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ABSTRACT 

Current models imply that the evolutionarily conserved, actin-binding Ezrin-Radixin-Moesin 

(ERM) proteins perform their activities at the plasma membrane by anchoring membrane proteins 

to the cortical actin network. Here we show that beside its cytoplasmic functions, the single ERM 

protein of Drosophila, Moesin, has a novel role in the nucleus. The activation of transcription by 

heat shock or hormonal treatment increases the amount of nuclear Moesin, indicating biological 

function for the protein in the nucleus. The distribution of Moesin in the nucleus suggests a 

function in transcription and the depletion of mRNA export factors Nup98 or its interacting 

partner, Rae1, leads to the nuclear accumulation of Moesin, suggesting that the nuclear function 

of the protein is linked to mRNA export. Moesin localizes to mRNP particles through the 

interaction with the mRNA export factor PCID2 and knock down of Moesin leads to the 

accumulation of mRNA in the nucleus. Based on our results we propose that, beyond its well-

known, manifold functions in the cytoplasm, the ERM protein of Drosophila is a new, functional 

component of the nucleus where it participates in mRNA export. 

 

Keywords: Moesin; mRNP; PCID2; mRNA export; actin; Drosophila 

 

Abbreviations: ChIP, chromatin immunoprecipitation; DMSO, Dimethyl sulfoxide; ERM, Ezrin-

Radixin-Moesin; IgGH, Immunoglobulin G Heavy chain; HS, Heat Shock; LMB, Leptomycin B; 

LatA, Latrunculin A; Nup98, Nucleoporin98; NLS, Nuclear Localization Sequence; pAbp, polyA 

Binding Protein; PCID2, PCI domain-containing Protein 2; Rae1, RNA Export Factor 1; 

RNAPII, RNA Polymerase II; Pol2, RNA Polymerase II 
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1. INTRODUCTION 

In the last few years, it has been shown that, besides the nuclear intermediate filament-

forming lamins, several cytoskeletal components are also present in the nucleus including actin, 

actin-binding and -crosslinking proteins [1-4]. However, the existence of a structure mechanically 

and functionally analogous to the cytoskeleton in the nucleus is not known. Recently, these 

proteins, especially actin, actin-binding proteins (ABPs), and actin-related proteins (ARPs), 

receive particular attention because more and more evidence suggests that they are present in all 

major nuclear complexes [2,5]. 

We study the nuclear localization and function of Moesin (Moe), a member of the 

evolutionarily conserved, actin-binding ERM protein family. The main function of active ERM 

proteins in the cytoplasm is the crosslinking of cell membrane proteins to the cortical actin 

cytoskeleton. They bind various transmembrane proteins with their FERM domain and anchor 

them to the actin cortex through their actin-binding domain. Although this membrane-

cytoskeletal linkage is critical for the stability of the cell cortex, recent studies indicate that this is 

only a part of what ERMs do in many cells. Up to the present, the localization and functional 

studies on ERMs have focused only on the cytoplasm, but our laboratory has observed that the 

sole ERM protein of Drosophila melanogaster, Moesin, is present in the nucleus as well, both in 

cultured cells and in vivo [6]. In our work presented here, we explore the biological significance 

of the nuclear localization of Moe. The data we display here illustrate that Moe is a functional 

component of the nucleus and demonstrate that it plays role in mRNA export. 
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2. RESULTS 

2.1. Moesin localizes to the nucleus 

The localization of the actin-binding Moe protein to the nucleus was observed by 

immunostaining for the endogenous protein in cultured S2R+ Drosophila cells (Fig 1A) as well 

as salivary glands of third instar larvae (Fig 1B). The V5 epitope tag and GFP-labeled Moe 

proteins (Moe-V5 and Moe-GFP, respectively) expressed in S2R+ cells under the control of the 

actin5C promoter (Fig 1A) or in the salivary gland by a salivary gland-specific driver 

(Sgs3>Gal4) (Fig 1B) showed the same nuclear localization in the nucleus suggesting that the 

presence of Moe in the nucleus is not affected by the used epitope tag. We also noted that the 

staining intensities in the nucleus and the cytoplasm are about the same in the confocal images. 

The western-blot analysis of isolated nuclear and cytoplasmic protein fractions purified from 

S2R+ cells further verified the existence of nuclear Moe (Fig 1C). In this experiment same 

amount of total protein (1 μg) of each fraction was loaded on the gel, therefore the amounts of 

Moe protein in the nuclear and cytoplasmic fractions could be compared in each sample 

(endogenous Moe, Moe-V5, Moe-GFP). This revealed that the concentrations of Moe in the two 

cellular compartments are about the same, supporting the observation about the similar 

fluorescent intensities in the nucleus and in the cytoplasm. 

The salivary gland cells of Drosophila third instar larvae undergo multiple endoreplication 

cycles without cell division and, as a result, they have extremely big nuclei with giant polytene 

chromosomes. Live imaging of these cells revealed the fine details of the nuclear distribution of 

Moe: the protein is uniformly present in the nucleoplasm, enriched in some chromosome regions, 

and is absent from the nucleolus (Fig 1D). 

 

2.2. The amount of nuclear Moesin is regulated 

In the next set of experiments we investigated whether the protein level of Moe can be 

influenced in the nucleus. We stimulated salivary glands with the molting hormone ecdysone as 

well as heat-shock treatment. Both treatments induce high transcriptional activity in the nucleus 

due to the activation of specific target genes [7,8]. We found that upon one hour long heat-shock 

treatment at 37°C the level of nuclear Moe was significantly higher compared to the untreated 

control (Fig 2A). The incubation of Moe-GFP-expressing salivary glands in Drosophila 

Schneider’s medium complemented with 20 µM Ponasterone A (ecdysone analog) had a similar 
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effect: nuclear Moe level was elevated following a one-hour treatment, and it was even higher 

after two and three hours of incubation (Fig 2B). 

The Drosophila S2R+ cell line is not sensitive to ecdysone because it fails to express 

ecdysone receptors, but we could test the effect of heat-shock treatment on these cells by 

monitoring the nuclear/cytoplasmic ratio of the GFP signal after 15 and 30 minutes of heat shock 

in cells transiently transfected with the Moe-GFP expression vector. Compared to untreated 

control cells, we noticed a significant increase in the nuclear accumulation of the Moe-GFP 

protein which correlated with time upon 15 and 30 minutes of heat shock (Fig 2C, quantification 

in D). Western-blot analysis of isolated nuclear and cytoplasmic protein fractions purified from 

S2R+ cells further verified the increase of nuclear Moe upon heat shock (Fig 2E). 

