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Abstract

BACKGROUND—Asymmetric arginine dimethylation of histone H4R3 to H4R3me2a by protein 

arginine methyltransferase 1 (PRMT1) has been implicated to play a key role in gene activation 

throughout vertebrates. PRMT1 knockout in mouse leads to embryonic lethality. This and the 

uterus-enclosed nature of the mouse embryo make it difficult to determine the development role of 

PRMT1 in mammals.

METHODS—We took advantage of the external development of the diploid anuran Xenopus 
tropicalis and adapted the TALEN genome editing technology to knock out PRMT1 in order to 

investigate how PRMT1 participates in vertebrate development.

RESULTS—We observed that PRMT1 knockout had no apparent effect on embryogenesis 

because normally feeding tadpoles were formed, despite the reduced asymmetric H4R3 di-

methylation (H4R3me2a) due to the knockout. However, PRMT1 knockout tadpoles had severely 

reduced growth even with normal growth hormone gene expression. These tadpoles were also 

stalled in development shortly after feeding began at stages 44/45 and died within 2 weeks, well 

before the onset of metamorphosis. In situ analyses revealed broad cessation or drastic reduction in 

cell proliferation in diverse organs including the eye, brain, spinal cord, liver, and intestine.

CONCLUSIONS—Our findings suggest that PRMT1 is not required for embryogenesis but is a 

key regulator for normal progression of vertebrate development and growth.

GENERAL SIGNIFICANCE—The similarities and differences between PRMT1 knockout 

Xenopus tropicalis and mouse suggest that two distinct phases of vertebrate development: early 

embryogenesis and subsequent growth/organ maturation, have different but evolutionally 

conserved requirement for epigenetic modifications.
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1. INTRODUCTION

The core histones, consisting of H2A, H2B, H3 and H4, are subjected to a large number of 

post-translational modifications, including acetylation, methylation, phosphorylation, and 

ubiquitylation, which can influence many cellular processes via gene activation or silencing 

[1–4]. Among them, arginine methylation of histone tails can promote or prevent the 

docking of key transcription factors, and thus contribute to transcriptional activation or 

repression depends on the methylated residues and positions [5]. There are three main forms 

of methylated arginine: monomethylarginines (MMA); asymmetric dimethylarginines 

(ADMA); and symmetric dimethylarginines (SDMA), which are products of protein 

arginine methyltransferases (PRMTs). There are nine known vertebrate PRMT members 

(PRMT1–9) and are classified as type I, type II, or type III enzymes. Type I and type II 

enzymes catalyze the formation of MMA, which can be used by type I PRMTs (PRMT1, 2, 

3, 4, 6 and 8) to further catalyze the production of ADMA, or type II PRMTs (PRMT5 and 

7) to further catalyze the formation of SDMA [5, 6]. PRMT7 is referred as type III enzyme 

because it has only monomethylation activity [5, 7]. PRMT1 is the most abundant type I 

methyltransferase in mammals and methylation by PRMT1 has been implicated in diverse 

cellular processes such as interferon signaling pathway and transcriptional regulation 

through inhibition of FOXO1 phosphorylation by AKT [5, 8, 9]. PRMT1 also acts as a 

coactivator for different nuclear hormone receptors including thyroid hormone (TH) receptor 

(TR) [10–13].

While the molecular properties and biological functions of PRMT1 have been studied 

extensively in vitro and in cultured cells, much less is known about its involvement in 

vertebrate development. Gene knockout studies in mouse have shown that no homozygous 

PRMT1 knockout embryos can be detected by E8.5, indicating that PRMT1 is essential for 

mouse embryogenesis [8]. However, the mechanism underlying the epigenetic regulation 

during early vertebrate development has been difficult to study due to the uterus-enclosed 

nature of mammalian embryos.

The development of anuran amphibians such as Xenopus tropicalis offer a unique 

opportunity to study epigenetic regulation of vertebrate development, especially the so-

called postembryonic development, a period around birth that is regulated by TH and when 

many organs/tissues mature into the adult form [14, 15]. We have previously shown that 

PRMT1 is upregulated during Xenopus laevis metamorphosis [16], a process resembling 

postembryonic development in mammals [14, 15]. We have further demonstrated that 

PRMT1 functions as a TR coactivator and transgenic overexpression of PRMT1 in Xenopus 
laevis accelerates frog metamorphosis and increases adult epithelial stem cells proliferation 

during intestinal remodeling [16, 17]. Here, we have investigated the role of endogenous 

PRMT1 gene in Xenopus tropicalis, a diploid anuran species that is highly related to 

Xenopus laevis [18], by using TALEN genome editing technology to knock out PRMT1. We 

showed that knockout of PRMT1 had no observable effect on embryogenesis as 

homozygous PRMT1 knockout animals developed normally into feeding stage tadpoles 

(stage 44/45 or 4 days old). On the other hand, all homozygous PRMT1 knockout animals 

died within 2 weeks after fertilization and were stalled developmentally at stage 46, well 

before the onset of metamorphosis at stage 54. The homozygous knockout animals also had 
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severe growth inhibition despite normal levels of growth hormone gene expression. 

