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SUMMARY

The arginine methylation status of histones dynamically changes during many cellular processes, 

including hematopoietic stem/progenitor cell (HSPC) development. The arginine 

methyltransferases and the readers that transduce the histone codes have been defined. However, 

whether arginine demethylation actively occurs in cells and what enzyme demethylates the 

methylarginine residues during various cellular processes are unknown. We report that JMJD1B, 

previously identified as a lysine demethylase for H3K9me2, mediates arginine demethylation of 

H4R3me2s and its intermediate, H4R3me1. We show that demethylation of H4R3me2s and 

H3K9me2s in promoter regions is correlated with active gene expression. Furthermore, knockout 

of JMJD1B blocks demethylation of H4R3me2s and/or H3K9me2 at distinct clusters of genes and 

impairs the activation of genes important for HSPC differentiation and development. 

Consequently, JMJD1B−/− mice show defects in hematopoiesis. Altogether, our study 

demonstrates that demethylase-mediated active arginine demethylation process exists in 

eukaryotes and that JMJD1B demethylates both H4R3me2s and H3K9me2 for epigenetic 

programming during hematopoiesis.

In Brief

Li et al. identify the arginine demethylase (RDM) activity of JMJD1B, a known lysine 

demethylase (KDM). They reveal that JMJD1B actively mediates demethylation of histone 

markers H4R3me2s and H3K9me2 in hematopoietic stem/progenitor cells (HSPCs).
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INTRODUCTION

The arginine methylation status of core histones dynamically changes during many essential 

cellular processes, particularly during embryonic and hematopoietic stem cell (HSC) 

development (Bedford and Clarke, 2009; Blanc and Richard, 2017; Chen et al., 2011; Yang 

and Bedford, 2013). There are nine arginine methyltransferase (PRMT) genes encoded in the 

human genome, and their protein products catalyze the methylation reaction in three 

different forms: ω-NG-monomethylarginine (MMA, me1), ω-NG, NG-asymmetric 

dimethylarginine (ADMA, me2a), and ω-NG, N′G-symmetric dimethylarginine (SDMA, 

me2s) (Fuhrmann et al., 2015; Yang and Bedford, 2013). These modifications often serve as 

docking sites for Tudor domain-containing effector molecules, which transduce post-

translational modification signals to produce biological outcomes (Chen et al., 2011). 

Accumulating evidence suggests that arginine methylation is dynamically regulated in cells 

during transcription (Le Romancer et al., 2008; Sims et al., 2011), replication (Guo et al., 

2010), DNA damage response (Jansson et al., 2008), and cell cycle progression (Guo et al., 

2010; Yu et al., 2009). Accordant with this, dysregulation of histone arginine methylation 

has been linked to many human diseases, including neurological disorders, autoimmunity, 

and cancer (Yang and Bedford, 2013).

Although arginine methyltransferases have been identified and their function in cells has 

been well documented (Fuhrmann et al., 2015; Yang and Bedford, 2013), arginine 

demethylases have not yet been identified. JMJD6 (JmjC domain containing 6) was 

previously reported as a putative arginine demethylase for ADMA and SDMA histone 

substrates (Chang et al., 2007). However, additional structural and functional studies showed 

that lysine, rather than arginine, is the substrate of JMJD6 (Mantri et al., 2010; Webby et al., 

2009). More recently, a study showed that certain lysine demethylases possess arginine 

demethylase activity on methylated histone peptide model substrates (Walport et al., 2016). 

However, an arginine demethylase with a biological role has not been discovered in vivo 
(Blanc and Richard, 2017; Greer and Shi, 2012; Yang and Bedford, 2013). Identification of 

the histone arginine demethylase will not only fill a fundamental gap in our understanding of 

the field of epigenetics but also provide additional targets for therapeutic regimens.

Here, we report that JMJD1B possesses arginine demethylase activity on H4R3me2s. We 

establish that the demethylation of H4R3me2s in promoter and gene body regions is 

inversely correlated with gene expression in hematopoietic stem/progenitor cells (HSPCs). 

Furthermore, we observed that knockout of JMJD1B causes defects in demethylation of 

H4R3me2s, leading to downregulation of genes important for hematopoietic cell 

differentiation and development. Consequently, JMJD1B−/− mice display defective 

hematopoiesis, showing moderate anemia and remarkable leukocytosis phenotypes. 

Altogether, our study demonstrates that arginine demethylases exist in cellular systems and 

that JMJD1B demethylates H4R3me2s for proper epigenetic programming during 

development.
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RESULTS

JMJD1B Protein Possesses Both Lysine and Arginine Demethylase Activities

JMJD1B, which is a typical JmjC domain-containing protein, was previously characterized 

as one of the lysine demethylases targeting H3K9 dimethylation (Kim et al., 2012; 

Mikhaleva et al., 2011). We recently found that flap endonuclease 1 (FEN1), which 

undergoes SDMA at the R192 residue in S phase or in response to DNA damage (Guo et al., 

2010), is in complex with JMJD1B. This prompted us to hypothesize that JMJD1B may be 

an arginine demethylase acting on both histone and non-histone proteins. To determine 

whether JMJD1B is a histone arginine demethylase, we expressed and purified FLAG-

tagged full-length wild-type (WT) JMJD1B (isoform 1) or a catalytically inactive JMJD1B 

mutant (mut), which carries mutations in the conserved cofactor (Fe2+) binding site 