 

2.3. Inhibition of mRNA export induces nuclear accumulation of Moesin 

Actin has a dedicated export-import system to shuttle between the nucleus and the 

cytoplasm [3,9-10], which supports the view that Moe might also translocate into and out of the 

nucleus in a regulated fashion. In order to attain deeper knowledge of the nuclear transport of 

Moe, we conducted an RNAi screen of all identified Drosophila cytoplasmic-nuclear transport 

factors [9] in cultured S2R+ cells (Table A.1). The screen revealed that the knock-down of the 

export factor Nucleoporin 98 (Nup98) leads to the statistically significant increase of the ratio of 

nuclear and cytoplasmic fluorescent intensity values of Moe-GFP (Fig A.2). Since these data 

were obtained by analyzing images taken with a conventional fluorescent microscope, next we 

visualized the effect of Nup98 depletion by a confocal microscope. This approach clearly 

demonstrated that the depletion of Nup98 in the cells transiently expressing Moe-GFP results in 

the accumulation of Moe in the nucleus (Fig 3A). To verify this finding, we silenced the mRNA 

export factor 1 (Rae1), a known interacting partner of Nup98 [11], in S2R+ cells expressing 

Moe-GFP. The knock-down of Rae1 also led to the enrichment of the Moe-GFP signal in the 

nucleus, corroborating that the nuclear export of Moe is dependent on Nup98/Rae1 (Fig 3A). To 

test whether the depletion of Nup98 or Rae1 cause a general block in nuclear export, the 

intracellular localization of GFP-tagged MAL (an actin-regulated SRF transcriptional coactivator 

[12]) was monitored in Nup98 and Rae1 depleted cells. The distribution of MAL was normal in 

these cells, suggesting that the effect of silencing Nup98 or Rae1 on the localization of Moe is not 

the result of the general arrest of nuclear export (Fig 3A). The depletion of Nup98 in live animals 
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further strengthened the idea that Nup98/Rae1 are specifically involved in the nuclear export of 

Moe (Fig 3B, quantification in C). 

However, these results also raise the possibility that the depletion of Nup98/Rae1 leads to 

the nuclear accumulation of Moe not because Moe is simply exported by Nup98/Rae1 but 

because Moe is an active member of the mRNA export machinery. To assess whether the 

restriction of mRNA export causes the nuclear accumulation of other export factors, we stained 

for a known mRNA export factor, the PCI domain-containing Protein 2 (PCID2) which resides 

predominantly within the cytoplasm [13], in Rae1 depleted cells. The PCID2 protein is part of the 

TREX-2 mRNA export complex [14] and in Drosophila it was shown to participate in mRNA 

export from the nucleus [13]. Similarly to Moe, PCID2 became predominantly nuclear when 

mRNA export was suppressed (Fig 3D, quantification in E) demonstrating that the block of 

mRNA export leads to the accumulation of export factors in the nucleus thus supporting the idea 

that Moe can play a role in mRNA export. Interestingly, we observed that actin, which has been 

implicated in mRNA export [15-17], also accumulated in the nucleus upon Rae1 silencing (Fig 

3D, quantification in E) providing additional support for the idea that Moe might be an active 

member of the mRNA export machinery. 

 

2.4. Moesin is present in the transcriptionally active regions of chromosomes 

As our finding of nuclear accumulation of Moe following transcriptional activation by heat 

shock and hormonal treatment indicated that in the nucleus Moe is most likely involved in gene 

expression, we decided to investigate its function in transcription. First we analyzed the 

localization pattern of Moe on the chromosomes by performing co-immunostaining with Moe 

antibody and DAPI, which marks the closed, dense chromatin, on polytene giant chromosomes 

from salivary glands of third instar larvae. We found that the DAPI and Moe stainings were fully 

complementary (Fig 4A). This finding was confirmed using the epitope-tagged forms of Moe 

(Moe-Myc: Fig 4B and Moe-HA: Fig 4C, quantification in G), revealing that Moe is present in 

the loosely packed, transcriptionally active regions of chromosomes. 

To confirm the idea that Moe has a function in transcription, we tested for the presence of 

Moe in the chromosome puffs, which are special euchromatic regions of the polytene 

chromosomes with extreme high levels of transcription. The activation of target genes for 

example by the molting hormone ecdysone or heat shock leads to the formation of these 
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structures. Chromosome puffs develop at specific cytological sites: ecdysone puffs arise for 

instance at the 74EF and 75B, while heat shock puffs develop at the 87A and 87C chromosomal 

regions. After heat shock or ecdysone treatment, Moe accumulated to high levels in the 

corresponding puff sites both in the case of intact live nuclei (Fig 4D) and chromosome 

preparations from salivary gland cells (Fig 4E and F) providing additional evidence for the 

involvement of Moe in transcription. 

In the next set of experiments we analyzed if the localization of Moe to the transcriptionally 

active sites indeed depends on transcriptional activity. For this aim first we employed the drug 

triptolide, which specifically causes the disassembly of the transcription complex through the 

proteasomal degradation of RNA Polymerase II (Pol2) [18], and monitored the localization of 

Moe to the chromosomes. Co-immunostaining of giant chromosomes for Moe and Pol2 after 

treatment with 1 µM triptolide for 45 minutes revealed that, similarly to Pol2, Moe fully 

dissociates from the chromosomes (Fig 4H) providing further evidence for the assumption that 

Moe is recruited to active sites to play role in gene expression. 

To unambiguously demonstrate that Moe has a function in transcription, we transfected 

Drosophila S2R+ cells with hemagglutinin tagged Moe (Moe-HA) and measured the Moe-HA 

occupancy at the Act42A and Hsp70 genes by using chromatin immunoprecipitation (ChIP) (Fig 

4I). Specific primers for an intergenic region were used as negative control and cells expressing 

the HA tagged version of the chromatin binding Modigliani (DTL) protein [19] as positive 

control. Moe was present at the promoter region of Act42A but considerable level of the protein 

was not detected at the Hsp70 gene. To activate the transcription of the Hsp70 gene and silence 

Act42A at the same time, we heat shocked the cells at 37C for 30 minutes. The treatment 

resulted in elevated binding of Moe at the Hsp70 promoter as well as at the gene body while the 

protein exhibited untraceable association with Act42A (Fig 4I). Taken together these data show 

that Moe binds to the chromatin and its chromatin-bound level correlates with the transcriptional 

rate of the genes examined, thus demonstrating that Moe is involved in gene expression. 

 

2.5. Moesin is not involved in transcription initiation or termination 

Our results support a function for Moe in gene expression but how Moe performs its 

activity has not been characterized. To gain deeper insight into the role played by Moe in gene 

expression, first we aimed to identify the phase of transcription in which Moe takes part. We 
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directly compared the distribution of Moe along the chromosomes with the localization pattern of 

the active forms of Pol2 by using antibodies that recognize either the initiation-specific 

phosphoserine 5 (Pol2-PS5) (Fig 5A) or the elongation-specific phosphoserine 2 (Pol2-PS2) (Fig 

5B) forms of Pol2. We found that Moe positive bands were often negative for Pol2-PS5  

(arrowhead in Fig 5A) suggesting that Moe is not involved in initiation but rather in the later 

steps of transcription. In the case of Pol2-PS2, Moe was recruited to nearly all of the Pol2-PS2-

positive sites, indicating that Moe participates in the elongation phase of transcription. However, 

we noticed that a subset of these sites exhibited only a modest signal for Moe (arrow in Fig 5B) 

maybe due to the fact that the antibody recognizing the phosphoserine 5 form of Pol2 marks sites 

of both elongation and initiation [20]. Similarly to the PS5 staining, some Moe positive bands 

were negative for Pol2-PS2 (arrowhead in Fig 5B). To clarify this, we carried out triple immuno-

staining experiments for Moe+Pol2-PS2+Pol2-PS5 (Fig 5C, quantification in D) looking for 

differences in the localization intensities. The triple staining revealed that the loci exhibiting 

positive signal for initiation but not for elongation showed very weak or no Moesin staining 

(arrowheads in Fig 5C) whereas at the sites of elongation (identified by very weak or no PS5 but 

strong PS2 signals) the localization of Moe was clear (arrow in Fig 5C). In addition, the intensity 

of the Moe signal corresponds to the PS2 but not the PS5 staining intensity at chromosome sites 

double positive for PS2 and PS5 (marked by asterisk in Fig 5C). The quantification of the signals 

along an entire chromosome arm (Fig A.3) supported the finding that Moe localization correlates 

with the elongation and not the initiation signal, further confirming that Moe is not involved in 

initiation but plays a role in elongation and/or in a molecular event coupled with or following 

elongation (transcription termination, pre-mRNA processing, mRNA export). 