Furthermore, the knockout animals had reduced levels of H4R3me2a methylation and 

drastically reduced cell proliferation in broad organs/tissues. Our data suggest that histone 

H4R3me2a methylation by PRMT1 is essential for tadpole growth and development via 

regulating cell proliferation in diverse organs but is not required for embryogenesis.

2. MATERIALS AND METHODS

2.1 Animal rearing and staging

All animals were cared for and treated as approved by the Animal Use and Care Committee 

of Eunice Kennedy Shriver National Institute of Child Health and Human Development 

(NICHD), U.S. National Institutes of Health (NIH). Adult X. tropicalis were purchased from 

NASCO (Fort Atkinson, WI, USA). Embryos were staged according to the description for 

X. laevis [19]. Embryos were reared in 0.1M Marc’s modified Ringers (MMR) in agar 

coated petri dish for 4 d at 25°C, and then transferred to a large volume (9-L) container as 

described [20, 21]. Different groups of tadpoles were reared at a similar density. For tadpole 

survival studies, tadpole density was maintained the same across treatment groups by 

removing tadpoles as necessary. To account for these changes, the tadpole survival rate was 

calculated by dividing the number of live tadpoles at a given day by the number of live 

tadpoles on the day earlier and then multiplying the resulting value by the survive rate for 

the day earlier.

2.2 TALEN assembly and TALEN mRNA preparation

A TALEN pair targeting X. tropicalis PRMT1 were assembled as described (16, 33, 34). The 

PRMT1 TALEN left (TALEN-L) arm recognizes the sequence 

GAATGGATGGGATATTGTCT and the TALEN right (TALEN-R) arm recognizes the 

sequence CGATAGATAACAGTGTTCAG in the PRMT1 coding region. To generate the 

TALEN mRNA in vitro, the individual TALEN plasmid was linearized with NotI. Capped 

RNA was produced by using the linearized DNA and the Ambion (Grand Island, NY, USA) 

in vitro transcription kit. After removing the DNA template by DNaseI digestion, capped 

RNA was purified with RNAeasy kit (Qiagen, Valencia, CA, USA).

2.3 Generation of PRMT1 knockout Xenopus tropicalis animals by using TALEN genome 
editing technology and genotyping

Mature adult X. tropicalis frogs, a few females and a male, were primed 1 day before the 

experiment with 20 U of human chorionic gonadotropin (hCG; Novarel; Ferring 

Pharmaceuticals Inc. Parsippany, NJ, USA). The injected frogs were boosted with 200 U of 

hCG on the second day. Just before the females started to lay eggs, the male was sacrificed 

to obtain testes. A sperm suspension was prepared in 300 μl 1×MMR by using one testes. 

For in vitro fertilization, freshly squeezed eggs from an hCG-injected female were mixed 

with the sperm suspension for about 2 min. The sperms in the mixture were then activated 

by diluting the mixture to 0.1×MMR. The fertilized eggs were dejellied in 3% cysteine 

solution at pH 8.0. After washing with 0.1×MMR several times, the fertilized eggs were 

placed on an agar-coated plate. For TALEN mRNA injection, equal amounts of the TALEN-
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L and -R arm mRNAs were mixed and injected into the fertilized egg at 400 pg/egg for each 

mRNA.

The TALEN-injected embryos were reared to adults (F0-generation frogs). A sexually 

mature F0 frog was mated with a wild type frog, and their offspring were screened to 

identify PRMT1 heterozygous mutant tadpoles [PRMT1(+/−)]. After PRMT1(+/−) mutants 

were sexually mature (F1 frogs), female and male mutant frogs were primed with 20 U of 

hCG (Novarel), one day before egg laying. They were then boosted with another injection of 

200 U of hCG on the second day for natural mating to obtain PRMT1 total knockout 

[PRMT1(+/−)] animals (F2 generation). The resulting fertilized eggs/embryos were collected 

and reared for 3–4 days at 25°C to reach the onset feeding stage (stage 45). The tadpoles 

were then transferred to a 4-L container and fed.

Tadpoles were anesthetized with MS222 for photography, tail clipping, and body length 

measurement. For genotyping, the tadpole tail tip (about 5 mm or less) was clipped and 

lysed in 20 μL QuickExtract DNA extraction solution (Epicentre) at 65°C for 20 minutes. 

