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SUMMARY

Nuclear actin has been elusive due to the lack of knowledge about molecular mechanisms. From 

actin-containing chromatin remodeling complexes, we discovered an arginine mono-methylation 

mark on an evolutionarily conserved R256 residue of actin (R256me1). Actin R256 mutations 

in yeast affect nuclear functions and cause diseases in human. Interestingly, we show that an 

antibody specific for actin R256me1 preferentially stains nuclear actin over cytoplasmic actin in 

yeast, mouse, and human cells. We also show that actin R256me1 is regulated by protein arginine 

methyl transferase-5 (PRMT5) in HEK293 cells. A genome-wide survey of actin R256me1 mark 

provides a landscape for nuclear actin correlated with transcription. Further, gene expression 

and protein interaction studies uncover extensive correlations between actin R256me1 and active 

transcription. The discovery of actin R256me1 mark suggests a fundamental mechanism to 

distinguish nuclear actin from cytoplasmic actin through post-translational modification (PTM) 

and potentially implicates an actin PTM mark in transcription and human diseases.
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Nuclear actin and actin PTMs are poorly understood. Kumar et al. discover a system of actin 

PTMs similar to histone PTMs, including a conserved mark on nuclear actin (R256me1) with 

potential implications for transcription and human diseases.

INTRODUCTION

Compared with the established cytoplasmic actin biology, nuclear actin remains poorly 

defined. Given that the same actin gene encodes both the cytoplasmic and nuclear actin, a 

fundamental question arises as to how nuclear actin distinguishes itself from cytoplasmic 

actin. For example, compounds that are commonly used to stain actin filaments in 

the cytoplasm, such as phalloidin, do not stain nuclear actin, despite the fact that the 

concentration of nuclear actin is sufficient to form stable filaments. These differences 

hinted that nuclear actin might have distinct biochemical and/or structural features compared 

with its cytoplasmic counterpart. One possibility is that nuclear actin may be specifically 

modified post-translationally, leading to changes in its biochemical and/or structural 

properties. Indeed, sumoylation of human β-actin has been suggested to regulate the 

transport of nuclear actin (Hofmann et al., 2009).

Actins are similar to histones in terms of their high evolutionary conservation and 

fundamental importance. However, compared to the wealth of knowledge on the 

mechanisms of histone post-translational modifications (PTMs), the mechanisms of actin 

PTMs are poorly understood despite the discovery of several actin PTMs (Terman and 

Kashina, 2013). To date, the prevailing paradigm in actin biology has been the regulation 

of diverse actin functions through specific actin-binding proteins (ABPs). As such, actin 

PTMs have not been widely considered as a major mode of actin regulation, and there have 

been only a few studies of actin PTMs since 1970s, such as N-terminal acetylation that 

occurs in many proteins, N-terminal arginylation, and a developmentally regulated tyrosine 

phosphorylation (pY53) in Dictyostelium (Abe et al., 2000; Baek et al., 2008; Berger et al., 

1981; Howard et al., 1993; Karakozova et al., 2006; Kishi et al., 1998; Liu et al., 2006; 

Schweiger et al., 1992). We reasoned that actin PTMs might occur locally and in specific 

contexts. When bulk actin is examined, low levels of individual actin PTMs may not be 

easily detected. Interestingly, the actin-containing chromatin remodeling complexes such 

as INO80 allowed us to overcome this limitation by examining the specific pool of actin 

present in the nucleus. This defined system allowed us to reveal a distinct monomeric actin 

mechanism in the INO80 chromatin remodeling complex, which contrasts the established 

mechanism of cytoplasmic actin based on polymerization (Kapoor et al., 2013).