To determine whether Moe participates in transcription elongation, termination, or both, we 

employed the well-characterized transcriptional program of the wandering third-instar larval 

stage [21,22]. The puff stages (PS1-8) can be identified via the morphology and the presence or 

absence of the ecdysone-induced puffs at specific cytological locations. We monitored these 

puffs at positions 74EF and 75B, whose expression is induced during this period of development, 

and the Sgs3 intermolt gene at location 68C, which is turned off by ecdysone induction. The 

analysis of Moe recruitment to gene loci 74EF/75B and 68C during development (Fig 5E) 

revealed an accumulation of Moe in parallel to Pol2-PS2 enrichment as well as a loss of Moe 

signal when transcription terminated. These results suggest that Moe localizes to genes that are 
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undergoing activation, and its nuclear function is coupled to the elongation phase of transcription 

at the target loci. 

 

2.6. Moesin is not involved in transcription, polyadenylation or splicing 

During transcription the elongation of mRNA is associated with additional RNA processing 

steps such as splicing, polyadenylation and mRNP export [23]. Therefore, we wanted to examine 

whether Moe plays role in any of these molecular events. To test the involvement of Moe in 

transcription elongation, we analyzed 5-fluorouridine (5-FUrd) incorporation into nascent 

mRNAs. We observed that, in contrast to triptolide treatment which blocks transcription, 5-FUrd 

incorporation in Moe depleted cells was normal (Fig 6A, quantification in B) indicating that Moe 

is not required for transcription elongation. To investigate if Moe activity is needed for 

polyadenylation, we applied the ePAT method [24] to compare the poly(A) tail length of the heat 

shock inducible Hsp83 mRNA in cells knocked down for the sole Drosophila poly(A) 

polymerase (hiiragi - hrg) [25] or Moe. We found that the poly(A) tail length was unaffected in 

Moe depleted cells (Fig 6C, quantification in D), suggesting that Moe is not involved in 

polyadenylation. Finally, to address whether Moe is an active player in RNA splicing, we 

analyzed the co-localization of Moe and the splicing speckles [26] in the nucleus. The co-

immuno staining for endogenous Moe and the nuclear speckle marker protein, SC35 in salivary 

gland nuclei did not reveal any co-localization (Fig. 6E). Accordingly, the fluorescent in situ 

hybridization (FISH) experiment demonstrated that the spliced form of Hsp83 mRNA in heat 

shocked salivary gland cells (Fig 6F) can be detected in Moe RNAi treated cells providing 

additional evidence that Moe does not play role in splicing. 

 

2.7. Moesin is part of the nuclear mRNP complexes 

During the experiments, we noticed that in the chromosome preparations Moe staining also 

gives a punctate pattern outside the chromatin; therefore, since Moe activity seemed to be linked 

to transcription we examined if these dots correspond to the messenger ribonucleoprotein 

(mRNP) particles [27]. The double labeling of polytenic chromosome preparations for Moe and 

Rae1 or Moe and the poly-A Binding Protein (pAbp) confirmed that the spots Moe localizes to 

are in fact mRNP particles (Fig 7A). This observation together with the finding that the depletion 

of the mRNA export proteins Nup98 or Rae1 leads to the nuclear accumulation of Moe strongly 
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support the idea that in the nucleus Moe is a new member of mRNP complexes and is involved in 

mRNA export. 

The localization of Moe to the mRNP particles prompted us to identify the interaction 

partner for Moe in the mRNA export complex. To this aim we performed an immuno-

precipitation screen with all verified Drosophila mRNA export factors [13] and Moe. The GFP 

tagged Moe proteins (full-length and the FERM domain), Nup98-Myc, Rae1-FLAG, and the V5 

epitope tagged PCID2, ZC3H3, l(1)10Bb, CG2063, CG2685, CG14701, CG31126 proteins were 

tested (Table A.2). In this experiment the physical interaction between Rae1 and Nup98 reported 

before [11] has been confirmed (Fig 7B), and both the full-length Moe and its FERM domain 

alone were successfully co-precipitated with PCID2 (Fig 7C). 

To investigate if similarly to the cytoplasm, Moe can crosslink proteins to actin in the 

nucleus, we analyzed the localization pattern of the GFP-tagged forms of actin and the actin-

binding domain (lacking the FERM and the alpha-helical regions) of Moesin (Fig 7D). We found 

that the localization patterns of both proteins appear identical to that of the full-length Moe (Fig 

1D): uniform localization in the interchromatic space, banded pattern on the chromosomes and 

absence from the nucleolus. This suggests that, similarly to its activity in the cytoplasm, Moe 

might anchor proteins to actin in the nucleus. However, when we expressed the FERM domain 

(lacking the F-actin-binding motif) of Moesin we observed the same nuclear localization pattern 

(Fig 7D). In addition, the treatment of the cells with the F-actin severing drug, Latrunculin A did 

not lead to the dissociation of Moesin from the chromosomes (Fig 7E) raising the possibility that 

Moe is recruited to transcriptionally active sites not through F-actin binding. 

 

2.8. Loss of Moesin inhibits nuclear mRNA export 

Since our data clearly argue for a role of Moe in mRNA export, we presumed that the 

reduction of Moe activity impairs nuclear mRNA export. To test this, we applied FISH to 

monitor the subcellular relocalization of poly(A) mRNA in Moe depleted S2R+ and salivary 

gland cells. The distribution of poly(A) mRNA in control cells is predominantly cytoplasmic (Fig 

8A and B). However, the knock down of the mRNA export factor Nup98 or the treatment with 

Leptomycin B, a specific inhibitor of the Crm1 nuclear export pathway, leads to the accumulation 

of poly(A) mRNA within the nucleus (Fig 8A and B) as revealed by the strong nuclear FISH 

signal. Different sites of the Moe transcript were targeted by the RNAi in the case of S2R+ cells 
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and the salivary glands, and in both cases the silencing of Moe resulted in the significant nuclear 

accumulation of poly(A) mRNA (Fig 8A and B, quantifications in C) providing evidence that the 

Drosophila ERM protein, Moe is member of the nuclear mRNA export system.  
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3. DISCUSSION 

Cytoskeletal, actin-binding Ezrin-Radixin-Moesin proteins are essential for cells that have a 

highly organized cell cortex [28]. Accordingly, the pivotal roles ERM proteins play in epithelial 

integrity and cancer progression [29,30] are extensively studied. All these functions of ERMs are 

performed in the cytoplasm, but recent studies indicated nuclear localization of ERM proteins 

both in vertebrate [31-33] and invertebrate [6] organisms, yet the biological significance of this 

localization remained unknown. 