After incubating at 95°C for 5 minutes, 1 μl of the DNA extraction solution was immediately 

used for genotyping by PCR. For the F1 animals, genotyping was performed with PCR 

amplification of the PRMT1 targeted regions (Supplemental Table 1). After the sequence 

analysis, an 8 base out-of-frame deletion PRMT1 line (Fig. 1) was chosen for further 

studies. For F2 generation, the genotyping of PRMT1 gene was done by PCR with two 

primer sets to detect wild type and mutant allele respectively: forward primer f1, 5′- 

GGGATATTGTCTGTTCTATGAATC −3′ and reverse primer R, 5′- 

GTGTAGCACGATCTGGAAATATTAACCCA-3′, forward primer F, 5′- 

GAGTGCTCAAGTATATCTGACTATGCCA −3′ and reverse primer r1, 5′- 

GATAACAGTGTTCAGCATAGAAC-3′, for 33 cycles of 94°C for 30 seconds, 60°C for 30 

seconds, 72°C for 20 seconds. The PCR products were analyzed by gel electrophoresis

2.4 RNA extraction and quantitative RT-PCR

Total RNA of the intestine, tail, or limb was extracted with RNeasy® Mini Kit 250 (Qiagen). 

The homogenates of individual tissues from at least five animals, or five whole animals, of 

each genotype were combined together for RNA extraction. The RNA concentration was 

measured by using a NanoDrop (Thermo Scientific). The same amount of RNA from each of 

the three genotypes (PRMT1: wild-type, heterozygous and homozygous knockout) was 

reverse-transcribed with the QuantiTect reverse transcription kit (Qiagen). The cDNA was 

analyzed by qPCR by using the SYBR Green method. The PCR primers for the internal 

control genes odc (ornithine decarboxylase) and rpl8 (ribosomal protein L8) were described 

previously [22] (note that odc and rpl8 mRNA expression levels were similar in all 

genotypes; data not shown). All gene expression data were normalized against that of the 

internal control gene odc or rpl8. The expression analyses were performed at least twice, 

with similar results. The primer sequences are listed on Supplemental Tables 1–2.

2.5 Protein extraction and Western blot

Xenopus tropicalis embryos at indicated ages/stages were pooled together and homogenized 

into 10 μl per embryo of M-PER solution with proteinase inhibitor cocktail (Roche, Basel, 
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Switzerland) and 50 μM GSK-LSD1 (Sigma-Aldrich). The lysates were centrifuged at 4°C, 

12,000 g for 20 min. The supernatants were mixed with equal volume of 2× loading buffer 

and boiled for 5 min. Western blot was carried out as previously described by using 

antibodies against beta-actin (diluted 1:1000; Millipore-Sigma), histone H4 (diluted 1:1000, 

Sigma-Aldrich), H4R3me2a (diluted 1:200; Millipore-Sigma) or PRMT1 (diluted 1:250; 

Sigma-Aldrich).

2.6 5-Ethynyl-2’-deoxyuridine (EdU) labeling for cell proliferation

EdU staining was performed as described (35) with a few modifications. Briefly, genotyped, 

9-day-old wild type and PRMT1 homozygous knockout tadpoles were kept in the 10 ml 

water with 0.25 μg/mL EdU in 6-well cell culture plate. After 16 hours of treatment at 25°C, 

the tadpoles were sacrificed, and the whole body was fixed in 4% PFA/PBS and processed 

for paraffin-sectioning. Tissue sections cut at 5 μm were subjected to EdU staining by using 

the Click-iT Plus EdU Alexa Fluor 594 Imaging kit (Thermo Fisher Scientific). EdU 

positive areas were measured by using ImageJ software (National Institutes of Health).

2.7 Statistical analysis

Data are presented as mean ±SE. The significance of differences between groups was 

evaluated by one-way ANOVA followed by Bonferroni multiple comparison test or 

Student’s t test by using Prism 5 (GraphPad Software).

3. RESULTS

3.1 Generation of Xenopus tropicalis PRMT1 total knockout animals by using TALEN 
genome editing technology

To investigate the role of endogenous PRMT1 during vertebrate development, we adapted 

transcriptional activator–like effector nuclease (TALEN) technology to generate mosaic 

PRMT1 knockdown frogs (F0). We designed a TALEN nuclease made of a pair of left and 

right arms targeting E153 in exon 6 of X. tropicalis PRMT1 that is critical for PRMT1 

methylase activity (Fig. 1A) [23]. We microinjected mRNAs encoding the 2 TALEN arms 

into one cell stage embryos to generate the F0 animals with mosaic mutations in PRMT1. 

Analysis of the mutation in the target region of the F0 animals showed 20–30% mutation 

efficiency (data not shown). We raised some of these F0 animals to sexual maturity and then 

crossed them with wild type animals to generate F1 PRMT1 heterozygous animals. After 

genotyping the F1 animals, we chose one mutant line with an 8 base deletion, which is an 

out of frame mutation and thus inactivates the gene, for further analysis (Fig. 1B). We 

produced PRMT1 homozygous knockout animals in the F2 generation by intercrossing F1 

frogs and identified them by genotyping PCR (Fig. 1C).