(H1560A/D1562A/H1689A) (purity > 90%; Figure S1A). We validated the JMJD1B lysine 

demethylase activity toward H3K9me2 (Figure 1A) and also evaluated arginine demethylase 

activity toward H3 and H4, which are known methylation targets (Huang et al., 2014). With 

the synthetic histone peptides and antibodies (Table S1) against a specific form and histone 

modification, whose specificity was verified (Figure S1B), we conducted dot-blot-based in 
vitro demethylation assays in the absence or presence of recombinant JMJD1B. JMJD1B 

had no activity toward the synthesized lysine-methylated and arginine-methylated histone 

peptides, including H3R2me1, H3R2me2a, H3R2me2s, H3R8me1, H3R8me2s, 

H3R17me2a, H3R26me2a, H4R3me2a, and H3K4me2. In contrast, JMJD1B exhibited 

demethylase activity specifically toward H3K9me2, H4R3me1, and H4R3me2s peptides 

(Figure 1A). We next performed in vitro demethylation assays using bulk histones purified 

from HEK293T cells as substrates and confirmed that JMJD1B preferentially demethylated 

H3K9me2, H4R3me1, and H4R3me2s (Figure 1B). Mutant JMJD1B showed no activity 

toward H3K9me2, H4R3me2s, or H4R3me1 (Figure 1C). For optimal activity, lysine 

demethylases require three cofactors: Fe2+, α-ketoglutarate, and ascorbate (Klose et al., 

2006; Shi et al., 2004). These three cofactors were also required for the arginine 

demethylase activity (Figure 1D). Together, these data support a model in which JMJD1B 

demethylates both lysine (H3K9me2) and arginine (H4R3me2s and H4R3me1) residues.

To confirm the arginine demethylase activity of JMJD1B, we conducted in vitro 
demethylation using purified WT or mutant JMJD1B, and used Fourier-transform ion 

cyclotron resonance (FT-ICR) mass spectrometry to analyze the reaction products. Synthetic 

histone H4 tail peptide H4R3me1, H4R3me2s, and H4R3me2a were used as arginine 

demethylation substrates (Table S2). The known JMJD1B lysine demethylation substrate, 

H3K9me2, was used as a positive control (Figures S2A–S2C). In the absence of JMJD1B, 

we observed peaks in the H4R3me2s substrate at 1,443 and 1,465 mass-to-charge ratio 

(m/z), which correspond to the H4R3me2s peptide molecular ion plus a proton ([M+H]+) 

and the molecular ion plus Na+ ([M+Na]+), respectively (Figure 2A). After incubating 

JMJD1B with the H4R3me2s peptide substrate for 2 hr, the intensity of these two peaks was 

reduced, and two new peaks appeared, which were shifted 14 Da from the 1,443 ([M+H]+) 

peak and the 1,465 ([M+Na]+) peak, corresponding to the molecular ions of H4R3me1 

(Figure 2B). As we increased the incubation time to 4 hr, we observed an additional peak 

with a shift of 28 Da from the original [M+H]+ or [M+Na]+ peak, which corresponds to the 
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molecular ion of the non-modified H4 tail peptide (Figure 2C). In contrast, incubating 

mutant JMJD1B with the H4R3me2s substrate did not resulted in any peak shift (Figure 

2D). Similarly, in the absence of JMJD1B, we observed [M+H]+ and [M+Na]+ peaks in the 

H4R3me1 substrate (Figure 2E). Addition of WT JMJD1B but not mutant JMJD1B resulted 

in peaks that were shifted 14 Da from the original [M+H]+ and [M+Na]+ peaks (Figures 2F 

and 2G), corresponding to the molecular ion of the non-modified H4 tail peptide. The mass 

spectrometry revealed no arginine demethylation products when WT or mutant JMJD1B was 

incubated with the H4R3me2a substrate (Figures S2D–S2F). Altogether, these biochemical 

data indicate that JMJD1B specifically demethylates H4R3me2s but not H4R3me2a.

The Rate of JMJD1B Arginine Demethylase Activity Is Similar to That of Its Lysine 
Demethylase Activity In Vitro

We determined the kinetics of JMJD1B-mediated arginine demethylation of H4R3me2s. We 

first evaluated the intermediates of the JMJD1B-mediated arginine demethylation reaction 

and found that the amount of H4R3me2s decreased with time (Figure 3A). In contrast, the 

H4R3me1 level first increased, and after reaching its maximum at 20 min, it started to 

decrease. This is consistent with a model in which H4R3me2s is the substrate of JMJD1B, 

and H4R3me1 is an intermediate in the JMJD1B-mediated demethylation of H4R3me2s. 

The rate of release of the methyl group from H4R3me2s was further measured by the release 

of formaldehyde, which showed that the JMJD1B-catalyzed H4R3me2s demethylation rate 

was slightly lower than the demethylation rate for H3K9me2 (Figure 3B). The preliminary 

kinetic parameters suggested that although purified recombinant JMJD1B has a similar 

turnover rate on the H3K9me2 and H4R3me2s peptide substrates (i.e., kcat = 15.19 and 

12.48), it had higher affinity for the H3K9me2 peptide substrate than the H4R3me2s peptide 

substrate (i.e., Km = 4.99 μM versus 9.82 μM; Figure 3C).

Cellular Level of JMJD1B Corresponds to H4R3me2s and H3K9me2 Methylation Status

To determine if JMJD1B mediates arginine demethylation of H4R3me2s and H4R3me1 in 

cells, we overexpressed WT or mutant JMJD1B in HEK293T cells and measured H4R3me2s 

and H4R3me1 levels. As anticipated, overexpression of WT, but not mutant, JMJD1B 

significantly reduced the H3K9me2, H4R3me2s, and H4R3me1 levels, compared with 

parental control cells (Figure 3D). However, overexpression of JMJD1B did not affect the 

H4R3me2a level (Figure 3D). Conversely, knockdown of JMJD1B (Figure S1C) resulted in 

H3K9me2 and H4R3me2s accumulation in the cells (Figure 3E). The H4R3me1 level was 

reduced in JMJD1B-knockdown cells (Figure 3E), consistent with a model in which 

H4R3me1 is an intermediate of JMJD1B-mediated H4R3me2s demethylation. To 

demonstrate that JMJD1B does not affect H4R3me2s via regulation of PRMT5, we assessed 

the level of PRMT5 in JMJD1B-overexpressing or JMJD1B-knockdown cells; we noted 

little change compared with control cells (Figures 3D and 3E). To determine whether other 