Here we report our results which reveal that in the nucleus the primary role of the single 

ERM of Drosophila melanogaster, Moesin is the export of mRNAs and that through the 

interaction with PCID2, Moe is a new member of the mRNP complexes. Because we found no 

evidence for the involvement of Moe in other steps of mRNA formation, such as transcription, 

splicing or polyadenylation, we think that Moe is member of the mature mRNP complexes. This 

idea is supported by two recent interactome capture studies which identified the mRNA-bound 

proteome in mature mRNPs (containing spliced and polyadenylated mRNA) of human cells 

[34,35]. Among the hits they identified Ezrin [34] or all three human ERMs [35] as mRNP 

components. 

Our co-immunoprecipitation data expose the interaction of Moesin’s FERM domain with 

PCID2. The Drosophila PCID2 is a homologue of the human Proteasome Component Domain 

containing Protein 2 (HGNC:25653). In the fly, it was shown to be an mRNA export factor that 

also associates with translationally active complexes in the cytoplasm [13]. PCID2 binds to 

NXF1 (MEX67/TAP) [13] which in turn was found to interact with Nup98 [36,37]. Many 

binding partners have been identified for the FERM domain of ERM proteins in the cytoplasm 

[30], therefore it is a conceivable assumption that in the nucleus ERMs have interacting partners 

other than PCID2, and similarly to their function in the cytoplasm, they can serve as anchors in 

protein assemblies, thereby stabilizing the complex. Because the functions of ERM proteins in 

the cytoplasm are tightly linked to actin, it is tempting to speculate that the nuclear functions of 

Moe are also connected to actin. Nuclear actin has been detected in all three transcription 

complexes [38-40] as well as mRNP particles [15,16,41]. Our results together with data in the 

literature show that in the nucleus the localization patterns of actin and Moe seem to be identical, 

they both localize to mRNP complexes [15,16], and respond with nuclear accumulation not only 

to Nup98 depletion [42] but also to the inhibition of the mRNA export. These together raise the 
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possibility that, similarly to its cytoplasmic activity, Moe performs a structural role in the nucleus 

by anchoring proteins through its FERM domain to F-actin. Although the presence of F-actin in 

the nucleus has been unambiguously demonstrated recently [43-45], most of the nuclear activities 

performed by actin are still linked to its monomeric and oligomeric forms [44,46]. 

Correspondingly, we also found that the depolymerization of F-actin by Latrunculin A treatment 

does not cause the detachment of Moesin from the chromosomes, and that Moesin’s FERM 

domain alone (lacking the F-actin binding domain) shows wild type localization pattern in the 

nucleus. These findings together with a report on the dual involvement of the amino-terminal 

domain of human Ezrin in F- and G-actin binding [47] suggest that in the nucleus Moe is not 

binding F-actin but oligomeric or monomeric actin forms and/or its proper nuclear localization is 

primarily dependent on the protein interaction of its FERM domain. 

Our data demonstrate the presence of the fly ERM in the nucleus and uncover its nuclear 

function. The observation that under certain conditions Moe accumulates in the nucleus 

strengthens the notion that the nuclear transport of ERM proteins is a regulated process (Fig 9). 

Accordingly, multiple NLS sites were predicted in mammalian ERMs [32,33] but their nuclear 

localization was witnessed only in subconfluent cells and their NLS sequences were examined 

without the induction of nuclear import. Our previous live microscopic experiments [6] 

demonstrated that, at least in Drosophila, the nuclear Moe we see without the induction of 

nuclear import is engulfed into the nucleus during mitosis and that the NLS dependent nuclear 

import is most likely needed only if transcriptional activity is increased or mRNA export is 

blocked. Regarding the nuclear export of ERMs, our results indicate that Moe accompanies the 

mRNP to the cytoplasm. Nevertheless, in the Moe protein sequence Crm1 dependent nuclear 

export signals can be predicted (LocNES, http://prodata.swmed.edu/LocNES/LocNES.php) thus 

Moe, in theory, can leave the nucleus as a Crm1 cargo, independently from the Nup98/Rae1 

mRNA export pathway. In addition, some of the mRNP components are released in the nucleus 

[48,49] which raises the possibility that similarly to other mRNA export factors ERM proteins 

might dissociate from the mRNP complex before their passage through the nuclear pore and 

remain in the nucleus (Fig 9). 

The facts that 1) ERMs participate in many fundamental cellular processes, 2) in stress 

conditions, viral infection or neurodegenerative diseases actin and actin-binding proteins can 

accumulate in the nucleus to extreme amount [50], and 3) the activity of some transcription 
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factors (e.g. MAL/MRTF-A, Coronin2a or JMY) is regulated by the level of nuclear actin [51] 

underline the importance of our finding about the nuclear function of Moesin. We believe that 

our results offer a new perspective for the investigation of the ERM protein family and helps the 

better understanding of the biological and disease processes requiring the functions of the actin-

binding ERM proteins. 
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4. MATERIALS AND METHODS 

 

4.1. Fly stocks 

Fly strains were maintained and crosses were carried out on standard cornmeal, yeast, sucrose 

Drosophila medium at 25 °C. Stocks number  6870 (w[1118]; P{Sgs3-GAL4.PD}TP1), 9256 (w; 

P{w[+mC]=UASp-GFP.Act57B}), 28562 (y[1] v[1]; P{TRiP.HM05048}attP2), 33378 (y[1] 

sc[*] v[1]; P{TRiP.HMS00252}attP2) and 9420 (UAS>pAbp-FLAG) were obtained from the 

Bloomington Drosophila Stock Center. The UAS>Rae1-GFP was a kind gift from Wu Chunlai 

(Louisiana State University, USA). The transgenic line expressing the actMoe-GFP transgene is 

described in [52]. 

To generate flies expressing full-length Moe-GFP, Moe-Myc and Moe-HA, the Moe-

coding region was PCR amplified from the cDNA SD10366 (DGC Gold collection, BDGP) using 

the primer pair MoecDNSFw and MoecDNSRev with overhanging gateway recombination sites. 

(Primer sequences are summarized in Table A.3) The resulting PCR product was sequence-

verified and recombined into pDONR221 plasmid then subcloned into the pPWG, pPWM and 

pPWH gateway (Drosophila Gateway Vector Collection) vectors. For the C-terminal tagging of 

Moe with the V5 epitope, the Moe cDNA reverse PCR primer was complemented with the 

sequence of the V5 epitope tag: MoeV5_cDNSRev. The PCR product was cloned into 

pDONR221 plasmid then subcloned into the pPW gateway (Drosophila Gateway Vector 

Collection) vector. The constructs were sequence-verified and standard Drosophila methods were 

used to generate transgenic flies. 

 

4.2. Cloning of expression vectors for cell transfection 

To generate FERM-Moe, Moe was amplified with the forward primer MoecDNSFw and 

with the reverse primer FERM-Moe_cDNSRev. The cloning and tagging with the GFP epitope 

was the same as in the case of the full length Moe protein constructs. 