We confirmed whether we indeed had complete PRMT1 knockout by using western blot 

analysis and quantitative RT-PCR. First, we determined PRMT1 mRNA level during 

embryogenesis by RT-PCR analysis of total animal RNA (Fig. 2A). PRMT1 mRNA was 

present maternally in the egg and was upregulated slightly during embryogenesis. After 

hatching at stage 35, the PRMT1 mRNA levels were reduced significantly by feeding stage 

(stage 45) (Fig. 2A). Second, we analyzed the protein level in tadpoles. Total protein was 
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isolated from 10-day old tadpoles or the intestine of tadpoles at stage 62, the climax of 

metamorphosis when PRMT1 is highly expressed in the intestine [16, 17]. Western blot 

result showed that PRMT1 was expressed expectedly in the wild type tadpoles or the 

intestine at the metamorphic climax (Fig. 2B). However, PRMT1 protein was not detected in 

the homozygous mutant animals (Fig. 2B), confirming the complete knockout of PRMT1 in 

the homozygous mutant animals. Interestingly, when we analyzed PRMT1 mRNA level on 

total tadpole RNA in wild-type, heterozygous and homozygous PRMT1 mutant animals with 

a primer pair located in the 5’-untranslated region [16], we observed that PRMT1 mRNA 

level was very low in the homozygous mutant animals (Fig. 2C) and was significantly 

reduced in the heterozygous animals, suggesting that most of the mutant PRMT1 mRNA 

underwent nonsense-mediated RNA decay due to the out of frame deletion.

3.2 Xenopus tropicalis PRMT1 is essential for tadpole development and growth during 
the postembryonic development

The homozygous PRMT1 knockout tadpoles had normal morphology at stage 45, 4 days 

after fertilization and the onset of tadpole feeding (Fig. 3A), suggesting that PRMT1 

knockout did not affect Xenopus embryogenesis. To determine if PRMT1 knockout affected 

tadpole development, we genotyped 30 randomly selected tadpoles generated from mating 

of two PRMT1 heterozygous knockout frogs every two days starting 4 days after 

fertilization (feeding stage). The results in Fig. 3B showed that PRMT1 homozygous 

knockout tadpoles were present at 12 days of age but not at 14 days of age, whereas the wild 

type and the heterozygous tadpoles were present at 14 days of age with the expected 

Mendelian ratio. Furthermore, of the 180 tadpoles randomly selected for genotyping during 

the two week period, a Mendelian distribution was observed for the three genotypes 

(48:95:37, or a ratio of 1.1:2.1:0.82). Thus, PRMT1 is not required for embryogenesis but is 

essential for tadpole survival up to two weeks of age.

To determine when the homozygous knockout tadpoles die, 150 randomly selected F2 

siblings were kept in a 9-L container together and the dead ones were picked up each day for 

3 weeks. The dead ones and the remaining live ones were all genotyped by PCR at the end 

of the 3 week period. We found that overall, 35/150 (23.3%) were the wild type, 83/150 

(55.3%) were heterozygous and 32/150 (21.3%) were homozygous, again following the 

expected Mendelian ratio. However, the survival rates of the different genotypes were very 

different. The homozygous knockout tadpoles began to die around 12 days after fertilization 

and completely died after 14 days (Fig. 3B, C). On the other hand, 91.4 % (32/35) of the 

wild type and 79.5% (66/83) of the heterozygous tadpoles survived till the end of the 3 week 

period. Thus, PRMT1 is essential for tadpole development while removing a single copy of 

the PRMT1 gene has little effect, consistent with our ability to obtain adult heterozygous 

PRMT1 mutant frogs.

Next, we analyzed the phenotype of PRMT1 knockout during tadpole growth and 

development up to 14 days old. All tadpoles were kept in the same plastic container (9-L 

tank) and 30 tadpoles were randomly picked up for genotyping, measuring the body length 

and judging the developmental stages on each day. According to [19], we determined the 

developmental stages of the animals based on intestinal morphology until stage 46 and limb 
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morphology after stage 46 (Fig. 4A). The morphological analysis revealed that there was no 

significant difference between the wild type (Stage: 45±0, Length: 6.2±0.1 mm) and the 

homozygous (Stage: 44±1.7, Length: 6.2±0.2 mm) tadpoles at 4 days after fertilization 

(stages 44/45, onset of tadpole feeding) (Fig. 4B, C). Subsequently, the homozygous 

tadpoles had delayed or stalled development and growth up to 12 days of age, with the wild 

type reaching stage 50±0.1 and 19.3±0.4 mm in length compared to the homozygous at 

stage 46±0 and 7.4±0.1 mm in length at 12 days old (Fig. 4B–D). Thus, homozygous 

PRMT1 knockout animals could develop only to stage 46 and had little growth although 

they began feeding around stage 45 as reflected by the presence of the food in the intestine 

at 4 days old. Interestingly, the expression of both growth hormone (GH) genes was the 

same in 10-day old PRMT1 knockout tadpoles compare with wild type siblings (Fig. 4E), 

suggesting that the stalled growth was not due to the lack of GH in the knockout tadpoles.