H3K9me2 demethylases could also catalyze arginine demethylation, we overexpressed 

PHF2 and PHF8, which have been reported to show H3K9me2 demethylase activity (Lee et 

al., 2014; Qi et al., 2010). Overexpression of PHF2 or PHF8 reduced the level of H3K9me2, 

as expected, but did not change the level of H4R3me2s, H4R3me1, or H4R3me2a (Figure 

3F). This is consistent with the possibility that JMJD1B is a unique H4R3me2s and 

H4R3me1 demethylase.
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Highly Expressed JMJD1B Maintains the Demethylation Status of H3K9me2 and 
H4R3me2s in HSPCs

Human JMJD1B is highly expressed in hematopoietic cells, retinal tissue, and pineal glands 

(http://biogps.org), suggesting that it plays a role in development and/or maintenance of 

proper cellular functions in these cells. Similar to human hematopoietic cells, mouse HSPCs 

also expressed elevated JMJD1B (Figure 4A) compared with other cell types. In contrast, 

JMJD1B expression reduced significantly in mature bone marrow cells (BMCs) such as 

bone marrow neutrophils (Figure 4A). Consistently, HSPCs had relatively low levels of 

H4R3me2s and H3K9me2 compared with BMCs (Figure 4B).

We then determined if high JMJD1B expression is associated with low H4R3me2s and 

H3K9me2 density in HSPCs. We performed MACS2 analysis of native chromatin 

immunoprecipitation-DNA sequencing (ChIP-seq) on H3K9me2 and H4R3me2s and 

identified 9,822 and 622 H3K9me2 and H4R3me2s peaks (p < 0.0001) in BMCs (Figure 

4C). In contrast, H3K9me2 and H4R3me2s had only 1 and 28 significantly enriched peaks 

in HSPCs, respectively (Figure 4C). Real-time PCR on representative genomic loci 

confirmed that in many genomic loci, H4R3me2s and H3K9me2 occupancy in HSPCs was 

much lower than in BMCs (Figure 4D). These findings suggest that during hematopoiesis, 

H3K9me2s and H4R3me2s histone markers are not established at most loci in HSPCs. This 

is consistent with previous findings that the H3K9me2 marker is not established in human 

HSCs (Chen et al., 2012; Schones et al., 2014). In addition, both PRMT5 and G9a 

(EHMT2), the methyltransferases for H4R3me2s and H3K9me2 respectively were actively 

expressed (log2RPKM [reads per kilobase of transcript per million mapped reads] > 4). 

Thus, the non-establishment status of H4R3me2s and H3K9me2 in HSPCs is likely due to 

the activity of demethylases, rather than low levels of methyltransferases.

Even though the currently available software was not able to call peaks from the ChIP-seq 

data in HSPCs, there are significant differences in the H3K9me2 and H4R3me2s occupancy 

densities across the genome. To determine the impact of H3K9me2 and H4R3me2s density 

on gene expression in HSPCs, we conducted RNA sequencing (RNA-seq) and analyzed the 

relationship between the density of these two histone markers and the levels of gene 

expression. We categorized genes across the genome into clusters on the basis of gene 

expression levels and compared them with the H4R3me2s and H3K9me2 occupancy density 

levels across the gene bodies (transcription start site [TSS] ± 5 kb). The aggregate plots 

showed an inverse correlation of H4R3me2s and H3K9me2 occupancy and gene expression 

levels: the reduction of H4R3me2s or H3K9me2 occupancy was associated with an increase 

in gene expression (Figures 4E and 4F). This suggests that maintaining the demethylation 

status of the suppressive markers H4R3me2s and H3K9me2 is important for induction of 

gene expression in HSPCs.

JMJD1B Demethylates H4R3me2s and H3K9me2 to Regulate Genes Important for HSPC 
Survival, Proliferation, and Differentiation

A key question is whether JMJD1B plays an active role in maintaining H4R3me2s and 

H3K9me2 markers at low levels for gene expression in HSPCs. To this aim, we established 

JMJD1B knockout (JMJD1B−/−; JKO) mice (Figure S3), using validated JMJD1B−/− 
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embryonic stem cells (129P2 genetic background) from the European Mouse Mutant Cell 

Repository (EuMMCR). We performed H4R3me2s and H3K9me2 ChIP-seq experiments 

using HSPCs that were purified from the bone marrow of age-matched WT and JMJD1B−/− 

littermates. We then analyzed the H4R3me2s and H3K9me2 ChIP signals at the promoter 

region (TSS −1 kb upstream of TSS), and normalized them to corresponding H4 ChIP 

signals at the same region across the genome in the WT and JMJD1B−/− HSPCs. On the 

basis of the status of H3K9me2 or H4Rme2s signals relative to H4 in WT HSPCs, we 

divided the genes across the genome into four groups: the 2-fold or more depletion group 

(log2 fold change [FC] [H3K9me2 or H4R3me2s over H4] ≤ −1), the 1- to 2-fold depletion 

group (−1 < log2FC [H3K9me2 or H4R3me2s over H4] ≤ 0), the 1- to 2-fold enrichment 

group (0 < log2FC [H3K9me2 or H4R3me2s over H4] ≤ 1), and the 2-fold or more 

enrichment group (0 < log2FC [H3K9me2 or H4R3me2s over H4]). We found that JMJD1B 

knockout led to a significant increase (FC of JMJD1B−/− over WT ≥ 1.5, p < 0.05) in the 

mean density of H4R3me2s and H3K9me2 in the genes of the 2-fold or more depletion 

group (Figure 5A). qPCR analysis confirmed that JMJD1B knockout significantly increased 

the H4R3me2s signals at H4R3m2s-depleted genes (Figure 5B) but not in the non-depleted 

genes (Figure 5C).