Excitingly, through mass spectrometry using specific actin pools, such as from INO80, 

we have identified a set of actin PTMs, similar to the histone PTMs. This finding led 

us to hypothesize that actin PTMs may also carry out context-specific functions, similar 

to the histone PTMs. As an initial proof-of-principle study for the actin PTM hypothesis, 

we focused our studies on actin R256 methylation, given the importance of R256 for 

nuclear functions in yeast, as well as the links between actin R256 (R258 in human α-actin 

isoforms) mutations and human diseases (Rubenstein and Wen, 2014). We show that the 

R256 residue of actin (R256me1) mark is present in all the three actin-containing chromatin-
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modifying complexes (INO80, SWR1, and NuA4) in yeast. Consistent with the nuclear role 

of actin R256me1, mutation of R256 in yeast actin lead to defective nuclear actin functions, 

without affecting the transport of actin into the nucleus. We show that the actin R256me1 

mark is evolutionarily conserved in actins from different organisms and in different human 

actin isoforms. Strikingly, the actin R256me1 antibody stains mostly nuclear actin in 

various cell lines, providing a tool to track nuclear actin. Moreover, we identified that 

protein arginine methyl transferase-5 (PRMT5) is required for R256me1 in HEK293 cells, 

implicating R256me1 in transcription. A genome-wide analysis of actin R256me1 mark in 

yeast by using high-resolution chromatin immunoprecipitation (ChIP)-exo mapping showed 

that actin R256me1 mark is localized to the gene body compared to transcription start site 

(TSS) for the highly expressed genes transcribed by RNA polymerase II (RNA Pol II). 

However, for tRNA genes transcribed by RNA Pol III, actin R256me1 mark is localized 

directly upstream of the TSS. IP of actin using R256me1 antibodies followed by mass 

spectrometry analyses showed an association of actin with subunits of RNA polymerases. 

RNA sequencing (RNA-seq) analyses of R256 mutants of actin showed significant changes 

in transcription programming. Together, these studies suggest strong correlations of the actin 

R256me1 mark with active transcription.

Strikingly, R256 mutations (R258 in human α-actin isoforms) cause several human diseases. 

For example, in human smooth muscle (SM) α-actin encoded by ACTA2, R258 mutations 

cause thoracic aortic aneurysms and dissections (TAAD), along with an early onset of 

ischemic strokes due to a Moyamoya-like cerebrovascular disease (Guo et al., 2007, 2009). 

Analyses of cell lines derived from ACTA2 R258C patients showed a reduction in the 

R258me1 mark of SM α-actin, accompanied by distinct changes in gene expression profiles, 

raising possible connections between vascular diseases and nuclear actin PTMs. In addition 

to R256 methylation, analyses of other actin PTM sites also suggest a striking correlation of 

actin PTM sites with other causal mutations of ACTA2 in human vascular diseases.

The discovery of actin R256me1 mark suggests a fundamental mechanism of distinguishing 

nuclear actin through PTMs and provides a tool to track nuclear actin. Given the wide 

spectrum of actin PTMs similar to histone PTMs, as well as the evolutionary conservation of 

these actin PTM sites, the study of R256me1 may provide the foundation to establish actin 

biology through PTM regulations.

RESULTS AND DISCUSSION

Mass Spectrometry Studies of Distinct Actin Pools Reveal a System of Actin PTMs

To uncover the potential biochemical differences between nuclear actin and cytoplasmic 

actin, we analyzed nuclear-actin-containing yeast INO80 chromatin-remodeling complex 

using 2D gel electrophoresis. The 2D gel analysis revealed multiple spots of actin at 

different isoelectric points, similar to the Ies4 subunit of the INO80 complex (Figure 1A). 

Given that our previous studies of Ies4 2D gel spots led to the discovery that Ies4 is 

phosphorylated in response to DNA damage (Morrison et al., 2007), these results suggest 

that actin in the INO80 complex might also be post-translationally modified. To address this 

possibility, we isolated the actin band from purified INO80 complex separated on an SDS-

PAGE gel and subjected it to mass spectrometry analyses (Figure 1B, step 1). Moreover, to 
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test if actin PTMs are also present in cytoplasmic actin, we analyzed the actin pool purified 

from the cytoplasmic fraction and further expanded the spectrum of actin PTMs (Table S1).

