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中 文 摘 要 ： 肌萎縮性側索硬化(ALS)的致病原因與細胞內沒有膜外包的次胞器如
核醣蛋白顆粒(RNP)的形成調節有關。多數RNP 顆粒內的 RNA 結合
蛋白同時也在 ALS 病人運動神經元的堆積中發現。這些蛋白除了帶
有類普恩序列或低複雜區外，多含有可被精胺酸甲基轉移酶
PRMT1修飾的 RGG 或 RG 重複序列。RNA 結合蛋白低複雜區的交互
作用不僅生理上影響RNP 顆粒在細胞內的組裝及動態變化，也是病
理上ALS蛋白聚集形成的關鍵。研究指出ALS中細胞核旁斑點及其架
構之長非編碼核酸 (lncRNA) NEAT1的表現增加，在神經母細胞瘤細
胞中降低PRMT1的表現或抑制其活性會誘發期衰老及增加p53及其下
游p21和PAI-1的表現。資料庫分析顯示神經母細胞瘤細胞中PRMT1
的表達與 NEAT1負相關。 我們觀察到抑制PRMT1引發NEAT1表現和旁
斑點形成增加。預測催化旁斑點和其他 RNP 顆粒RNA 結合蛋白的甲
基化作用，和引發沉澱並發展成神經退化性疾病有關。我們也將一
來自的RG重複序列轉染至細胞中觀察表現和蛋白質精胺酸甲基化
，並且將進一步以分析此修飾和低複雜區結合乃至糾結形成的影響
。

中文關鍵詞： 蛋白質精胺酸甲基化， 蛋白質精胺酸甲基轉移酶1，  旁斑點， 細
胞核旁斑點組合轉錄物1

英 文 摘 要 ： The etiology of amyotrophic lateral sclerosis (ALS) is
related to the regulation of non-membrane bounded sub-
organelles or RNP granules. Numerous RNA binding proteins
in the granules overlap with the proteins accumulated in
the motor neurons of the ALS patients. Besides prion-like
sequences or low complexity domains, the majority of these
proteins also contain repeated RGG or RG sequences that can
be modified by the major protein arginine methyltransferase
(PRMT) PRMT1. Stable PRMT1-knockdown (PRMT1-KD) cells
showed reduced growth rates and cell cycle arrest at G2/M.
They also exhibited senescent phenotypes and increased p53
expression. p21 and PAI-1, which are two p53 downstream
targets critical for senescence, were significantly induced
in SK-N-SH cells subjected to either PRMT1-KD or inhibitor
treatment. Nuclear paraspeckle formation and its scaffold
long non-coding RNA (lncRNA) NEAT1 have been shown to be
up-regulated in ALS. We found that the expression of PRMT1
is negatively correlated with NEAT1 in neuroblastoma. When
the PRMT1 gene is knocked down in a neuroblastoma cell line
SK-N-SH, the expression level of NEAT1 and paraspeckle
formation are highly elevated. PRMT1 catalyzed methylation
of the RNA binding proteins should participate in the
formation of paraspeckles and other RNP granules. Besides,
we expressed an RG-rich sequence in cells to monitor the
effects of the modification on the association of LCD and
protein aggregation.

英文關鍵詞： protein arginine methylation, PRMT1, paraspeckle, NEAT1
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PRMT1 催化之蛋白質精胺酸甲基化對壓力顆粒及旁斑點組成及肌萎縮側索硬化症病因

關聯 

PRMT1 catalyzed protein arginine methylation on the physiological assembly of stress 

granules and paraspeckles with the implication in ALS etiology 

 

Introduction and Specific aims 

In this proposal, we proposed to study the involvement of the major protein arginine 

methyltransferase (PRMT) PRMT1 in neurodegenerative diseases such as amyotrophic lateral 

sclerosis (ALS). The etiology of ALS is related to the regulation of non-membrane bounded 

sub-organelles. We proposed to focus on the cytoplasmic stress granule that are comparable to 

the cytoplasmic inclusions found in ALS neurons and the nuclear body paraspeckle that has 

been related to ALS recently. Numerous RNA binding proteins in the RNP granules overlapped 

with the ALS accumulated proteins containing prion-like sequences or low complexity domain 

(LCD). A majority of the proteins contain the RGG or RG abundant sequences that can be 

modified by PRMT1. Interaction through the low complexity regions by liquid-liquid phase 

separation has been shown to be the key for physiological assembly and dynamics of the RNP 

granules and pathological aggregation in patient neurons. PRMT1 catalyzed modification on 

the proteins with LCD might be a critical modifier for the pathogenesis. TDP-43 and FUS that 

are mutated in familial ALS patients and present in cytoplasmic inclusions have been 

considered as the critical clues of ALS pathogenesis. Protein arginine methylation of FUS by 