To generate FLAG tagged Rae1 protein, the Rae1-coding region was PCR amplified from 

the full-length cDNA LD40776 (DGC Gold cDNA Collection, BDGP) using the Rae1_cDNSFw 

and Rae1_cDNSRev primer pair with overhanging gateway recombination sites. The resulting 

PCR product was sequence-verified and recombined into pDONR221 plasmid then subcloned 

into the pAWF gateway (Drosophila Gateway Vector Collection) vector. To generate Myc tagged 
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Nup98 protein, the Nup98-coding region was PCR amplified from the full-length cDNA using 

the Nup98-96_cDNSFw and Nup98-96_cDNSRev primers. The resulting PCR product was 

sequence-verified and recombined into pDONR221 plasmid then subcloned into the pAWM 

gateway (Drosophila Gateway Vector Collection) vector. The V5 epitope tagged PCID2, ZC3H3, 

l(1)10Bb, CG2063, CG2685, CG14701, CG31126 were kindly provided by Pamela Silver 

(Department of Systems Biology, Harvard Medical School, USA). 

 

4.3. Salivary gland experiments 

4.3.1. Dissection and immunostaining 

Dissection of third instar larvae was performed in Ringer’s solution (182 mM KCl, 46 mM NaCl, 

3 mM CaCl2, 10 mM Tris-HCl pH 7.2); then the salivary glands were carefully placed into 4% 

paraformaldehyde-PBS (PFA-PBS) fixation solution for 20 min at room temperature (RT). The 

glands were then washed 2X with PBT (PBS+0.1% Triton-X) for 10 min. Blocking was carried 

out in PBT-N solution (PBT+1% BSA+5% FCS) for at least 1 h at RT. Glands were incubated 

with the primary antibody anti-Moe (rabbit polyclonal 1:2000, [52]), anti-V5 (1:400, Thermo 

Fisher R960-25), anti-GFP (1:500, Life Technologies A6455), or anti-SC35 (1:1000, Abcam 

ab11826) gently shaking overnight (O/N) at 4°C. After washing 2X with PBT for 10 min at RT, 

samples were incubated with the fluorescently labeled secondary antibody (1:600, Invitrogen 

Molecular Probes) supplemented with DAPI (0.2 µg/ml, Sigma-Aldrich) for 2 h in dark, at RT. 

Glands were mounted in 20 µl Fluoromount G medium (Southern Biotech) and imaged with a 

Leica TCS SP5 Confocal Microscope using a 63.0x1.40 oil objective. 

 

4.3.2. Polytene chromosome preparation 

Dissected salivary glands were fixed in 45% acetic acid-PBS for 5 min at RT then squashed on a 

Poly-l lysine-coated (Sigma-Aldrich P8920) slide under coverslip. The slide was dipped in liquid 

nitrogen, and the coverslip was immediately removed with a blade. Blocking and 

immunostaining was carried out in humidity chamber as described above. Primary antibodies 

were: anti-Moe (1:1000, (rabbit polyclonal [52]), anti-HA (1:200, Roche 12CA5), anti-

Polymerase II CTD (phosopho-serine2, 1:200, Abcam ab5095; phospho-serine5, 1:200, Abcam 

ab5131), anti-Myc (1:200, Santa Cruz Biotechnology 9E10), anti-Polymerase II CTD (1:1, 

phospho-serine2, CTD7 3E10), anti-GFP (1:500, Life Technologies A6455), anti-FLAG M2 
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(1:500, Sigma-Aldrich F1804), anti-HA (1:100, Sigma-Aldrich GW22511), DAPI (0.2 µg/ml, 

Sigma-Aldrich). After washing 2X with 300 mM NaCl containing 0.2% Tween-20 for 10 min at 

RT, samples were incubated with the fluorescently labeled secondary antibody (1:600, Invitrogen 

Molecular Probes) for 2 h in dark, at RT. Squash preparations were mounted in 20 µl 

Fluoromount G medium (Southern Biotech) and imaged with a Leica TCS SP5 Confocal 

Microscope using a 63.0x1.40 oil objective. 

 

4.3.3. Live imaging 

Dissected salivary glands were placed into a 35 mm glass bottom dish (Cell E&G) containing 

Drosophila Schneider’s medium (Lonza) complemented with 10% FBS (Whittaker). Glands were 

imaged using the 63.0x1.40 oil objective of the Leica TCS SP5 confocal microscope. 

 

4.3.4. Drug treatments 

Dissected salivary glands were placed into 1.5 ml Eppendorf tubes containing 1 µM triptolide 

(Calbiochem, 645900), 50 nM LMB (Sigma-Aldrich), 20 μM Ponasteron A (Cayman Chemical) 

or 4 μM Latrunculin A (Sigma-Aldrich L5163) in Drosophila Schneider’s medium (Lonza) for 30 

min (LMB), 45 min (triptolide), 1h (LatA) or 1-3h (PonasteronA). 

 

4.3.5. FISH 

Dissected salivary glands were fixed in 4% PFA-PBS for 10 min then post-fixed in methanol for 

10 min, and rehydrated in 70% ethanol for 10 min. Samples were then washed in 1 M Tris (pH 

8.0) for 5 min, then hybridized for 1 h at 37°C with a Cy3-Oligo-dT(30) probe (Integrated DNA 

Technologies) at 1 μg/ml in hybridization buffer (25% formamide, 10% dextran sulfate, 0.005% 

BSA, 0.4 μg/μl yeast total RNA in 2XSSC). After two washes in 2XSSC (300 mM NaCl, 30 mM 

Trisodium citrate, pH 7.0) for 2 min, the glands were incubated for 30 min at RT in DAPI 

solution (0.2 μg/ml in 2XSSC). Samples were washed 2X in 2XSSC for 2 min, placed on a 

microscope slide, embedded into Fluoromount-G medium (Southern Biotech) and covered with a 

coverslip for imaging. Images were taken with an OLYMPUS Fluoview FV1000 confocal 

microscope using an Olympus UPlanSApo 60X/1.35 Oil objective lens and the 60 Olympus 

FV10-ASW (Ver. 01.07.01.00, Olympus Corp.) software. 
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4.3.6. Heat-shock treatment 

Third instar larvae were placed into 1.5 ml Eppendorf tubes and incubated in a 37 °C water bath 

for 30 min (Fig 4F, 6C, 6F) or 1 h (Fig 2A); then the salivary glands were immediately dissected 

for further experiments. 

 

4.3.7. Transcription assay 

Dissected salivary glands were placed into 1.5 ml Eppendorf tubes for triptolide or control 

(DMSO/water) treatments as described above. Then the glands were placed into Drosophila 

Schneider’s medium supplemented with 2 mM 5-Fluorouridine (Sigma, F5130) and incubated for 

20 min at RT. After washing with complete medium, the samples were fixed, immunostained and 

imaged as described above. Primary antibody was anti-BrdU (1:500, B2531 Sigma).  

 

4.3.8. Splicing test 

Third instar larvae were heat-shock treated, then the salivary glands were dissected, fixed and a 

Cy3 conjugated FISH probe specific to the spliced form of Hsp83 mRNA (Hsp83_Spliced,  

Integrated DNA Technologies) was applied. Conditions of FISH protocol and imaging were as 

described above. 