3.3 Knocking out PRMT1 reduces Histone H4R3me2a methylation

To investigate how PRMT1 knockout affected tadpole development, we first investigated if 

histone methylation was altered. As indicated above, PRMT1 catalyzes histone H4R3 

asymmetric di-methylation (H4R3me2a) [5]. We determined H4R3me2a level by using 

protein extracted from whole tadpoles. Western blot analysis showed that H4R3me2a level 

was drastically reduced in the homozygous PRMT1 knockout tadpoles compared to that in 

the wild type siblings (Fig. 5A and B), suggesting that PRMT1 is the main methylase for 

H4R3me2a and that normal Xenopus development requires asymmetric di-methylation of 

H4R3. Earlier studies reported that PRMT6 and PRMT8 could also contribute asymmetric 

di-methylation of H4R3 [24–28]. We thus investigated the mRNA expression of PRMT6 and 

PRMT8 by RT-PCR and found no significant difference between wild type and PRMT1 

homozygous knockout tadpoles (Fig. 5C), suggesting that PRMT1 knockout did not alter the 

expression of other PRMTs to compensate for the change in histone H4R3me2a methylation 

activity.

3.4 PRMT1 knockout tadpoles have drastically reduced cell proliferation in broad tissues/
organs

Given the severe growth inhibition and animal lethality of the homozygous PRMT1 

knockout tadpoles, we next investigated if normal cell proliferation required PRMT1 by in 
vivo labeling with 5-Ethynyl-2’-deoxyuridine (EdU) in 10-day old tadpoles. The 10 

randomly selected tadpoles generated from mating of heterozygous PRMT1 knockout frogs 

were treated with or without 0.25 μg/ml EdU in 10 ml rearing water for 16 hours in a 6-well 

cell growth plate. The animals were subsequently sacrificed, genotyped, and sectioned for 

EdU staining to detect EdU positive cells, i.e., proliferating cells, in the brain and the spinal 

cord (Fig. 6), the cornea of eye, the intestine, and the liver (Fig. 7). EdU staining clearly 

detected active cell proliferation in all these tissues/organs in the wild type tadpoles. 

However, few EdU positive cells were detected in the PRMT1 knockout tadpoles in any of 

these tissues/organs (Figs. 6, 7). Thus, PRMT1 knockout prevented or drastically inhibited 

cell proliferation in broad organs/tissues, which likely underlay the observed cessation in 

development after stage 46 and severe growth reduction.
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4. DISCUSSION

Posttranslational histone modifications including acetylation, methylation, and 

ubiquitination have been reported as activation or repression marks of genes expression in 

yeast and cultured cells [1, 29, 30]. Importantly, epigenetic inheritance of abnormal histone 

lysine methylation (H3K4 or H3K27) is associated with aberrant development in mouse and 

Xenopus [22, 31]. PRMT1, capable of histone H4R3 methylation, is known to be 

responsible for most of the total protein arginine methylation in mammalian cells [5, 32]. 

Additionally, we have shown previously that transgenic overexpression of PRMT1 causes 

the acceleration of Xenopus laevis metamorphosis and knocking down the endogenous 

PRMT1 results the reduction in stem cell proliferation during Xenopus laevis intestinal 

metamorphosis [16, 17], implicating an important role of PRMT1 during metamorphosis, a 

period resembling mammalian postembryonic development around birth [14, 15]. Here, by 

using TALEN-mediated gene editing technology, we have knocked out PRMT1 in Xenopus 
tropicalis and demonstrated that PRMT1 is not required for embryogenesis but is essential 

for tadpole growth and development prior to metamorphosis, likely via histone H4R3 

methylation.

PRMT1 mRNA is present in unfertilized eggs and its level rises slightly after zygotic 

transcription starts during Xenopus tropicalis embryogenesis before dropping to lower levels 

after hatching at stage 35. Despite this early expression, PRMT1 knockout embryos could 

completed the embryogenesis to become normal feeding stage tadpoles around 4 days of age 

(Fig. 3), which seems to differ from the embryonic lethal phenotype of the PRMT1-null 

mice [8]. Thus, maternal or even early zygotic expression of PRMT1 is not required for 

Xenopus embryogenesis. This may suggest that either H4R3me2a methylation activity is not 

important for embryogenesis or other PRMTs can compensate for the loss of PRMT1 during 

embryogenesis. Potential contribution from other PRMTs is supported by the reduction of 

only about ½ of the H4R3me2a methylation in homozygous PRMT1 knockout tadpoles.

In contrast to embryogenesis, the homozygous PRMT1 knockout tadpoles had severe 

inhibition in both development and growth, accompanied by reduced histone H4R3me2a 

methylation (Figs. 4 and 5). These animals developed only to stage 46, just after the onset of 

feeding at stage 45, and then were stalled in development until eventually died around 12–14 

days of age. In addition, the homozygous knockout animals had a nearly complete cessation 

of growth after the onset of feeding stage (stage 45, 4 days old). Consistently, cell 

proliferation activity was significantly reduced or abolished in diverse organs such as the 

brain, the cornea, the liver and the intestine (Figs. 6 and 7).