Figure 5D shows a representative gene, NOTCH1, with depletion (in green) of H3K9me2 

and H4R3me2 at the promoter region in WT HSPCs; in contrast, JMJD1B knockout resulted 

in significant gain (in red) of H4R3me2s and H3K9me2 signals. Similar to the NOTCH1 

gene, 2,421 and 3,001 genes, respectively, had significant H3K9me2 or H4R3me2s 

occupancy density increases, which we defined as JMJD1B knockout ChIP reads ≥ 15 and 

the FC of JMJD1B−/− over WT ≥ 1.5 at the promoter regions. The identified genes with 

gains in H4R3me2s and/or H3K9me2 ChIP signals could be categorized into three types on 

the basis of the methylation markers in JMJD1B−/− versus WT HSPCs: (1) 967 genes 

showed a ≥1.5-fold increase in both H4R3me2s and H3K9me2 density, (2) 1,454 genes had 

a ≥1.5-fold increase in H3K9me2 but not H4R3me2s, and (3) 2,034 genes displayed a ≥1.5-

fold increase in H4R3me2s but not H3K9me2. Therefore, these two genetic markers 

influence gene expression distinctively. Of note, JMJD1B−/− did not change the level of 

H3K9me2/H4R3me2s at PRMTs or G9a loci or methyltransferase gene expression levels 

(Figures S4A and S4B). Thus, the elevation of H4R3me2s or H3K9me2 level in the 

JMJD1B−/− HSPCs is likely not due to change of protein methyl transferase activities.

We sought to define the genes, corresponding pathways, and cellular functions for 

hematopoiesis that are controlled by JMJD1B-mediated demethylation of H4R3me2s and 

H3K9me2 in HSPCs for hematopoiesis. RNA-seq analysis revealed that 937 genes with 

statistically decreased expression (p < 0.05) and 444 genes with statistically increased 

expression (p < 0.05) in JMJD1B−/− HSPCs, compared with the WT (Figures S4C–S4E). 

We characterized the intersection of genes with increases in H4R3me2s or H3K9me2 

markers and the genes with altered expression (downregulation or upregulation) in JMJD1B
−/− HSPCs. A total of 140 and 99 genes, respectively, of relatively high H4R3me2s and 

H3K9me2 density were down-regulated genes (Figure S4D). Fifty-six and 40 genes, 

respectively, of relatively high H4R3me2s or H3K9me2 genes were upregulated genes in 

JMJD1B−/− HSPCs (Figure S4E). Considering H4R3me2s and H3K9me2 are repressive 

markers, it is likely that H4R3me2s and H3K9me2 might inhibit the expression of inhibitory 
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transcription regulators, leading to upregulation of the target genes of the transcription 

repressors. In addition, JMJD1B knockout might also affect the activity of non-histone 

proteins such as transcript factors, leading to relatively complex gene expression alterations.

Next, we determined what transcription factors are affected by JMJD1B-mediated 

demethylation of H4R3me2s or H3K9me2, leading to downregulation or upregulation of the 

genes in JMJD1B−/− HSPCs. Ingenuity Pathway Analysis (IPA) causal analysis on these 

overlapped genes from the intersection of the RNA-seq and ChIP-seq datasets predicted that 

an increase in H4R3me2s occupancy due to JMJD1B knockout specifically affected the 

target genes of CTNNB1, ERG, SOX2, FOS, GATA3, and PML signaling pathways for 

hematopoiesis (Ito et al., 2012; Ku et al., 2012; Liebermann et al., 1998; Ng et al., 2011; 

Sarkar and Hochedlinger, 2013; Scheller et al., 2006) (Figure 5E), while the increase in 

H3K9me2 by JMJD1B knockout was predicted to affect expression of target genes of 

CDKN2a, STAT3, SMAD3, WT1, and FOXO1 for regulating proper hematopoietic 

processes (Chung et al., 2006; Cunningham et al., 2013; Larsson and Karlsson, 2005; Liu et 

al., 2009; Tothova et al., 2007) (Figure 5E). Both H4R3me2s and H3K9me2 affected 

NOTCH1 and SOX4, which are critical for hematopoiesis (Sarkar and Hochedlinger, 2013; 

Stier et al., 2002).

JMJD1B and PRMT5 Work Cooperatively to Regulate the Dynamics of H4R3me2s and 
Hematopoietic Gene Expression

Given that JMJD1B is an arginine demethylase and PRMT5 is the only identified 

methyltransferase for SDMA on H4R3, it is plausible to hypothesize that they work in 

opposing fashion to regulate the dynamics of H4R3me2s and resultant gene expression. 

Thus, we expected that their knockout would have opposite effects on expression of at least 

certain genes. Supporting this hypothesis, expression of 125 genes increased (p < 0.05) in 

PRMT5−/− HSPCs but decreased (p < 0.05) in JMJD1B−/− HSPCs (Figure 6A). On the other 

hand, expression of 99 genes decreased (p < 0.05) in PRMT5−/− HSPCs but increased (p < 

0.05) in JMJD1B−/− HSPCs (Figure 6A). Altogether, knockout of PRMT5 or JMJD1B 

altered gene expression of 224 genes in opposite direction, in contrast to 15 genes in the 

same direction. We conducted pathway analysis on the 1,631 genes with altered gene 

expression in PRMT5−/− HSPCs and on 1,385 genes with altered gene expression in 

JMJD1B−/− HSPCs. We found that JMJD1B−/− HSPCs showed inhibition in 39 canonical 

pathways, 34 of which were activated in PRMT5−/− HSPCs (Figure 6B). At the same time, 

JMJD1B knockout resulted in inhibition of only one canonical pathway (PPAR), while 

PRMT5 knockout led to its activation (Figure 6B). This finding clearly supports our 

assertion that JMJD1B and PRMT5 function in an opposite way in HSPCs. Finally, we 

showed the predicted transcription factor signaling (p < 0.05) and gene expression levels of 

corresponding affected genes, whose H4R3me2s density was considerably increased in 

JMJD1B−/− versus WT HSPCs (Figure 6C). The most outstanding deduced transcription 

factors included p53 and CTNNB1, which are closely relevant to HSPC development.