PRMT1 has been shown to reduce cytoplasmic accumulation. In this study, we will investigate 

the putative methylation of the ALS core TDP-43 and the RG dipeptide translated from 

C9ORF72, another gene mutated in ALS. Recently, paraspeckle formation and its scaffold long 

non-coding RNA (lncRNA) NEAT1 have been shown to be up-regulated in ALS. From the 

results of online database analyses and knockdown experiments, we found that the expression 

of PRMT1 negatively correlated with NEAT1 in neuroblastoma. We thus would like to 

investigate why and how PRMT1 KD resulted in NEAT1 up-regulation and paraspeckle 

formation, especially in neuroblastoma cells. Paraspeckle proteins such as SFPQ and NonO 

have been shown to be arginine methylated. We had encountered these proteins in our previous 

studies (Chang et al., 2013; Hung et al., 2009) and would like to investigate the relation of 

PRMT1-catalyzed methylation of these proteins with their RNA binding activity and 

paraspeckle formation. Besides, we have analyzed PRMT1 methylation of an RNA binding 

protein SERBP1 and the assembly and disassembly of cytoplasmic stress granules (Lee et al., 

2013).  

Background  

We are interested in the disease mechanism of ALS because we had been involved in the 

studies of poly-glutamine neurodegenerative diseases (Tsai et al., 2005; Tsai et al., 2003; Tsai 

et al., 2004; Wen et al., 2003) that also have protein inclusion problems. As we had studied 



stress granule assembly/disassembly (Lee et al., 2013), we noticed their close relationship with 

ALS etiology. Besides, we always aware that the typical PRMT1 substrate FUS and its arginine 

methylation are involved in ALS. We studied PRMT1 and PRMT8 in the neural system using 

SK-N-SH neuroblastoma cells and showed that PRMT1 might be involved in paraspeckle 

formation and thus can affect ALS in a novel pathway. We propose the three-year project to 

investigate the effects of PRMT1 catalyzed protein arginine methylation on the physiological 

assembly of stress granules and paraspeckles with the implication in ALS etiology. 

RNA and proteins can be specifically assembled into ribonucleoprotein particles (RNPs) 

or complexes. RNP bodies or RNA granules are non-membrane-bound cellular compartments 

such as processing bodies and stress granules in the cytoplasm or nucleoli and Cajal bodies in 

the nucleus. These physiological assemblies are highly dynamic with their components 

exchange with the surroundings constantly. Imbalanced RNA metabolism and protein 

homeostasis may impair the dynamics of RNP bodies and be the key factor for the 

pathogenesis of neurodegenerative RNP inclusion diseases. Typically, ALS and frontotemporal 

lobar degeneration (FTLD) may originate from altered assembly or clearance of SGs 

(Ramaswami et al., 2013).  

ALS is an adult-onset neurodegenerative disease with degenerated motor neurons, 

progressive muscle weakening and paralysis. It is characterized by motor neuron loss with the 

degenerating neurons accumulated with protein aggregates. The major protein component of 

the inclusions is the 43-kD TAR-DNA–binding protein (TDP-43), a DNA- and RNA binding 

protein with two RRMs and a C-terminal a Gly-rich domain. Similarly, another RNA-binding 

protein fused in sarcoma/translocated in liposarcoma (FUS/TLS) has been shown to be 

deposited in the cytoplasmic inclusions of ALS and FTLD (Shelkovnikova et al., 2014). 

Mutations in TDP-43 and FUS have been identified in ALS patients. Mutations in TDP-43 are 

about 3% of patients with familial amyotrophic lateral sclerosis (fALS) and in 1.5% of patients 

with sporadic ALS. Mutations of FUS account for about 5%of familial ALS cases and also are 

present in FTLD (Lattante et al., 2013).  

