using 150, 300 or 500 mM NaCl for washing. The 

relative enrichment of Mkrn1RING signal in each IP compared to the GFP controls is depicted for three individual 

experiments. (B) Cycloheximide (CHX) treatments of cells to analyze the protein stability of Mkrn1. FLAG-

Mkrn1 was co-expressed with either GFP or GFP-pAbp in S2R+ cells. Cells were treated with CHX for different 

times and subsequently analyzed. Left: protein levels of Mkrn1 were analyzed by western blotting.  Mkrn1 protein 

levels are increased in the presence of pAbp. Right: Protein levels of Mkrn1 in the presence of pAbp were 

quantified and normalized to intensities of β-tubulin. 
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Figure S6. Analysis of different Mkrn1 mutants in ovaries. 

(A) IPs of either Mkrn1RING or Mkrn1ΔZnF1+RING in ovaries. The Mkrn1 mutants were overexpressed using a 

nos>Gal4 driver and immunoprecipitated with an α-FLAG antibody. IP was analyzed by western blotting to 

examine the interaction with pAbp. (B) Different versions of Mkrn1 were overexpressed in ovaries and 

immunostaining was performed to assess their localization within the oocyte. Wild-type or mutant Mkrn1 was 

stained using α-FLAG (green) and nuclei were stained using DAPI (blue). Scale bar indicates 50 µm. (C) 

Brightfield images of ovaries from different mutant flies. Either wild-type Mkrn1, Mkrn1PAM2, Mkrn1RING or 

Mkrn1ΔZnF1 were overexpressed in the Mkrn1N background. 
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Figure S7. Application of different reporter constructs to assess the RNA-binding activity of Mkrn1. 

(A) RIP experiments of FLAG-tagged Mkrn1 or Mkrn1ΔZnF1 in S2R+ cells. Proteins were co-expressed with either 

luciferase-osk-3’UTR (red) or luciferase-grk-3’UTR (blue). Left: enrichment of the different luciferase transcripts 

was analyzed by RT-qPCR. Fold enrichment is illustrated relative to the control RIP using FLAG-GFP. Error bars 

illustrate SEM, n = 3, n.s. p > 0.05, ** p ≤ 0.01 (one sample t-test). Right: representative western blot of the FLAG-

RIP performed in S2R+ cells. (B) Schematic presentation of the luciferase-osk-3’UTR reporters created and 

utilized in this study. The BRE-C region bound by Bru1 is indicated in yellow while the AR region is annotated 

with blue letters. The different deletions (gray) and mutations (red) introduced in the osk 3’ UTR are indicated. 
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Figure S8. Mkrn1 specifically binds to the osk 3‘ UTR. 

(A-C) Representative western blot depicting a RIP experiment of FLAG-Mkrn1RING in S2R+ cells illustrated in 

Fig. 13B and 13C. FLAG-RIP of the osk 3’ UTR reporter was compared to either (A) oskΔMkrn1 (B) oskΔtypeII and 

osktypeII or (C) oskΔBSF and oskBSF. (D) IP experiment of Mkrn1RING with Myc-tagged BSF in S2R+ cells. As control, 

Myc-GFP was used. The Myc-IP was performed in the absence or presence of RNase T1. (E) FLAG-RIP of BSF 

was performed in either LacZ or Mkrn1 knockdown cells. FLAG-GFP used as a control. Above: representative 

western blot depicting a RIP experiment illustrated in Fig. 13D. Below: RT-qPCR analysis of a representative RIP 

to validate knockdown efficiency of Mkrn1 mRNA. The mRNA levels were normalized to Rpl15 mRNA. Error 

bars depict Stdev of 3 technical replicates. 
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Figure S9. Binding of Mkrn1 to osk 3‘ UTR is dependent on pAbp.  

(A-D) Representative western blots of FLAG-RIP experiments performed in S2R+ cells displayed in Fig. 14 A-

14C. (A) RIP experiment of Mkrn1RING comparing binding of a reporter containing wild-type osk 3’ UTR or oskΔAR. 

(B and C) Left: western blots of FLAG-RIPs of Mkrn1RING in control, (B) Imp and (C) pAbp knockdown cells. 

Right: RT-qPCR validation of the knockdown efficiency for a representative RIP experiment. The mRNA levels 

were normalized to Rpl15 mRNA. Error bars depict Stdev of 3 technical replicates. (D) Western blot of FLAG-

RIP experiments in S2R+ cells analyzing the binding of wild-type and mutant Mkrn1 to luciferase-osk-3’UTR 

reporter. 
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Figure S10. Mkrn1 antagonizes binding of Bru1 to osk 3‘ UTR. 

(A and B) Western blots depicting co-IP experiments of Myc-tagged Mkrn1RING with either (A) Bru1 or (B) 

Cup. Proteins were overexpressed in S2R+ cells and Myc-IP was performed in the absence or presence of RNase 

T1. (C-E) Above: western blots of representative RIP experiments displayed in Fig. 15A. RIPs were performed 

in either LacZ or Mkrn1 knockdown condition in S2R+ cells to analyze changes in luciferase-osk-3’UTR 

enriched when performing an IP with (C) Bru1, (D) Imp (E) pAbp and Sqd. Below: RT-qPCR analysis to 

validate the efficiency of the Mkrn1 knockdown. The mRNA levels were normalized to Rpl15 mRNA. Error bars 

depict Stdev of 3 technical replicates. 
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Figure S11. Mkrn1 antagonizes the binding of Bru1 to osk 3‘ UTR. 