JMJD1B Knockout Causes Defective Hematopoiesis

To test if defects in these pathways cause defective hematopoietic phenotypes in JMJD1B−/− 

mice, we first conducted a complete blood cell count (CBC) analysis of peripheral blood. 
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JMJD1B−/− mice (~50%) developed anemia and showed a statistically significant decrease 

(p = 0.015) in total red blood cells compared with WT littermates (Figure 7A). The 

hemoglobin of JMJD1B−/− mice was 12.3 ± 0.2 g/dL, compared with 13.2 ± 0.2 g/dL in WT 

mice (p = 0.013). On the other hand, JMJD1B−/− mice (~80%) showed a 2.7-fold increase in 

white blood cells in CBC analysis (p < 0.0001; Figure 7B). The cell numbers of neutrophils 

and lymphocytes were 4.00 ± 0.47 and 7.80 ± 0.84 k/μL, respectively, in JMJD1B−/− mice, 

compared with 0.92 ± 0.15 and 3.44 ± 0.58 k/μL in WT mice (p < 0.001 for both cases). 

JMJD1B−/− mice also displayed a distinct blood cell lineage distribution, with an increase of 

neutrophils, from the WT (Figure S5A). These results were further confirmed by flow 

cytometry analysis (Figures S5B and S5C). In addition, JMJD1B−/− mice showed a decrease 

in the percentage of B lymphocytes and an increase in the T lymphocytes (Figures S5D and 

S5E).

We next conducted analysis of steady-state hematopoiesis on the bone marrow to identify 

the origin of the biased lineage. Consistent with downregulation of genes for cell-cycle 

arrest and cell death, the total numbers of BMCs and HSCs significantly increased in 

JMJD1B−/− mice compared with the WT (Figures 7C and 7D). The percentage of HSC but 

not common lymphoid progenitor (CLP) or myeloid progenitor (MP) population in JMJD1B
−/− bone marrow increased, compared with the WT (Figure S6A). Although the number or 

percentage of MP cells had no statistically significant differences (Figures 7D and S6A), the 

distribution of MP in JMJD1B−/− bone marrow was distinct from that of the WT (Figure 

7E). The megakaryocyte-erythrocyte progenitor (MEP) population was significantly reduced 

in JMJD1B−/− mice compared with WT littermates (p = 0.0022; Figure 7E). Also, the 

granulocyte-monocyte progenitor (GMP) population in JMJD1B−/− mice was significantly 

increased (p = 0.0037; Figures 7E and S6B). MEP and GMP cells differentiate into 

erythrocytes and neutrophils, respectively. Consistent with this, we observed relatively 

higher granulocyte in JMJD1B−/− bone marrow than in the WT (Figure S6C). These findings 

were consistent with the observation of less red blood cells and more white blood cells in 

JMJD1B−/− peripheral blood than in WT (Figures 7A and 7B). We further determined if 

JMJD1B similarly regulates human CD34+ HSPC differentiation. Knockdown of JMJD1B 

expression in human HSPCs reduced the proportion of glycophorin A (GPA)-expressing 

erythroid cells and thus increased the proportion of CD45+ leukocytes and CD33+ myeloid 

cells (Figures 7F and 7G). Inhibition of JMJD1B also completely constrained BFU-E/CFU-

E (erythroid colony) formation from HSPC cells (Figure 7H). These results suggest that 

JMJD1B regulates the growth or differentiation of human primitive hematopoietic cells.

DISCUSSION

Our present study reveals that arginine demethylation of H4R3me2s is an active cellular 

process in HSPCs during hematopoiesis. The abundance of H4R3m2s as well as H3K9me2 

markers inversely correlates with gene expression in HSPCs. This is consistent with previous 

findings, which implied that both H4R3me2s and H3K9me2 markers are repressive 

epigenetic markers for gene expression, possibly via modulation of the DNA methylation 

status and recruitment of transcription regulators (Chen et al., 2012; Girardot et al., 2014; 

Kim et al., 2012; Schones et al., 2014; Zhao et al., 2009). The evidence from our present 

study demonstrates the existence of arginine demethylases in vivo and a role for JMJD1B in 
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demethylation of H4R3me2s to induce gene expression for hematopoiesis. Deficiency in 

JMJD1B disrupts the dynamics of H4R3me2s and H3K9me2 at the promoter regions of 

distinct groups of the genes that are important for development and differentiation of 

HSPCs, altering their expression. Consequently, JMJD1B−/− mice displayed abnormal 

phenotypes in the hematopoietic system, which are correlated with myelodysplastic 

syndrome (MDS), including leukocytosis, mild anemia, and granulocytosis. The JMJD1B 

gene is located at a locus (chromosome 5q arm) commonly deleted in a subcategory of MDS 

patients (5q syndrome) (Beurlet et al., 2013). Our results suggest that JMJD1B might be a 

tumor suppressor gene and contribute to MDS through regulation of the H4R3me2s marker 

to regulate gene expression. One likely mechanism is that JMJD1B is required for 

maintenance of the H4R3me2s demethylation status for the induction of p53-mediated cell 

cycle checkpoint and cell death genes. This induction would allow HSPC cell cycle 

progression and proliferation to continue in a properly controlled manner. Supporting this 

hypothesis, we show that p53 signaling and corresponding affected genes that were of high 

H4R3me2s density in JMJD1B−/− HSPCs and were overlapped with genes whose expression 

was oppositely regulated by JMJD1B and PRMT5. On the other hand, we consider that 

JMJD1B-mediated H4R3me2s demethylation is only one of the mechanisms, by which 

JMJD1B regulates hematopoietic gene expression. We observed that many genes, which are 

regulated by both JMJD1B and PRMT5, displayed little change in H4R3me2s density in the 

WT and JMJD1B−/− HSPCs. It suggests that JMJD1B and PRMT5 may also cooperatively 

regulate the dynamics of arginine methylation status of non-histone proteins such as 

transcription regulators to control gene expression for hematopoiesis and MDS avoidance.