The liquid-liquid phase separation model proposed that the non-membrane-bound 

compartments behave like condensed liquid phases of the cytoplasm or nucleoplasm and the 

components within can dynamically exchange with the surroundings (Kato et al., 2012). These 

bodies are rich in specific RNA binding proteins and sometimes RNA may nucleate the 

assembly. Mutations or increased concentration of certain RNA binding proteins such as FUS 

may convert a liquid state to an aggregated (solid) state, which is reminiscent of the 

pathological state seen in ALS patients. Proteins with of low complexity domains (LCDs) have 

been considered "prion-like" as t –structures typical of the 

fibrils in neurodegenerative prion or Alzheimer’s disease (Kato et al., 2012). Reversible 

aggregation of these regions may facilitate proteins to form higher-order assemblies and 

microscopically visible RNP granules (Toretsky and Wright, 2014). In fact, TDP-43, FUS and 

many functional RNP proteins as well as proteins that aggregates in neural degenerative 



diseases contain LCD. Pathogenic mutations of RNA-binding proteins such as hnRNPA1 have 

been shown to strengthen fibril formation and may lead to multi-system proteinopathy (Kim et 

al., 2013).  

Another hexanucleotide repeat expansion in the gene C9ORF72 has been identified as 

the most frequent mutation of ALS and FTLD. Non-ATG translation of the hexanucleotide 

repeat expansion in C9ORF72 can produce five dipeptide repeat (DPR) polypeptidess. The 

only toxic glycine-arginine (GR) or proline arginine (PR) polypeptides interact with the LCDs 

in the RNA binding proteins and can induce spontaneous assembly of poorly dynamic SGs 

(Lee et al., 2016). 

 

Protein arginine methylation is a post-translational modification implicated in many 

important physiological functions such as epigenetic regulation, RNA processing, DNA repair, 

and cellular signaling (Bedford and Clarke, 2009). Protein arginine methyltransferases are 

widely distributed enzymes in eukaryotes responsible for the transfer of methyl groups from 

the donor S-adenosylmethionine (SAM) to guanidino nitrogens in specific arginines of the 

substrate proteins. The posttranslational modification (PTM) catalyzed by PRMTs occurs in a 

wide spectrum of proteins mostly involved in nucleic acid binding/processing with the glycine 

arginine rich (GAR) or typical arginine-glycine (RG) or arginine-glycine-glycine (RGG) and 

RXR sequences (Bedford and Clarke, 2009). Systematic proteomic analyses showed that a 

good portion of the modified arginines appear to be present in the arginine-proline (RP) context 

(Guo et al., 2014).  

According to the addition of methyl groups to different nitrogen atoms of arginines, the 

PRMTs can be divided as type I methyltransferase that add the second methyl groups to the 

same guanidino nitrogen to form asymmetric dimethylarginines (ADMA), the type II 

methyltransferase that add the second methyl groups to the different guanidino nitrogen to 

form symmetric dimethylarginines (SDMA), and the type III enzyme that catalyze the 

formation of monomethylarginines (MMA) only. By now there are nine different PRMT genes 

identified in mammals by their sequence homology with the first identified PRMT1 and 

numbered according the identification order. The methyltransferase activities PRMT1, 2, 3, 4 

(CARM1), 6 and 8 have been characterized as type I while PRMT5 and PRMT9 as the type II 

PRMT. PRMT7 is the only type III enzyme (Zurita-Lopez et al., 2012). The methylation will 

not change the positive charge on the arginine residue but can change the hydrogen bond donor 

to a hydrophobic methyl group, thus might affect further molecular interactions. 

Of all PRMTs, PRMT1 is the first identified (Lin et al., 1996) and the most widely 

distributed protein arginine methyltransferase in mammals (Wang and Li, 2012). PRMT1 is the 

predominant protein arginine methyltransferase responsible for more than 85% of asymmetric 

dimethylarginine in mammals (Tang et al., 2000). It is well studied with broad substrate 

spectrum and plays roles in various cellular processes. For example, asymmetric dimethylation 

of histone H4 Arg-3 (H4R3me2a) by PRMT1 is part of the epigenetic histone code and thus 



PRMT1 is a coactivator for some nuclear receptors as well as various transcription factors 

including p53 and YY1. Involvement of PRMT1 in signaling pathways was suggested by early 

identification of PRMT1 as an interacting partner of the cytoplasmic domain of 

(Abramovich et al., 1997). Besides, PRMT1 can rapidly methylate estrogen 

receptor upon estrogen binding and facilitates further downstream signaling (Le Romancer et 

al., 2008). The mammalian forkhead transcription factor FOXO1 critical for oxidative stress 

resistance can be methylated by PRMT1. The methylation blocks Akt phosphorylation of 

FOXO1 and leads to the nuclear retention of FOXO1 and the stimulation of FOXO1 

transcriptional activity (Yamagata et al., 2008). Similar cross talk was observed in arginine 

methylation and phophorylation of BAD (Sakamaki et al., 2011). Furthermore, PRMT1 is 

implicated in RNA processing and some nucleic acid binding proteins such as hnRNPA1, 

fibrillarin and Sam68 are among the earliest reported substrates of PRMT1 (Nicholson et al., 

2009; Pahlich et al., 2006). FUS and other FET family members including EWS and TAF15 are 

also PRMT1 substrates. Our lab had shown that arginine methylation of SERBP1 (Lee et al., 

2014) and CNBP (Wei et al., 2014) can affect the subcellular localization or RNA binding 

activity respectively. 