It is interesting that there is an apparent difference between the embryonic lethal phenotype 

of the homozygous PRMT1 knockout mice and the normal formation of the feeding stage 

homozygous PRMT1 knockout tadpoles. On the other hand, a careful examination suggests 

a similar role of PRMT1 in vertebrate development. Homozygous PRMT1 knockout mouse 

embryos can be detected on E7.5 but not on E8.5 [8]. E7.5 or TS17 (Theiler Stage 11) is the 

neural plate/presomite stage when head folds are formed and continue to enlarge and foregut 

pocket begins to form (http://php.med.unsw.edu.au/embryology/index.php?

title=Mouse_Stages). This may temporally fall in the early feeding stages in Xenopus. Like 
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other anuran, Xenopus undergoes a biphasic development. After fertilization, the embryo 

undergoes embryogenesis to produces a feeding tadpole, which after a growth period, 

transforms into a frog. Earlier studies have demonstrated that the tadpole-to-frog 

transformation, or metamorphosis, is controlled by TH in a process that mimics the TH-

dependent mouse neonatal period [14, 15, 33, 34]. Thus, the period between onset feeding 

and metamorphosis in Xenopus temporally correlates with the middle of mouse 

embryogenesis when PRMT1 knockout leads to the lethal phenotype. The findings here 

therefore reveal interesting similarities and differences between Xenopus and mouse 

development and supports a conserved role of PRMT1 for late development in vertebrates, 

likely via H4R3 methylation. It is interesting that a similar observation was made from 

knockout studies on another histone methyltransferase, Dot1L [22], which, like PRMT1, is 

upregulated during Xenopus metamorphosis and functions as a coactivator for TR [35, 36]. 

It is likely that the compression of vertebrate development from a biphasic process 

(embryogenesis and subsequent metamorphosis) in anurans into a single phase in mammals 

masks these two separate phases of vertebrate development with distinct requirements for 

epigenetic modifications.

How arginine methylation of histone and/or other proteins by PRMT1 regulates vertebrate 

development and how PRMT1 knockout leads to developmental lethality (during 

embryogenesis for mouse and premetamorphic tadpole growth for Xenopus) remain to be 

investigated. PRMT1 is known as a transcriptional coactivator for different transcription 

factors such as TR. It forms a large complex that also contains acetyltransferases SRC1, 2, 

or 3, and p300/CBP, which has been shown to be important for the progression of 

metamorphosis as well as adult stem cell development in the intestine [16, 17]. PRMT1 thus 

may affect cell fate and behavior by functioning both as a transcriptional coactivator and to 

methylate proteins that act in cellular processes other than transcription. Clearly, identifying 

the transcriptional targets or methylation substrates of PRMT1 during early development is 

essential for understanding how PRMT1 knockout causes growth reduction and animal 

lethality. Our PRMT1 knockout model combined with external development of anurans will 

thus offer a unique opportunity for future mechanistic studies on this late embryonic 

developmental period.
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TALEN transcription activator-like effector nuclease

MMA monomethylarginines

ADMA asymmetric dimethylarginines

SDMA symmetric dimethylarginines

H4R3me2a asymmetrically dimethylated of histone H4R3

TH thyroid hormone

TR TH receptor
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Highlights

• PRMT1 is a major enzyme for H4R3me2a during Xenopus development

• PRMT1 knockout stalls tadpole development around feeding stages

• PRMT1 knockout inhibits tadpole growth after tadpole feeding begins

• PRMT1 is essential for tadpole survival
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Figure 1. Generation of PRMT1 knockout Xenopus tropicalis.
(A) PRMT1 genomic structure and design of TALEN against X. tropicalis PRMT1 
locus. There are two PRMT1 transcripts encoded by 10 exons each. PRMT1 specific 

TALEN-arms (marked with arrows) were designed to target E153 in the functional domain 

for di-methylation activity, in the exon 6.

(B) Schematic diagram depicting sequences of the TALEN targeted region in the wild 
type and a PRMT1 mutant (8 bases deletion) line. Red box and blue box in exon 6 

indicate left and right TALEN arms, respectively. Arrows represent primers used for 

genotyping: the forward primer F and f1, and the reverse primer R and r1. Green boxes are 

exons.
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(C) Representative examples of genotyping by PCR. Genotyping was carried out on 

genomic DNA by using two different primer set, primer f1 and primer R for detecting wild 

type allele and primer F and primer r1 for detecting the mutant allele, respectively. The 

presence of only wild type PCR product (376 bp) or mutant PCR product (267 bp) in the 

PCR reaction indicates the animals as wild type or a homozygous mutant, respectively, while 

the presence of both PCR products indicates a heterozygous mutant.
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Figure 2. TALEN-mediated mutation leads to reduction in PRMT1 mRNA level and the loss of 
PRMT1 protein.
(A) RT-PCR analysis of PRMT1 mRNA level during Xenopus tropicalis embryogenesis. 
PRMT1 mRNA levels were normalized against that of the control gene ornithine 

decarboxylase. PRMT1 mRNA levels rose slightly until end of embryogenesis at stage 35, 

the tailbud stage when hatching begins. It then dropped to lower levels by stage 45 (about 4 

day old), when tadpole feeding begins.
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(B) PRMT1 protein is absent in PRMT1 homozygous tadpoles. Proteins were extracted 

from whole body of 12-day-old wild type and PRMT1 homozygous tadpoles. Western blot 

analysis was performed to determine the protein levels of PRMT1 and histone H4 (loading 

control). Lane 3 shows the protein sample from wild type intestine at stage 62 as a positive 

control.