We have demonstrated that JMJD1B demethylates both H3K9me2 and H4R3me2s 

substrates with similar efficiency in vitro. However, JMJD1B distinctly mediates H3K9me2 

and H4R3me2s demethylation at different loci in vivo. It may simultaneously demethylate 

H3K9me2 and H4R3me2s in groups of genes, including the target genes of NF-kB. It may 

primarily demethylate H3K9me2 but not H4R3me2s at certain groups of genes, including 

the target genes of STAT3, SMAD3, and WT1, and it may only demethylate H4R3me2 but 

not H3K9me2s in the groups of genes such as those regulated by transcription factors 

CTNNB1, ERG, and SOX2. We hypothesize that during hematopoiesis and other 

development processes, other factors including nearby histone modification status, JMJD1B 

modifications, proteins bound to chromosome and/or JMJD1B may determine whether 

JMJD1B demethylate H3K9me2, H4R3me2s, or both.

An interesting question is whether inhibition of PRMT5 may rescue the phenotype because 

of JMJD1B deletion. PRMT5 and JMJD1B possess the reversal enzyme activities, and we 

revealed that knockout of PRMT5 resulted in opposed molecular changes to JMJD1B 

knockout. For instance, PRMT5 deletion resulted in p21 (Cdkn 1a) upregulation in HSPCs 

(Liu et al., 2015a), but JMJD1B knockout led to p21 downregulation in HSPCs. 

Consequently, PRMT5 knockout mice had a decrease in the number of HSPCs and white 

blood cells (Liu et al., 2015a), but JMJD1B−/− knockout mice had an increase in the number 

of HSPCs and white blood cells. Likewise, JMJD1B deficiency may promote cancer cell 

proliferation and survival via inhibition of p53-p21 signaling. Such alterations might be 

corrected by inhibition of PRMT5 to induce p21 expression. However, inhibition of PRMT5 

may not completely rescue the phenotypes of the JMJD1B−/− mice because the arginine 
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demethylation is not simple reversal of methylation in cells. We suggest that JMJD1B works 

with PRMT5 to program the dynamic histone arginine methylation balance for turning 

hematopoietic development genes on/off in a sequential manner. Deficiency in either 

PRMT5 or JMJD1B would disrupt such an epigenetic program and lead to abnormal 

development of germ cells (Liu et al., 2015b, 2015c).

JmjC domain-containing proteins are the largest class of potential histone demethylases, and 

the JmjC domains of several proteins have been shown to demethylate mono-, di-, and tri-

methyl lysine residues via an oxidative reaction that requires iron and α-ketoglutarate (Cloos 

et al., 2008; Klose et al., 2006; Klose and Zhang, 2007). However, the enzyme activities and 

specificities of most JmjC domain-containing proteins have not been experimentally tested 

(Greer and Shi, 2012), and it is possible that additional JmjC domain-containing arginine 

demethylases exist and are important in demethylating methylarginine in different histones 

or non-histone proteins to regulate different cellular processes. Indeed, JMJD1B knockout 

only increased the H4R3me2s signal in a group of genes depleted of H4R3me2s. It is 

consistent with our suggestion that additional arginine demethylases are important in 

maintaining the demethylation status of H4R3me2s and other histone arginine methylation 

markers. Our present study describes an important function for JmjC domain-containing 

enzymes in regulating arginine methylation and demonstrates the need to more clearly 

define the biochemical properties and in vivo functions of other JmjC domain containing 

enzymes.

EXPERIMENTAL PROCEDURES

Further details and an outline of resources used in this work can be found in Supplemental 

Experimental Procedures.

Animal Studies

Twenty to 40 weeks of male and female mice were used in this study. All protocols that 

involved animals were approved by the Institutional Animal Care and Use Committee of 

City of Hope in compliance with the Public Health Service Policy of the United States and 

all other federal, state, and local regulations. All aspects of the animal study were adequately 

reported following the NIH guideline.

Quantification and Statistical Analyses

The band intensity of western blot analysis was quantified using ImageJ software (NIH). All 

data are expressed as mean ± SEM, and significance (p value) was calculated using two-

tailed Student’s t test for between-group differences; p values < 0.05 were considered to 

indicate statistical significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• JMJD1B is an arginine and lysine demethylase for H4R3me2s and H3K9me2

• JMJD1B and PRMT5 control the H4R3me2s dynamics at promoters of 

hematopoietic genes

• JMJD1B deficiency alters gene expression profile and impairs hematopoietic 

development
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Figure 1. JMJD1B Protein Possesses Both Lysine and Arginine Demethylase Activities In Vitro
(A) Synthetic histone tails (22–25 amino acid residues, 18 μM) were incubated in a 

demethylation buffer (50 mM HEPES-KOH [pH 7.5], 1 mM 2-KG, 2 mM ascorbate, 1 mM 

TCEP, 500 μM [NH4]2Fe[SO4]2·6H2O) in the absence (−) or presence (+) of purified 

recombinant JMJD1B (0.25 μM) at 37°C for 2 hr and analyzed using dot blot with indicated 

antibodies. Blots were stripped and reprobed for HRP-avidin as loading control.