 

Stress granule formation is generally considered to protect stalled mRNPs for their return 

to translation when the cells recover from stress. Many RNA binding proteins, various 

translation initiation factors, and mRNPs with mRNAs stalled at translation initiation are in 

SGs dynamically. SGs may be considered as a dynamic triage center, sorting mRNAs for 

storage, decay or re-initiation under stressful conditions. Inhibition of methylation appears to 

affect the assembly and disassembly dynamics of TDRD3-containing SGs (Goulet et al., 2008). 

We further demonstrate that adenosine periodate (AdOx) treatment delays the 

association/dissociation of SERBP1 with stress granules (Lee et al., 2014). Hypomethylation 

retains SERBP1 in the nucleus/nucleolus regardless of arsenite. Addition of AdOx increases 

the proportion of cells with granules, but decreases co-localization of FMRP granules with 

T-cell intracellular antigen-1 (TIA-1)-stained SGs. Nevertheless, recently Tsai et al showed 

that overexpression of G3BP1 induced SGs and the RGG domain is required for the induction. 

PRMT1 can also co-localize in the SGs. All these reports indicate that arginine methylation can 

participate in SG formation but the effects might be different on different proteins.  

 

Paraspeckles are one type of the nuclear bodies identified close to the nuclear speckles 

(nuclear body for snRNP assembly) in most of the cultured cells (Nakagawa and Hirose, 2012). 

Paraspeckles are also apparent in ALS motor neurons, and NEAT1, a highly abundant lncRNA 

scaffold of paraspeckles, is up-regulated in the related condition frontotemporal lobar 

degeneration (Nishimoto et al., 2013). Paraspeckles are stress-responsive structures induced by 

viral infection, proteasome inhibition, and differentiation (Imamura et al., 2014). There are 

∼40 known paraspeckle proteins, mostly abundant nuclear RNA binding proteins enriched in 



RNA recognition motifs (RRMs), zinc finger, and K homology domains (Naganuma et al., 

2012). The core paraspeckle proteins that are essential for paraspeckle formation are two 

Drosophila behavior/human splicing (DBHS) proteins: non-POU domain-containing 

octamer-binding protein (NonO/p54nrb) and splicing factor proline- and glutamine-rich (SFPQ; 

also commonly known as polypyrimidine tract-binding protein-associated splicing factor PSF). 

NonO and SFPQ are homologues and binding partners and have been described as 

multifunctional nuclear proteins, implicated in subnuclear body formation; transcription 

initiation; coactivation and corepression; constitutive and alternative splicing; transcriptional 

termination; and DNA repair. Because SFPQ binds to the IL-8 promoter to suppress its 

expression, sequestering SFPQ to paraspeckles by high NEAT1 level can derepress the 

expression of IL-8 (Imamura et al., 2014). Other DBHS paraspeckle protein components 

include paraspeckle protein 1 (PSPC1) that can form intertwined dimer with NonO (Knott et al., 

2016). Besides, FUS has been reported to be a core paraspeckle protein. 

Like FUS, the core paraspeckle protein NonO and SFPQ can be arginine methylated. 

We had identified NonO to be in a spot with anti-methylarginine signals by mass spectrometry. 

Immunoprecipitated NonO was also detected by anti-dimethylarginine antibodies (Hung et al., 

2009). We had also identified SFPQ as a putative candidate that due to protein methylation 

status, was differentially recognized by an anti-Sm positive antisera from an SLE patient 

(Chang et al., 2013).   