(C) TALEN-induced PRMT1 mutation results in reduced PRMT1 mRNA level in 
tadpoles. Total RNA was isolated from the intestine of wild type, and PRMT1 heterozygous 

and homozygous knockout tadpoles at 10 days of age and used for real-time RT-PCR 

analysis of PRMT1 expression. The mRNA levels were normalized against that of rpl8. The 

groups included 4 wild, 5 PRMT1 heterozygous, and 5 PRMT1 homozygous animals. These 

results were plotted with the mean, marked as a line, and SE. Different lower-case letters 

denote statistically significant differences (P < 0.01) as determined by Bonfferoni 

comparison test.
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Figure 3. PRMT1 knockout leads to tadpole lethality.
(A) Representative photos of 4-day-old tadpoles. Ventral view of a wild-type (upper 

panel) and PRMT1 homozygous knockout (lower panel) tadpole. Bars: 1 mm.

(B) Genotype distribution of tadpoles at the age of 4, 6, 8, 10, 12 and 14 days. 30 

tadpoles were randomly selected and genotyped by PCR (Figure 1C) at indicated age (days). 

Note that no homozygous knockout animals were found at day 14.

(C) PRMT1 knockout leads to lethality within two weeks after fertilization. Tadpoles 

were genotyped at 4 days of age and the survival rate of wild-type (N=35), heterozygous 
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(PRMT1(+/−), N=83) and homozygous (PRMT1(+/−), N=32) was determined from the age of 

day 4 to day 14. Note that PRMT1(+/−) tadpoles started to die around day 12 and completely 

died by day 14.
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Figure 4. PRMT1 knockout tadpoles are stalled in development after feeding begins.
(A) Representative photos of tadpoles at stages 47–50, depicting the criteria used to 
determine the stages. Arrowhead indicates limb bud at stage 47. At stage 48, the vertical 

length (b) of limb bud is longer than the horizontal length (a) (a<b). At stage 49, both 

lengths are the same (a=b). At stage 50, the horizontal length is longer than the vertical 

length (a>b). Bars: 1 mm.

(B) PRMT1 homozygous knockout tadpoles stop development shortly after tadpole 
feeding begins around stage 44/45 (day 4). The tadpoles as genotyped in Figure 3B were 
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allowed to develop for up to 2 weeks and their developmental stages were determined at 

indicated ages based on intestinal morphology (stage 44-stage 46) or limb morphology 

(stage 47-stage 50, see A). The average developmental stage for each of the three genotypes, 

wild type, PRMT1 heterozygous, and PRMT1 homozygous, was determined and plotted. 

Note that PRMT1 knockout tadpoles were stalled at stage 46 and eventually died by day 14 

(see Fig. 3) The asterisks indicate a significant difference among the 3 genotypes (P < 0.01).

(C) PRMT1 homozygous tadpoles have a severe growth inhibition. The tadpoles as 

genotyped in Figure 3B were allowed to develop for up to 2 weeks and their total body 

lengths were measured at indicated ages. The average body length for each of the three 

genotypes was determined and plotted. The asterisks indicate a significant difference among 

the 3 genotypes (P < 0.01).

(D) Representative photos of 12-day-old tadpoles. The wild-type tadpole (right) is much 

bigger than the PRMT1 homozygous knockout tadpole (left) (dorsal view). Bar: 5 mm.

(E) No significant difference in the expression of two growth hormone genes between 
10-day-old wild type and PRMT1(+/−) tadpoles. Total RNA was isolated from the intestine 

of wild type and PRMT1 homozygous knockout tadpoles at 10 days of age and used for 

real-time RT-PCR analysis of the expression of growth hormone genes: gh1 and gh2. The 

mRNA levels were normalized against that of rpl8. The groups included 4 wild and 5 

PRMT1 homozygous animals. These results were plotted with the mean, marked as a line, 

and SE. ns: No significant difference between knockout and wild-type animals as 

determined by student-t test. The experiments were done with two or more batches of 

tadpoles with similar results.
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Figure 5. Histone H4R3me2a level is reduced in PRMT1 homozygous knockout tadpoles.
(A) Representative photos of western blot analysis. Proteins were isolated from three 

different pooled wild-type (lanes 1–3) and PRMT1 homozygous knockout (lanes 4–6) 

tadpoles at 12 days of age and subjected to Western blot analyses with antibodies against 

methylated histone H4R3 (H4R3me2a) (Upper) and beta-actin (lower) as the loading 

control, respectively.