(B) Bulk histones (5 μg) were incubated in a demethylation buffer as in (A) in the absence 

(−) or presence (+) of purified recombinant JMJD1B (0.25 μM) at 37°C for 2 hr and 

analyzed using western blotting. Blots were stripped and reprobed for total levels of H3 and 

H4 as loading controls.

(C) Bulk histones (5 μg) were incubated in absence (Blank) or presence of WT JMJD1B (wt; 

0.25 μM) or a catalytically inactive mutant (mut; JMJD1B [H1560A/D1562A/H1689A], 

0.25 μM) at 37°C for 2 and 4 hr and analyzed using western blotting. The total level of H4 

was used as an internal loading control.

(D) Three cofactors, Fe2+, 2-KG, and ascorbate, are required for the full enzyme activity to 

demethylate both H4R3me2s and H3K9me2. The same reaction conditions as in (B) and (C) 

were used.

See also Table S1 and Figure S1.
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Figure 2. Mass Spectrometry Confirms that JMJD1B Demethylates H4R3me2s and H4R3me1 
Peptide Model Substrates
(A–D) Representative mass spectra for H4R3me2s demethylation by JMJD1B. The 

H4R3me2s 16 aa peptide substrate (34 μM) was incubated with buffer only (α-ketoglutarate 

[2-KG, 1 mM], ascorbate [2 mM], and Fe2+ [500 μM]) for 4 hr (A), with wild-type enzyme 

(JMJD1B [wt]; 0.5 μM) at 37°C for 2 hr (B) and 4 hr (C), or with inactive mutant enzyme 

for 4 hr (JMJD1B [mutant]; 0.5 μM) (D). Asterisk indicates products from the H4R3me2s 

peptide (B and C).

(E–G) Representative mass spectra for H4R3me1 demethylation by JMJD1B. The H4R3me1 

peptide substrate (34 μM) was incubated with demethylation buffer (E), 0.5 μM JMJD1B 

(wt) (F), or 0.5 μM JMJD1B (mutant) (G) at 37°C for 2 hr. Asterisk indicates the 

demethylation products.

See also Table S2 and Figure S2.
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Figure 3. JMJD1B Demethylates Histone H4R3me2s and H3K9me2 In Vitro and in Cells
(A) Time dependence of JMJD1B histone arginine demethylase activity. Bulk histones (5 

μg) were incubated with JMJD1B (0.5 μM) in the demethylation at 37°C for 0–70 min, as 

indicated, and analyzed by western blotting. Top: representative western blotting images; 

bottom: semi-quantification of H4R3me2s and H4R3me1 levels. The H4R3me1 and 

H4R3me2s levels were normalized with corresponding total H4 levels. The normalized 

H4R3me1 and H4R3me2s levels at 0 hr were arbitrarily set as 1. The relative levels of 

H4R3me1 and H4R3me2s at other time points were calculated relative to the value at 0 min. 

Values are the average of two independent assays.

(B) Time-dependent formaldehyde release in JMJD1B-mediated demethylation of 

H4R3me2s and H3K9me2 peptide substrates. The H4R3me2s or H3K9me2 peptide 

substrates (50 μM) were incubated with JMJD1B (0.5 μM) in the demethylation buffer at 

37°C, and the release of formaldehyde was measured at 0, 10, 20, 30, 40, 50, and 60 min. 

Values are mean ± SEM of three independent assays.

(C) Preliminary kinetic parameters of JMJD1B-mediated demethylation of H4R3me2s or 

H3K9me2. The formaldehyde release assay on different substrate concentrations was used to 

generate Km, kcat, and kcat/Km. Values are mean ± SEM of three independent assays.
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(D–F) Alteration of JMJD1B expression level corresponds to H4R3me2s and H4R3me1 

demethylation status in HEK293T cells.

(D) JMJD1B was expressed in HEK293T cells as a FLAG fusion protein, and histones were 

analyzed by western blotting with antibodies against the indicated modifications. Cells with 

no transfection (Blank) or transfected with an empty vector (Ctrl) were used as controls.

(E) Stable JMJD1B-knockdown cells (Sh-JMJD1B) were lysed and immuno-blotted with the 

indicated antibodies.

(F) JMJD1B, PHF2, and PHF8 were expressed in HEK293T cells, and histones were 

analyzed by western blotting with antibodies against the indicated modifications. Histone H3 

and H4 were used as a loading control in all panels. In each panel, the upper section shows 

the representative western blotting images, and the lower section shows the semi-

quantification of western blotting (i.e., the relative intensities of H4R3me2s, H4R3me1, and 

H3K9me2 bands). Band intensity was normalized to corresponding loading control (histone 

H3 or H4).

The normalized H4R3me2s, H4R3me1, or H3K9me2 levels in the cells with no transfection, 

or transfected with control short hairpin RNA (shRNA) (SC) or empty vector were 

arbitrarily set as 1 in (D), (E), and (F), respectively. The relative intensity was calculated by 

comparing the normalized band intensity of each sample to that of the control. Values are 

means ± SEM of three independent assays. *p < 0.05, **p < 0.01, and ***p < 0.0001 

(Student’s t test). See also Figure S1.
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Figure 4. Elevated JMJD1B Expression Maintains the Demethylation Status of H3K9me2 and 
H4R3me2s in HSPCs
(A) JMJD1B gene expression in hematopoietic stem cells and various progenitors, BMCs, 

and blood cells. HSC, hematopoietic stem cell; CLP, common lymphoid progenitor; CMP, 

common myeloid progenitor; MEP, megakaryocyte-erythrocyte progenitor; GMP, 

granulocyte-monocytes progenitor; BM-Neu, bone marrow neutrophils. JMJD1B and the 

house keeping gene β-actin (ATCB) were measured using real-time RT-PCR. The relative 

levels of JMJD1B mRNA were calculated by comparing it with the level corresponding β-

actin mRNA, which is arbitrarily set as 100, in each type of cell. Values are mean ± SEM of 

three mice. *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t test).