Snijders et al. reported the methylation of SFPQ (Snijders et al., 2015). They showed 

that SFPQ can be methylated by PRMT1 and also identified SFPQ arginine methylation sites 

by mass spectrometry (MS) (R7,9,19,25 for DMA and 9,32 and 693 for MMA). Arginine 

methylation did not affect the interaction of SFPQ with NONO. Treatment with broad 

methyltransferase inhibitor AdOx or specific PRMT inhibitor AMI-1 reduced SFPQ binding to 

mRNA. Hu et al showed that CARM1 can modify NonO (p54nrb) to reduce its association 

with mRNAs containing IRAlus and can work as a transcriptional regulator to suppress the 

expression of NEAT1. CARM1 thus regulate the nuclear retention of mRNAs containing 

IRAlus at two different levels (Hu et al., 2015). In Hu's study, they showed that beside CARM1, 

NonO can also be methylated by PRMT1 and PRMT6 but to a less level. The methylation sites 

by MS analyses showed that R357, R365 and R378 are major methylation sites on p54nrb by 

CARM1 while R73, R184 and R207 maybe methylated by other PRMT as they were present in 

both scramble and CARM1 knockdown Flag-p54nrb IP samples.  

As discussed before, RG or RGG rich sequences that are typical PRMT recognized 

arginine methylation sites are often present in proteins with low complexity sequences or are 

within the LCD. Many proteins involved in stress granule or paraspeckle formation overlap 

with the proteins identified in ALS aggregates. Most recent studies showed that hexanucleotide 

repeat expansion in the gene C9ORF72 can results in non-ATG translation of five dipeptide 

repeat (DPR) polypeptidess. Among them only glycine-arginine (GR) or proline arginine (PR) 

peptides are toxic. These poly-GR and PR interact with the LCDs in the RNA binding proteins 



and can induce spontaneous assembly of poorly dynamic stress granules. Intriguingly, two 

major type I and type II PRMT, PRMT1 and PRMT5 respectively, are among the genetic 

modifiers of GR/PR toxicity confirmed in fruit flies (Lee et al., 2016). It is thus tempting to 

propose that arginine methylation might affect the interaction of the protein components of 

cytoplasmic/nuclear RNP granules or non-membrane bounded sub-organelles and be related to 

the etiology of ALS.  

We suspect that PRMT1 catalyzed arginine methylation can affect ALS at different 

levels:  

1. Through paraspeckle: PRMT1 can repress NEAT1 expression and paraspeckle formation at 

transcriptional level or by affecting subcellular localization, RNA binding activity or stability 

of paraspeckle proteins at the post-translational level.  

2. Through the mechanism of stress granule assembly and protein aggregation: PRMT1 can 

directly methylate a variety of proteins that are involved in stress granule formation that 

overlapped with ALS-causing proteins. How arginine methylation at the RG/RGG sequences in 

these proteins affects the association of LCD can be the core of protein aggregation in ALS. 

In this study, we thus planned to explore the putative involvement of PRMT1 catalyzed 

methylation of the RNA binding proteins in paraspeckles as well as stress granules, and their 

putative participation in the development of neurodegenerative disease. The study should 

provide future directions and implications in the therapy of ALS and even be further extended 

to other neurodegenerative diseases.     

 

RESULTS 

PART 1. Published paper  

Lee, YJ, Chang, WW, Chang, CP, Liu, TY, Chuang, CY, Qian, K, Zheng, YG and Li, C. (2018) 

Downregulation of PRMT1 promotes the senescence and migration of a non-MYCN amplified 

neuroblastoma SK-N-SH cells. Scientific Reports (accepted) 

Abstract: 

Protein arginine methyltransferase 1 (PRMT1) catalyzing the formation of asymmetric 

dimethylarginines has been implicated in cancer development, metastasis, and prognosis. In 

this study, we investigated the effects of low PRMT1 levels on a non-MYCN amplified 

neuroblastoma SK-N-SH cell line. Stable PRMT1-knockdown (PRMT1-KD) cells showed 

reduced growth rates and cell cycle arrest at G2/M. They also exhibited senescent phenotypes 

and increased p53 expression. p21 and PAI-1, which are two p53 downstream targets critical 

for senescence, were significantly induced in SK-N-SH cells subjected to either PRMT1-KD or 

inhibitor treatment. The induction was suppressed by a p53 inhibitor and marginal in a p53-null 

SK-N-AS cell line, suggesting dependence on p53.In general, the DNA damage and ROS 

levels of the PRMT1-KD SK-N-SH cells were slightly increased. Their migration activity also 

increased with the induction of PAI-1. Thus, PRMT1 downregulation released the repression of 

cellular senescence and migration activity in SK-N-SH cells. These results might partially 



explain the poor prognostic outcome of low PRMT1 in a non-MYCN-amplified cohort and 

indicate the multifaceted complexity of PRMT1 as a biological regulator of neuroblastoma.  