 

4.3.9. Extension Poly(A) Test (ePAT) 

Total RNA was isolated from salivary glands of heat shocked third instar larvae, 50/genotype by 

using the TRIzol (Invitrogen, 15596-018) method. We followed the ePAT protocol as described 

in [23] with some modifications: we purchased the reverse transcriptase enzyme from Invitrogen 

(SuperScript IV, 18090010) and the Klenow enzyme from Fermentas (EP0051). The gene 

specific primer for the Hsp83 mRNA was Hsp83_PAT (Integrated DNA Technologies). 

 

4.4. Cell culturing 

4.4.1. S2R+ cell maintenance, transfection, RNAi treatment and immunostaining 

The S2R+ Drosophila cell line was maintained in Schneider’s Drosophila medium (Lonza) 

complemented with 10% Fetal Bovine Serum (Whittaker) and 1% antibiotics (Penicillin-

Streptomycin, Gibco) at 25°C. To transfect the cells, we used the Effectene Transfection Reagent 

Kit (Qiagen, Cat. No.: 301425) and followed the manufacturer’s instructions. For protein 
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expression 2x10
5
 cells/well (24-well plate, Greiner), 2x10

6
 cells/petri dish (60 mm, Nunclon) or 

1x10
6
 cells/petri dish (35 mm glass bottom dish, Cell E&G) and 2 days of incubation after 

transfection were used. In the RNAi experiments 1.5x10
5
 cells/well (24-well plate, Greiner), 

1.7x10
6
 cells/petri dish (60 mm, Nunclon) or 0.8x10

6
 cells/petri dish (35 mm, glass bottom dish, 

Cell E&G) and 5 days of incubation after transfection were used. 

For RNAi experiments, PCR was performed on S2R+ cDNA template with target gene 

specific primers containing the T7 promoter sequence. The PCR product was used in the in vitro 

transcription assay (MEGAscript T7 transcription Kit, AM1334) according to the manufacturer 

instructions. Template DNA was digested, and the dsRNA was isolated (NucAway Spin 

Columns, AM10070). For Nup98 and Rae1 silencing two independent dsRNAs were used with 

different target sites. Cells adhered to round glass coverslips were fixed in 4% PFA-PBS, 

immunostained and mounted as described previously then imaged with a Leica TCS SP5 

confocal microscope using a 63.0x1.40 oil objective. The primary antibodies and dilutions were: 

anti-Moe (rabbit polyclonal 1:2000, [52]), anti-GFP (1:500, Life Technologies A6455), anti-V5 

(1:400, Thermo-Fisher R960-25). Samples were incubated with the fluorescently labeled 

secondary antibody (1:600, Invitrogen Molecular Probes) and DAPI (0.2 µg/ml, Sigma-Aldrich) 

for 2 h in dark, at RT. In the RNAi screen, images were taken using a Zeiss Axio Imager M2 

microscope with a 63.0x1.40 objective. 

 

4.4.2. Heat-shock treatments 

The 24-well plate containing S2R+ cells was carefully placed in a 37°C water bath for 15 or 30 

min; then the cells were immediately fixed in 4% PFA-PBS for subsequent experiments. 

 

4.4.3. FISH 

2x10
5
 cells were plated into the wells of a 24-well plate containing round coverslips of 12 mm 

diameter. On the fifth day after transfection with or without 0.2 μg of Nup98 and Moe dsRNA, 

the cells were fixed and stained for poly(A) mRNA as described for the salivary glands. After the 

last washing step the coverslips were removed from the plate, turned into a drop of Fluoromount-

G medium (Southern Biotech) on a microscope slide and imaged with a Leica TCS SP5 confocal 

microscope. 
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4.4.5. Isolation of cytoplasmic and nuclear protein fractions 

Cells were trypsinized, collected by centrifugation, and the pellet was washed 2X with ice-cold 

PBS then resuspended in Harvest Buffer (10 mM HEPES pH 7.9, 50 mM NaCl, 0.5 M Sucrose, 

0.1 mM EDTA, 0.5% Triton X-100) containing freshly added proteinase inhibitor cocktail 

(Protease Inhibitor Cocktail Tablets, Roche #04 693 124 001), and incubated on ice for 5 min 

then centrifuged for 10 min with 800 g. The supernatant was transferred into a new Eppendorf 

tube (later this supernatant was centrifuged for 10 min at 14.000 g and used as the cytoplasmic 

protein fraction). The pellet was resuspended in ice-cold Buffer A (10 mM HEPES pH 7.9, 10 

mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, and freshly added protease inhibitor cocktail) and 

spun for 10 min at 800 g. The supernatant was discarded and the pellet was resuspended in ice-

cold Buffer C (10 mM HEPES pH 7.9, 500 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% NP-

40, and freshly added protease inhibitor cocktail). The sample was incubated on ice for 30 min 

and vortexed periodically then centrifuged for 10 min with 14,000 g; the supernatant was used as 

the nuclear protein fraction. 

 

4.4.6. Western-blot 

Before loading the samples on the gel, 1 µl beta-mercaptoethanol was added and the samples 

were boiled for 5 min and spun for 5 min with 12.000 rpm at RT. 10% acrylamide gel was used; 

the proteins were transferred O/N to PVDF membrane (Millipore Transfer Membranes 

Immobilon-P, Cat.no.: IPVH00010 PVDF 0.45 µm) using 35 mV at 4°C. Blocking was 

performed in 5% milk powder-TBST (25 mM Tris, 150 mM NaCl, pH 7.5+0.1% Tween-20) for 

3 h and then the membrane was incubated with the primary antibodies anti-Moe (rabbit 

polyclonal, 1:10,000, [52]), anti-HP1 (1:200, DSHB C1A9), anti-Beta-Tubulin (1:200, DSHB 

E7), guinea pig anti-GFP (1:5000, [53]), anti-V5 (1:5000, Thermo Fisher R960-25), anti-FLAG 

M2 (1:1000, Sigma-Aldrich F1804), anti-Myc (1:500, Santa Cruz 9E10 sc-40) O/N at 4°C. The 

membrane was washed 2X in TBST for 20 min and incubated with the HRP-conjugated 

secondary antibody for 50 min. After washing 3 times for 30 min with TBST at RT, the signal 

was visualized using HRP Substrate solution (Millipore Immobilon Western Chemiluminescent 

HRP Substrate, Cat. No.: WBKLS01000) and the films were developed. 

 

4.4.7. Protein Co-Immunoprecipitation 
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Cells grown in Petri dishes of 60 mm diameter were trypsinized and collected by centrifugation. 