Together, these analyses revealed 35 actin PTMs with high confidence (Table S1). These 

PTMs are located throughout the actin molecule and cover a wide spectrum similar to 

histone PTMs. These actin PTMs include lysine acetylation, methylation, ubiquitination or 

sumoylation, and arginine methylation. It should be noted that most methylation events 

detected are mono-methylation, possibly due to the dynamic nature of methylation. Overall, 

actin PTMs appear to fall into two categories. First, a set of actin PTMs shared between 

cytoplasmic and nuclear actins, such as K61me1, K61Ac, K326Ac, suggesting broad 

functions for these PTMs. Second, a subset of actin PTMs, which appear to be context 

specific, such as the nuclear-specific K326me1, K328Ac, and R256me1. Together, our 

results reveal that actin is subjected to a system of PTMs similar to histones and that some of 

these PTMs might be context specific. Strikingly, given the high evolutionary conservation 

of actin, most of the actin PTM sites are also conserved from yeast to human, suggesting that 

actin PTMs are likely conserved through eukaryotes, similar to histone PTMs.

Initial Survey of Actin PTMs through Specific Antibodies Implicates R256me1 as a 
Predominantly Nuclear Actin Mark

To begin testing the actin PTM hypothesis, we generated rabbit polyclonal antibodies against 

actin PTMs on several residues that are evolutionarily conserved by using individual post-

translationally modified actin peptides, including those for K61me1, K61Ac, R256me1, 

K326me1, K326Ac, and K328Ac. To test the specificity of actin PTM antibodies, we first 

performed western blot analyses of actin in the INO80 complex (as a source of nuclear 

actin) and actin purified from the cytoplasmic fraction of yeast cells (as a source of 

cytoplasmic actin). As shown in Figure 1B (step 2), all actin PTM antibodies detected 

nuclear actin in the INO80 complex, consistent with our mass spectrometry analyses (Table 

S1). Excitingly, a subset of actin PTM antibodies including those for K326me1, K328Ac, 

and R256me1 detected nuclear actin from the INO80 complex only and showed no signal in 

the purified actin from the cytoplasmic fraction on the same blot (Figure 1B, step 2, bottom 

three western blot panels). These results were also consistent with our mass spectrometry 

analyses (Table S1) and confirm that nuclear actin has a set of actin PTMs distinct from 

cytoplasmic actin.

To test the actin PTM hypothesis, we selected the R256 methylation for further analyses 

as a proof-of-principle study. Two features make R256 methylation an ideal initial target: 

first, R256me1 appears to be context specific, as the R256me1 antibody primarily detects 

nuclear actin (Figure 2A); second, R256 is evolutionarily conserved and is implicated in 

several human diseases (Rubenstein and Wen, 2014). We first validated the specificity 

of the actin R256me1 antibody by using a peptide competition assay. Actin R256me1 

antibody pre-incubated with an unmethylated (R256) actin peptide detected actin in the 

INO80 complex, whereas the signal was abolished when an actin R256me1 antibody was 

pre-incubated with the mono-methylated actin peptide (R256me1) (Figure 2B). These results 

confirm that the actin R256me1 antibody specifically recognized the actin R256me1 mark. 

Furthermore, when we mutated the actin R256 residue (R256C) in yeast cells, the actin 
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R256me1 antibody no longer recognized the mutated actin in the cell extracts (Figure S1B). 

These results indicate that the actin R256me1 antibody is specific for the R256me1 mark.

To further rule out potential artifacts, we purified the INO80 (ΔN) complex that lacks 

actin and actin-related proteins (Shen et al., 2003; Figure 2C, top panel). The western blot 

analyses of the INO80 (ΔN) complex using an actin R256me1 antibody did not detect actin 

in the INO80 (ΔN) complex (Figure 2C, bottom panel). These results further confirm the 

specificity of the actin R256me1 antibody. Moreover, the actin R256me1 antibody also 

detected nuclear actin in other actin-containing chromatin-modifying complexes such as 

SWR1 and NuA4 (Figure 2D), consistent with mass spectrometry results detecting the actin 

R256me1 mark in other chromatin-modifying complexes such as NuA4 (data not shown). 

Together, these results indicate that the actin R256me1 antibody is specific for the R256me1 

mark in actin and suggest that the actin R256me1 mark is present in all known nuclear 

actin-containing chromatin-modifying complexes.

Actin R256 Mutation Affects Nuclear Actin Functions without Affecting the Transport of 
Actin into the Nucleus

We further analyzed the role of actin R256 residue in the nuclear transport of actin. 