 

PART 2. Unpublished results 

Part of the results of this studies that have not been published are shown below.     

1. Induced NEAT1 lncRNA expression and elevated paraspeckle formation in PRMT1 

KD cells 

Analyses of the expression correlation of the genes by the online database r2 

(http://hgserver1.amc.nl/cgi-bin/r2/main.cgi) showed that expression of PRMT1 negatively 

correlated with NEAT1, similar to the relationship between CARM1 and NEAT1 in 

neuroblastoma. Interestingly, we found significant NEAT1 induction and paraspeckle 

formation in the neuroblastoma PRMT1 KD SK-N-SH cells. We then detected the NEAT1 

RNA expression by RT-qPCR and in situ hybridization. The NEAT1 RNA was highly 

induced in PRMT1 knockdown cells and accumulated as small dots in the nucleus (Fig. 

1A). The major paraspeckle protein NonO was also present as concentrated dots in the 

nucleus in PRMT1-KD cells (Fig. 1B). These dots are likely to be paraspeckles formed 

after PRMT1 KD with NEAT1 induction. Our results thus indicate a novel connection of 

PRMT1 and NEAT1 expression/paraspeckle formation.    

(A) 

 

 

 

 

 



(B) 

 

Fig. 1. Induced NEAT1 lncRNA expression and elevated paraspeckle formation in 

PRMT1-KD neuroblastoma SK-N-SH cells. (A) In situ hybridization of SK-N-SH cells 

using RNA probe for NEAT1_2. (B) Immunofluorescent analyses of SK-N-SH cells using 

anti-NonO antibodies.  

 

2. Expression of exotic recombinant protein with the RGG rich sequences  

RGG box with repeating RG/RGG sequences interrupted by few amino acids are 

present in many RNA binding proteins. Most of the proteins contain other RNA binding 

segments such as RRM domain and KH domain. The sequences usually last for around 10 

amino acids like in hnRNP or 20-30 in some proteins, but in fibrillarin, the RGG box in the 

N-terminus can be extended to about 80 amino acid residues. In the residues from residue 8-72, 

there are 15 Rs and 47 Gs. Asymmetric dimethylarginines in fibrillarin has been identified in 

the early days by traditional protein sequencing (Lischwe et al., 1985). Our lab had used mouse 

fibrillarin as the substrate protein for in vitro methylation reactions. We had a construct 

expressing the N-terminal fibrillarin in E. coli as a RGG source in the pET vector. We also 

successfully placed PRMT1 in the same construct to express and purify arginine methylated 

RGG box protein in large amount (Wei HM, Master thesis of Department of Biomedical 

Sciences, Chung Shan Medical University, 2013).  

We prepared GFP- tagged constructs to express full-length fibrillarin or the RGG 

sequence from fibrillarin. We transfected the constructs into HeLa and neuro2A cells and 

examined the subcellular localization of GFP-RG or GFP-fibrillarin by fluorescent microscopy. 

All constructs showed stronger nuclear than cytoplasmic distribution. Besides, the GFP-RG 

proteins form large granules in the nucleus while the GFP-fibrillarin proteins form smaller 

granules in the nucleus. These granules are likely to be the nucleoli. We then stained the 

transfected cells with an asymmetric dimethylarginine (ADMA)-specific antibody ASYM24 to 

examine if the protein arginine methylation pattern might be affected after the expression of 

exotic GFP-RG or GFP-fibrillarin proteins. ADMA-containing proteins detected by ASYM24 

are clearly located in the nucleus but not the nucleoli. The distribution pattern are similar 

whether the cells express GFP fusion proteins or not. The expression of exotic GFP-RG or 

GFP-fibrillarin proteins in the nucleoli did not increase the detection by ASYM24 in these 

regions. The localization of the protein arginine methyltransferase PRMT1 was not affected 

with the exotic expression of GFP-RG or GFP-fibrillarin proteins. Similar results were 

obtained in neuro2a cells. 

 



(A) 

 

 

(B)                             (C) 

       

Fig. 2. Accumulation of GFP-tagged fibrillarin and glycine arginine rich (GAR or RG) 

sequence containing proteins in nucleolus in HeLa cells. (A) HeLa cells transfected with 

plasmids expressing GFP, GFP-RG of GFP-fibrillarin proteins observed by fluorescent 

microscopy. (B) HeLa cells transfected with plasmids expressing GFP, GFP-RG of 

GFP-fibrillarin proteins were observed by fluorescent microscopy, immunostained with 

ASYM24, stained with DAPI and merge of the images. 
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