The pellet was washed 2X with ice-cold PBS then resuspended in 100 µl Lysis Buffer (20 mM 

Tris pH 7.5, 200 mM NaCl, 10% Glycerol, 0.5 mM EDTA, 0.5% NP-40) with freshly added 

proteinase inhibitor cocktail, and incubated on ice for 1 h. For lysis control, 1% or 10% of the 

protein samples were saved. Total protein concentration was measured with the Bradford method 

(Pierce Coomassie Plus Assay Kit, Thermo Fisher 23236) by comparing to BSA protein 

standards. Equal protein amounts were calculated for the no antibody control (NAC) and 

immunoprecipitation (IP) samples. NAC and IP samples were diluted with Lysis Buffer then the 

antibody was added to the IP samples (0.5 µl monoclonal mouse anti-FLAG M2 (Sigma-Aldrich 

F1804) or 0.5 µl anti V5 antibody (Thermo Fisher R960-25). After gently rotation at 4°C O/N, 20 

µl of Protein G magnetic beads (BioRad 161-4021) were added which were previously washed 

with Lysis Buffer. Samples were rotated for 1 h 15 min at 4°C, then the beads were washed with 

Lysis Buffer and the proteins were eluted with 300 µl of 6 M guanidine hydrochloride (Sigma-

Aldrich) and precipitated by adding 700 µl water and 1 ml 20% trichloroacetic acid. After 15 min 

centrifugation at 4°C the protein pellet was washed with 96% Ethanol and resuspended in 2x 

protein SDS buffer (120 mM Tris, pH 6.8, 12.8% glycine, 4% SDS, 200 mM DTT, 0.2% 

bromophenol blue). 

 

4.5. Quantification of nuclear accumulation 

Pixel intensities were measured in equal cytoplasmic and nuclear areas with the ImageJ software 

and the nuclear/cytoplasmic ratio was calculated. The GraphPad Prism 5 software and unpaired t-

test were used for the statistical analysis. 

 

4.6. Chromatin Immunoprecipitation 

Chromatin samples were prepared from S2R+ cells which were transiently transfected with Moe-

HA or HA-DTL or empty expression vector pAWH. Chromatin samples were cross-linked with 

1% formaldehyde (Sigma-Aldrich) for 20 min then the reaction was stopped by using 125 mM 

glycine (Sigma-Aldrich). Cells were collected by centrifugation (400 g, 5 min, 4 °C) and the 

pellets were resuspended in Cell lysis buffer [5 mM PIPES (Sigma-Aldrich) pH 8.0, 85 mM KCl 

(Sigma-Aldrich), 0.5% NP-40 (IGEPAL) (Sigma-Aldrich), 1XPIC (Calbiochem)]. Nuclei were 

collected by centrifugation (400 g, 5 min, 4 °C) and the pellets were resuspended in Nuclear lysis 
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buffer [50 mM Tris–HCl pH 8 (Sigma-Aldrich), 10 mM EDTA pH 8 (Sigma-Aldrich), 0.8% SDS 

(Sigma-Aldrich), 1XPIC (Calbiochem)] and incubated on ice for 1 h. Chromatin samples were 

fragmented by sonication in a Bioruptor (Diagenode) and diluted to four-fold by using Dilution 

buffer [10 mM Tris–HCl pH 8.0 (Sigma-Aldrich), 0.5 mM EGTA pH 8.0 (Sigma-Aldrich), 1% 

Triton-X-100 (Sigma-Aldrich), 140 mM NaCl (Sigma-Aldrich), 1XPIC (Calbiochem)]. 30 μg of 

chromatin was used for each immunoprecipitation after pre-clearing with Sheep anti-Rabbit and 

Sheep anti-Mouse IgG Dynabeads (Novex). Immunoprecipitations were incubated O/N at 4 °C 

with anti-Hemagglutinin antibody (Roche, 12CA5), then chromatin-antibody complexes were 

collected with Sheep anti-Rabbit and Sheep anti-Mouse IgG Dynabeads (Novex) at 4 °C, O/N. 

After washing steps the samples were reverse cross-linked and the amount of extracted DNA was 

determined by qPCR using SYBR Green PCR Master Mix (Fermentas) in Thermo PikoReal 96 

Real-Time PCR System (Thermo Fisher Scientific). The primers used in the qPCR reactions 

were: Act42a_fwd, Act42a_rev, Hsp70Bb promoter_fwd, Hsp70Bb promoter_rev, Hsp70Bb 

gene body_fwd, Hsp70Bb gene body_rev, Intergenic region_fwd and Intergenic region_rev 

(Table A.3). The ChIP signals were normalized by using total input control percentage (TIC%) 

and to the amount of DNA in the no antibody sample (NAC). 
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FIGURE LEGEND 

Fig. 1. Moesin is present in the nucleus. (A) Moe localizes to the nuclei (encircled and arrows) of 

Drosophila S2R+ cells as revealed by immunostaining for the endogenous protein (Moe - 

magenta) and the detection of the V5-tagged Moe (Moe-V5 - magenta) or Moe-GFP (Moe-GFP - 

green). DAPI – blue, scale bar 25 μm. (B) Similarly to cultured cells, the immuno-staining for the 

endogenous (Moe - magenta) and the V5- or GFP-tagged (Moe-V5 –magenta, Moe-GFP - green) 

Moe proteins demonstrate that all forms of Moe localize to the nuclei of salivary gland cells. 

DAPI – blue, scale bar: 100 μm. (C) Western-blot analysis shows the presence of endogenous, 

V5- and GFP-tagged Moe in both the nuclear (N) and cytoplasmic (C) protein fractions isolated 

from S2R+ cells. Beta-Tubulin (Tub) and HP1 antibodies were used as controls to exclude cross-

contamination of the fractions. The panel shows the result of three western-blots, the whole blot 

images are shown in the supplementary material (Fig A.1). (D) Distribution of Moe-GFP (white) 

in the nucleus of a live salivary gland cell. Enlargement of the boxed region is shown to the right. 

White color – GFP signal, scale bar: 25μm. 

 

Fig.2. The level of nuclear Moesin is tightly regulated. (A) Moe-GFP (white) accumulates in the 

nuclei of salivary gland cells after heat shock. The graph shows the ratio of nuclear/cytoplasmic 

fluorescence intensities in the nuclei of heat-shock treated salivary glands as compared to the 

untreated control. “n” refers to the total number of cells measured in 6 control animals and in 9 

heat shocked animals. HS - heat shock. (B) Nuclear Moe level increases in salivary gland nuclei 

after 1h, 2h, and 3h treatment with an ecdysone hormone analog as compared to untreated nuclei. 

White color – Moe-GFP. (C) Moe level gradually increases in the nuclei of S2R+ cells after 15 

and 30 min of heat-shock treatment. White color – Moe-GFP. Arrows point to nuclei. (D) 

Quantification of C. HS - heat shock. (E) Western-blot experiment demonstrating the increase in 

nuclear Moe protein level upon heat shock treatment of S2R+ cells. Beta-Tubulin (Tub) and HP1 

antibodies were used as controls to exclude cross-contamination of the fractions. Numbers to the 

left indicate molecular weight in kDa. N – nuclear fraction, C - cytoplasmic fraction, HS – heat 

shock. Scale bars: 25 μm in A,D and 100 μm in B. 

 

Fig. 3. Nuclear Moesin level is regulated by nuclear mRNA export. (A) Representative images of 

S2R+ cells expressing Moe-GFP and MAL-GFP (green) upon Nup98 and Rae1 knockdown and 
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stained with DAPI (blue). Optical sections were obtained via confocal microscopy and one mid-

plane is shown. Quantified data are shown on the right. (B) Moe (magenta) accumulates in the 

nuclei of salivary gland cells depleted for Nup98. (C) Quantification of B. (D) Similarly to Moe, 

the mRNA export factor, PCID2, as well as Actin (green) accumulate in the nucleus upon Rae1 

knock down. DAPI – blue. (E) Quantification of D. Scale bars: 25 μm in A, C and 100 μm in B. 