As shown in Figure 2E, the western blot analyses of actin content in the nuclear and 

cytosolic fractions of R256C yeast strains compared to the wild-type (WT) strains showed 

no significant differences, suggesting that actin R256 methylation is not required for the 

transport of nuclear actin. We reasoned that if the actin R256me1 mark is functional 

in the nucleus, an actin R256 point mutation might disrupt nuclear functions. Curiously, 

we have previously performed genetic screens searching for actin mutants defective in 

nuclear functions (Kapoor et al., 2013). In this screen, we used the hypersensitivities of 

actin mutants to hydroxyurea (HU) and methyl methanesulfonate (MMS) as indicators of 

defective nuclear functions. Among a small set of actin mutants, including act1-2 (A58T) 

(Kapoor et al., 2013), we identified act1-108 (R256A E259A) that also showed similar 

nuclear defects as act1-2 (A58T), such as hypersensitivity to hydroxyurea at permissive 

temperature (30°C) (Figure 2F, top panel). Given that in the act1-108 mutant both R256 

and E259 residues were mutated and that the effects of E259A in the nuclear functions of 

actin could not be ruled out, we generated actin R256K and R256C point mutants to analyze 

the effects that can be attributed solely to the R256 residue. Interestingly, both R256C and 

R256K mutants showed similar nuclear defects to those observed in act1-2 and act1-108 
mutants (Figure 2F, bottom panel) (Kapoor et al., 2013). Moreover, the actin R256me1 

mark in the R256C mutant was also abolished (Figure S1B). Furthermore, the observed 

nuclear defects in R256C point mutants were rescued by the transient expression of WT 

actin (Figure S1C). Together, these results suggest that the R256 residue is required for the 

nuclear actin functions and does not affect the transport of actin into the nucleus.

Actin R256me1 Is Conserved in Nuclear Actins of Yeast, Mouse, and Human Cells

Given that actin is evolutionarily conserved, similar to histones, and that the histone PTMs 

are well known to be conserved in different organisms from yeast to human (Fischle et al., 

2003; Jenuwein and Allis, 2001), it is plausible that the actin R256 methylation might also 

exist in actins from other organisms. To address this, we first performed sequence alignment 
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of actin residues around R256 in different actins. Our results suggest that the amino acid 

sequence around the actin R256 residue is indeed highly conserved in different actins and 

in human actin isoforms (Figures 3A and S1D). Given that the actin R256me1 antibody was 

raised against the peptide around the R256 residue of yeast actin (Act1) and the conservation 

of R256 in evolution, it is possible that this antibody can also detect the R256me1 mark in 

other actins. To test this possibility, we probed the whole-cell lysate from mouse fibroblast 

(NIH 3T3) and human embryonic kidney (HEK293) cell lines with the actin R256me1 

antibody. Our results show that the actin R256me1 antibody detected actin, which is 

primarily β-actin, in the whole-cell lysates of NIH 3T3 and HEK293 cells (Figure 3B). A 

similar cross-reactivity among different organisms has been identified in conserved histone 

marks (Lin et al., 1989). Moreover, as shown in Figure 3C, the actin R256me1 antibody 

detected mostly nuclear actin from the nuclear fraction compared to the cytoplasmic actin 

from cytosolic fraction of mouse fibroblasts (NIH 3T3). To further confirm this finding, 

we performed immunostaining of NIH 3T3 cells by using the actin R256me1 antibody. 

Strikingly, as shown in Figure 3D, the actin R256me1 antibody selectively stained nuclear 

actin over cytoplasmic actin, suggesting R256 methylation as a conserved nuclear actin 

mark. A similar result was also observed with HEK293 cells (data not shown). It should be 

noted that a small amount of staining of cytoplasmic actin, particularly around the nucleus, 

was also detected by immunofluorescence microscopy, which may be either due to antibody 

background or the dynamic movement of a small fraction of actin to and from the nucleus.

To further validate our results, we chromosomally FLAG-tagged the human INO80 gene 

in HEK293 cells by using CRISPR-Cas9 technique, followed by IP by using anti-FLAG 

M2 agarose beads with high salt washes (0.5 M KCl HEGN). The pull-down product was 

subjected to western blot analyses using the actin R256me1 antibody. As shown in Figure 

3E, our results suggest that similar to yeast INO80, the human INO80 complex also contains 

an actin subunit with the R256me1 mark.