(B) Total chromatin-associated histone H3 and H4, H4R3me2s, and H3K9me2 in WT 

HSPCs and BMCs were detected by western blot. The intensity of each band was semi-

quantified using ImageJ. The intensity of histone H3 or H4 for each sample was arbitrarily 

set as 1, and the relative level of H4R3me2s or H3K9me2 in HSPCs or BMCs was 

calculated by comparing their intensity with corresponding H3 or H4 control.

(C) IGV views of ChIP-seq show representative enriched H3K9me2 and H4R3me2s peaks 

(p < 0.0001) in BMCs but not in HSPCs.
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(D) ChIP-qPCR for verifying H4R3me2s and H3K9me2 occupancy at selected gene loci. 

The ChIPed signals were normalized with corresponding input and were expressed as 

percentage of input. Values are the mean of three ChIP experiments.

(E and F) Aggregate plot of H4R3me2s (E) or H3K9m2 (F) abundance (Log2FC[ChIP/ChIP 

H4]) and gene expression levels (log[RPKM+0.1]) for WT HSPCs. TSS, transcription start 

site; TTS, transcription termination site.

See also Table S3.
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Figure 5. JMJD1B Maintains Demethylation Status of H4R3me2s and H3K9me2 at the 
Promoter Regions of Distinct Clusters of Genes in HSPCs for Hematopoiesis
(A) Box-and-whisker plots of H3K9me2/H4 and H4R3me2s/H4 signal changes between the 

mutant and WT HSPCs at the promoter regions of genes that are depleted of H3K9me2 or 

H4R3me2s in the WT HSPCs. The depleted genes are defined as those with log2FC 

(H3K9me2/H4) or log2FC (H4R3me2s/H4) ≤ −1 in the WT HSPCs.

(B and C) ChIP-qPCR measurement of H4R3me2s occupancy at H4R3me2s-depleted genes 

(B) and the non-depleted genes (C) in WT and JMJD1B−/− cells. The ChIPed H4R3me2s 

signal was normalized with the corresponding ChIPed H4 signal and was expressed as 

percentage of ChIPed H4. Values are mean ± SEM of three ChIP experiments. *p < 0.05 

(Student’s t test).

(D) Representative IGV view of the H4R3me2s and H3K9me2 ChIP signals normalized to 

the H4 ChIP signal in the promoter region of a depleted gene (e.g., NOTCH1 gene). The 

promoter region was defined as the region from the transcription start site (TSS) to 1 kb 

upstream of the TSS (highlighted). The depleted or enriched regions are specified by green 

or red color.

(E) IPA upstream analysis predicts different transcription factors corresponding to the 

overlapped genes as defined in (D). The transcription factors with p < 0.01 and a calculated 
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Z score are shown. The roles of different transcription factors in the self-renewal, 

maintenance, and differentiation are specified.

See also Figures S3 and S4.
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Figure 6. JMJD1B and PRMT5 Oppositely Regulate Genes Important for Hematopoietic 
Development
(A) Number of genes with statistically significant changes (p < 0.05) in JMJD1B or PRMT5 

knockout HSPCs, compared with corresponding WT control. The PRMT5 RNA-seq dataset 

was download from the GEO database (GEO: GSE69937) (Liu et al., 2015a).

(B) IPA to identify the canonic pathways that are altered in JMJD1B and PRMT5 knockout 

cells. The canonic pathway with p < 0.01 and a calculated Z score are shown.

(C) Top predicted transcription factor signaling and corresponding affected genes that were 

of relatively high H4R3me2s density (log2FC [JMJD1B knockout ChIP/WT ChIP] ≥ 1.5) in 

JMJD1B−/− HSPCs and overlapped with genes whose expression was oppositely regulated 

by JMJD1B and PRMT5.
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Figure 7. JMJD1B Deficiency Results in Abnormal Hematopoietic Development
(A–E) Abnormal hematopoiesis in JMJD1B knockout mice.

(A and B) Red blood cell (RBC) and white blood cell (WBC) count analysis of peripheral 

blood of WT (n = 10) and JMJD1B−/− (n = 14) mice.

(C) Total bone marrow (BM) cells from WT and JMJD1B−/− (JMJD1B knockout) mice.

(D) Total number of HSC (hematopoietic stem cell), CLP (common lymphoid progenitor), 

and MP (myeloid progenitor) cells in the BM of WT and JMJD1B−/− mice. They were 

calculated by multiplying the total bone marrow cell number in WT and JMJ1B−/− by the 

percentage of HSC, CLP, and MP (Figure S6A).

(E) Percentage distribution of different types of MPs: CMP (common myeloid progenitor), 

GMP (granulocyte-monocyte progenitor), and MEP (megakaryocyte-erythrocyte progenitor) 

cells relative to the MP population were analyzed by flow cytometry (Figure S6B).

In (C)–(E), values are mean ± SEM of five replicates. All p values were calculated using 

Student’s t test (two-tailed).

(F–H). Knockdown of JMJD1B affects differentiation of human hematopoietic stem/

progenitor cells (HSPCs). Cord blood CD34+ cells transduced with JMJD1B shRNA and 

control vector (n = 2) were selected by flow cytometry and cultured in GEMM for 7 days. 

Then the percentages of GPA-, CD45-, CD34-, CD11b-, CD33-, and CD14-positive cells 
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were analyzed using flow cytometry. Representative results of flow cytometry analysis of 

GPA and CD45 expression are shown in (F). The total numbers of cells that expressed these 

markers at day 7 (G) are shown. The number of CFU-GM and BFU-E/CFU-E colonies 

generated from selected CD34+ GFP+ cells after culture in methylcellulose are shown in (H).

See also Figures S3, S6, and S7.
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