(A) Left: representative western blot of a GFP-RIP in either control (LacZ) or pAbp depleted S2R+ cells illustrated 

in Fig. 15B. Right: RT-qPCR of a RIP experiment measuring knockdown efficiency of pAbp mRNA. The mRNA 

levels were normalized to Rpl15 mRNA. Error bars depict Stdev of 3 technical replicates. (B) RIP experiments of 

GFP-tagged Bru1 in S2R+ cells using either wild-type osk or oskΔAR reporter. Left: fold change of osk 3‘ UTR 

compared to oskΔAR was analyzed by RT-qPCR. Error bars depict SEM, n = 3, n.s. p > 0.05 (one sample t-test). 

Right: representative immunoblot. (C) Western blot of Bru1-RIP experiment displayed in Fig. 15C. Endogenous 

Bru1 was immunoprecipitated in either heterozygous (wild-type) or homozygous Mkrn1W ovaries. For the control 

IP, normal IgG was used. 
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Figure S12. Mkrn1 does not influence Bru1 binding to Cup. 

(A and B) Left: western blots of co-IP experiments in either LacZ or Mkrn1 knockdown condition. GFP-IP was 

performed to analyze the binding of Bru1 to (A) Bru1 and (B) Cup. Right: RT-qPCR validation of Mkrn1 

knockdown efficiency in S2R+ cells. The mRNA levels were normalized to Rpl15 mRNA. Error bars depict Stdev 

of 3 technical replicates. (C) Cup-RIP experiments in ovaries. IP was conducted using an α-Cup antibody. Left: 

enrichment of endogenous osk mRNA was analyzed by RT-qPCR. The fold change of RIP experiments in 

homozygous Mkrn1W ovaries compared to heterozygous (wild-type) ones is depicted. For the control IP, normal 

IgG was used. Error bars indicate SEM, n = 4, n.s. p > 0.05 (one sample t-test). Right: representative immunoblot 

of a Cup-RIP in Mkrn1W ovaries. 
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Figure S13. Mkrn1 ubiquitinates pAbp.  

Ub assay of either (A) GFP-tagged Imp and Bru1 or (B) FLAG-tagged pAbp and Cup in control (LacZ) compared 

to Mkrn1 knockdown condition. Left: IP efficiency and ubiquitination pattern were analyzed by western blotting. 

Right: RT-qPCR analysis to measure efficiency of the Mkrn1 knockdown is displayed. The mRNA levels were 

normalized to Rpl15 mRNA. Error bars depict Stdev of 3 technical replicates. 
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Figure S14. Analysis of the role of Mkrn1 in RQC.  

(A) Schematic representation of the reporter assay used to analyze translation stalling via flow cytometry. The 

reporter construct encodes for GFP (green) and RFP (red). Both coding sequences are separated by viral P2A 

sequences (light grey). Within these P2A sequences, a stalling reporter (grey) is present that contains different 

codon sequences encoding for lysines (AAA triplets with various repeats) or arginines (CGA triplet of 10 repeats). 

Depending on the inserted stalling reporter, the ratio of GFP to RFP present in the cell differs. (B) Flow cytometry 

analysis of translation stall assay in S2R+ cells. Above: cells were either depleted for LacZ, Mkrn1 or CG11414 

and the median of GFP and RFP-positive cells was calculated. For every experiment, 30.000 cells were analyzed. 

The ratio of GFP to RFP is displayed for every reporter. Error bars depict Stdev, n = 2. Below: RT-qPCR analysis 

of knockdown efficiencies of a representative experiment. 
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Figure S15. Proteome analysis in S2R+ cells. 

Mass spectrometry analysis of SILAC-treated cells comparing either (A) LacZ with Mkrn1 knockdown or (B) 

FLAG-tagged GFP with Mkrn1 overexpression. Proteins with an FDR of ≤ 0.5 % are indicated as significantly 

differentially expressed (red). Interaction candidates of Mkrn1 (turquoise) were not affected. 
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Figure S16.Analysis of the effect of phosphorylation on Mkrn1. 

(A) Schematic indication of Mkrn1 and the position of its potential phosphorylation site identified by PTMcode2 

[362]. (B) FLAG-RIP experiments of phosphomutants of Mkrn1 in S2R+ cells. Left: the enrichment of the osk 3’ 

UTR reporter is displayed compared to RIP with FLAG-GFP. Error bars depict Stdev. Right: western blot analysis 

of FLAG-RIP experiment. (C) Western blot illustrating co-IP experiments between Mkrn1 phosphomutants and 

pAbp in S2R+ cells. FLAG-tagged Mkrn1 was immunoprecipitated and the interaction compared to FLAG-GFP 

as negative control.  
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