Graphs show the nuclear/cytoplasmic pixel intensity ratios, data represent mean rates +/- sd. n 

refers to the number of cells examined. n.s. – not significant. 

 

Fig. 4. Moesin is involved in gene expression. (A-C) Endogenous Moe (A), and the Myc (B) and 

HA (C) epitope-tagged forms of the protein (magenta) have complementary distribution to DAPI 

staining (green) on giant polytene chromosomes. (D) Endogenous Moe protein (magenta) 

localizes to the puffs (encircled and white arrows) in the nucleus of untreated wild-type salivary 

glands as revealed by immuno-staining. Scale bar: 10μm. (E-F) Moe (magenta) accumulates to 

high-levels in the ecdysone (E) and heat-shock (F) puffs (encircled and white arrows). (G) 

Quantification of fluorescent intensity values of Moe-HA (magenta) and DAPI (green) stainings 

along the right arm of chromosome 3. (H) Triptolide treatment causes the dissociation of both 

RNA Polymerase II (Pol2 - green) and Moe (Moe-HA – magenta) from the giant polytene 

chromosomes. (I) Chromatin immunoprecipitation with Moe. Mean values of levels of HA 

tagged Moe precipitated of Drosophila Act42a and Hsp70 gene regions in control (blue) and heat 

shock treated cells (red) are shown. HA tagged DTL protein precipitated of Drosophila Act42a 

and Hsp70 genes in untreated cells (grey) was used as a control. Data are represented in 

percentage of total input chromatin content (input percentage). Error bars denote the standard 

deviations of the mean intensities of two independent measurements. 

 

Fig. 5. Moesin is not involved in transcription initiation or termination. (A-B) Representative 

images of immunofluorescence staining of the chromosomes for Moe (magenta) and either the 

initiation-specific phosphoserine 5 (Pol2-PS5) (A) or the initiation+elongation-specific 

phosphoserine 2 (Pol2-PS2) (B) (green) forms of RNA Polymerase II. Arrows mark the double 

positive, and arrowheads mark the single positive bands. (C) Triple immunostaining for Moe, 

Pol2-PS5, and Pol2-PS2. Arrowheads point to a chromosome band in initiation phase, the arrows 

indicate an adjacent site of elongation phase while a double positive (PS5+PS2) site with very 
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strong initiation signal is labeled with an asterisk. (D) Quantification of fluorescent intensity 

values in C. (E) Recruitment of Moe (magenta) to the developing 74EF/75B ecdysone-induced 

puffs (arrows and arrowheads, respectively) and intermolt 68C locus (arrowheads) during 

development. Polytene chromosomes from larvae of different developmental stages (PS1-8) were 

stained with the Pol2-PS2 antibody (green) as control for transcriptional activity level. Blue – 

DAPI staining.  

 

Fig. 6. Moesin is not involved in transcription, splicing or polyadenylation. (A) 

Immunofluorescent images of salivary gland cells treated with triptolide, DMSO or depleted for 

Moesin. 5-FUrd incorporation was applied as a measure of transcription and detected with anti-

BrdU antibody. Scale bar: 100 μm (B) Quantification of 5-FUrd signal in A. (C) ePAT assay 

measuring poly(A) tail length of Hsp83 mRNA after heat shock induction in wild type (WT), 

hiiragi (hrg) or Moesin depleted larvae. The lengths of poly(A) tails are indicated. (D) 

Quantification of C. Arrows highlight the differences. The signal intensity of Hsp83 transcript 

was quantitated by the PlotLanes function of ImageJ. (E) In the salivary gland cell nucleus Moe 

(magenta) does not localize to SC35 splicing speckles (green). Arrows mark Moe foci in the 

nucleus. Enlargement of the boxed region is shown to the right. (F) Detection of spliced mRNA 

of Hsp83 (magenta) after heat shock induction in wild type and Moesin depleted salivary gland 

cells. Scale bars: 25μm. 

 

Fig. 7. Moe is part of the mRNP complex. (A) In the polytene chromosome squash preparations 

Moe co-localizes with the mRNP particle components Rae1 and pAbp (arrows). (B) Co-

immunoprecipitation control experiment showing the interaction between mRNA export factors 

Nup98-Myc (128.8 kDa) and Rae1-FLAG (41.64 kDa). (C) The V5 tagged PCID2 (46.62 kDa) 

protein pulled down both the FLAG tagged full-length Moe (Moe-FLAG, 70.94 kDa) and the 

GFP tagged FERM domain of Moe (FERM-Moe, 83.96 kDa). Numbers at left indicate molecular 

mass in kDa. IgGH – Heavy Chain of Immunoglobulin G. (D) The distribution of actin, the 

FERM (FERM-Moe) and the actin-binding (Act-Moe) domains of Moesin in the nucleus. White 

color – GFP signal, scale bar: 25μm. (E) Depolymerization of actin by Latrunculin A does not 

lead to the dissociation of Moe (Moe-HA – magenta) from the chromosomes. 
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Fig. 8. The depletion of Moesin impairs nuclear mRNA export. (A) Representative images of 

mRNA FISH experiments of S2R+ cells treated with Nup98 or Moe RNAi. Nuclear poly(A) 

level is elevated in these cells as compared to untreated cells (control). White color – FISH 

signal. Arrows mark the nuclei. (B)  Representative images of mRNA FISH experiments on 

salivary glands treated with Nup98 RNAi, Leptomycin B (LMB) or Moesin RNAi. Nuclear 

mRNA level is increased in these cells as compared to that in untreated wild type glands 

(control). White color – FISH signal. (C) Quantification of the experiments in A and B. Graph 

shows the nuclear/cytoplasmic pixel intensity ratios measured in the nucleus and in the 

cytoplasm. Data represent mean rates +/- sd, n refers to the number of cells examined. 

Significance values were calculated with unpaired t-test. In the case of the salivary glands data 

were obtained in two independent experiments. Scale bars: 25 μm in A and 100 μm in B. 

 

Fig. 9. Model depicting the nucleo-cytoplasmic transport and nuclear function of Moesin. Moe is 

incorporated during mitosis into the nucleus where it participates in mRNP complex formation 

and transport to the nuclear pore complex (NPC). Upon transcriptional activation or inhibition of 

mRNA export, the import of Moe is mediated by a yet unknown importin and, the protein level 

increases in the nucleus. During mRNA export Moe might dissociate from the mRNP particles at 

the NPC and remain in the nucleus. RNAPII – RNA Polymerase II, pAbp – polyA Binding 

Protein, Rae1 – RNA Export Factor 1, Nup98 – Nucleoporin98, NXF1 – Nuclear RNA export 

factor 1. 
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Highlights: 

 The Drosophila Moesin protein is a functional component of the cell nucleus. 

 In the nucleus Moesin participates in mRNA export. 

 Moesin interacts with the mRNP complex member PCID2. 