(B) Quantification of histone H4R3me2a levels in wild-type and PRMT1 homozygous 
tadpoles. The expression levels as shown in (A) were normalized against that of beta-actin. 
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The groups included 3 wild-type tadpoles and 4 PRMT1 homozygous tadpoles at 12 days of 

age, respectively. Asterisks (*) indicate a significant difference between knockout and wild-

type animals (P<0.001).

(C) The expression of PRMT6 and PRMT8 is not altered in PRMT1 homozygous 
knockout tadpoles. Total RNA was isolated from the intestine of 10-day old wild type and 

PRMT1 homozygous tadpoles and used for real-time RT-PCR analysis of the expression of 

two PRMTs known to have H4R3me2a methylation activity: PRMT6 and PRMT8. The 

mRNA levels were normalized against that of rpl8. The groups included 4 wild and 5 

PRMT1 homozygous knockout animals. These results were plotted with the mean, marked 

as a line, and SE. ns: No significant difference between knockout and wild type animals as 

determined by student-t test.
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Figure 6. Reduced proliferating cells in brain and spinal cord of PRMT1 knockout tadpoles.
(A) Schematic diagram for EdU treatment. The 10-day old tadpoles were treated with or 

without 0.25 μg/ml EdU in 10 ml water for 16 hours in the 6-wells plate, each well 

contained 10 randomly selected tadpoles. They were then genotyped and sectioned for cell 

proliferation analyses (EdU staining).

(B) Representative photo of a 10-day-old tadpole. The 10-day old of wild-type tadpole 

from dorsal view showing three regions as marked with dotted lines: 1 or the upper head 

regions, 2 or lower head/upper body region, and 3 or tail region, for tissue sections. Bar: 1 

mm.

(C) PRMT1 homozygous knockout tadpoles (PRMT1 KO) have drastically reduced cell 
proliferation in the upper head region. Sections from region 1 (see B) of wild type ( a, b) 

and PRMT1 knockout (c, d) tadpoles were stained for EdU to detect proliferating cells. The 

dotted lines depict the brain region, drawn based on morphological differences in the 

pictures of the stained tissues, under enhanced contrast and/or brightness by using 
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Photoshop, if needed. EdU, red-color (a, c) and Hoechst, blue-color (b, d). R: 

rhombencephalon.

(D) PRMT1 KO tadpoles have drastically reduced cell proliferation in the lower head/
upper body region. Sections from region 2 (see B) of wild type ( a, b) and PRMT1 

knockout (c, d) tadpoles were stained for EdU to detect proliferating cells. The dotted lines 

depict the brain region, drawn based on morphological differences in the pictures of the 

stained tissues, under enhanced contrast and/or brightness by using Photoshop, if needed. 

EdU, red-color (a, c) and Hoechst, blue-color (b, d). R: rhombencephalon.

(E) PRMT1 KO tadpoles have drastically reduced cell proliferation in spinal cord of 
the tail region. Sections from region 3 (see B) of wild type ( a, b) and PRMT1 knockout (c, 

d) tadpoles were stained for EdU to detect proliferating cells. The dotted lines depict the 

spinal cord region, drawn based on morphological differences in the pictures of the stained 

tissues, under enhanced contrast and/or brightness by using Photoshop, if needed. EdU, red-

color (a, c) and Hoechst, blue-color (b, d). Nc: notochord, Sp: spinal cord. At least 3 

tadpoles were analyzed for all genotypes. Bars: 100 μm. At least three different animals and 

three sections from each animal were analyzed. The similar results were obtained from at 

least two different batches of tadpoles.
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Figure 7. Reduced proliferating cells in eye, liver and intestine in PRMT1 knockout tadpoles as 
revealed EdU staining.
(A) PRMT1 KO tadpoles have drastically reduced cell proliferation on the cornea. 
Sections from region 1 (see Fig. 6B) of wild type ( a, b) and PRMT1 knockout (c, d) 

tadpoles were stained for EdU to detect proliferating cells. The dotted lines depict the eye 

region, drawn based on morphological differences in the pictures of the stained tissues, 

under enhanced contrast and/or brightness by using Photoshop, if needed. EdU, red-color (a, 

c) and Hoechst, blue-color (b, d). C: cornea, L: lens.
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(B) PRMT1 KO tadpoles have drastically reduced cell proliferation in the liver and 
intestine. Sections from region 2 (see Fig. 6B) of wild type ( a, b) and PRMT1 knockout (c, 

d) tadpoles were stained for EdU to detect proliferating cells. EdU, red-color (a, c) and 

Hoechst, blue-color (b, d). L: liver, In: intestine. At least 3 tadpoles were analyzed for all 

genotypes. Bars: 100 μm. At least three different animals and three sections from each 

animal were analyzed. The similar results were obtained from at least two different batches 

of tadpoles.
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