PRMT5 Is Required for Actin R256me1 in HEK293 Cells

Arginine methylation is known to be regulated by PRMTs. There are four known PRMTs in 

yeast (Low and Wilkins, 2012), whereas more than seven known PRMTs regulate arginine 

methylation in mammalian cells (Bedford and Clarke, 2009; Bedford and Richard, 2005). 

We have not been able to detect changes in actin R256me1 levels in yeast PRMT mutants, 

suggesting that either gene redundancy or a different PRMT is involved. In mammalian 

systems, we searched for actin R256me1 regulators by knocking down PRMTs in HEK293 

cells individually using small interfering RNA (siRNA) and analyzing the levels of actin 

R256me1 in whole-cell extract by using the actin R256me1 antibody. Our results showed 

that knockdown of PRMT5 in HEK293 cells substantially affected the actin R256me1 level, 

whereas the knockdown of other PRMTs did not show significant effects (Figures 3F and 

S2). To further confirm our results, we used a cell-permeable specific inhibitor of PRMT5 

activity, CMP5 (Alinari et al., 2015), on HEK293 cells and analyzed actin R256me1 levels 

in whole-cell extract. Consistent with the knockdown results, the inhibition of PRMT5 

activity by using CMP5 also showed the substantial loss of actin R256me1 mark in HEK293 

cells (Figure 3G). To validate our in vivo observations, we tested the in vitro activity of 

PRMT5 on unmethylated actin substrate (rabbit muscle actin) by using purified components. 
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As shown in Figure 3H, the addition of purified PRMT5 on unmethylated substrate rabbit 

muscle actin led to the appearance of actin R256me1 mark in a concentration-dependent 

manner. Interestingly, in the hINO80 complex purified from HEK293 cells, which contains 

the actin R256me1 mark, we found that PRMT5 is also tightly associated with the hINO80 

complex (Figure 3I). Together, these results suggest that PRMT5 is a key regulator for the 

actin R256me1 mark.

The Landscape of Nuclear Actin and Protein Interactions Correlates Actin R256me1 Mark 
with Active Transcription

Although nuclear actin has been linked to all three classes of RNA polymerases and is 

a subunit of several chromatin-modifying complexes, how nuclear actin is distributed in 

the genome remains poorly defined. Given that actin R256me1 is a conserved actin-PTM 

present in all the actin-containing chromatin-modifying complexes in yeast (Figure 2D), it 

offered an opportunity to survey the landscape of nuclear actin in the genome. To address 

the genome-wide distribution of actin R256me1, the Saccharomyces cerevisiae genome was 

surveyed for actin R256me1 at near-base-pair resolution using ChIP-exo (Rhee and Pugh, 

2011). An example of its binding at the CCW12 gene is shown in Figure 4A, in which it 

follows the qualitative pattern of RNA Pol II. However, actin R256me1 showed different 

magnitudes of enrichment compared to Pol II, depending on its genic location. Nevertheless, 

this result is consistent with early studies for which nuclear actin has been shown to be 

associated with the RNA-pol-II-transcribed genes (Obrdlik et al., 2008).

To address if actin R256me1 mark associates with RNA polymerases, we conducted 

multiple IP experiments by using the actin R256me1 antibody, followed by mass 

spectroscopy studies. The high-confidence mass spectrometry results showed that actin 

R256me1 mark indeed associates with RNA Pol II and RNA Pol III subunits and 

transcription regulators, such as TFIID and Sin3, in addition to the chromatin-modifying 

complexes (Table S2). These coIP studies suggest that actin R256me1 may also have 

roles outside chromatin remodeling complexes through interactions with basal transcription 

machinery and transcription regulators.

Distinct Distributions of Actin R256me1 Mark among RNA Pol II and Pol III Genes

We next examined the distribution of the actin R256me1 mark across all coding and 

noncoding genes (Figure 4B), separated by a variety of gene classes, including those that 

code for ribosomal proteins (RPs), regulated by factors such as SAGA or by TFIID, or are 

noncoding such as stable uncharacterized transcripts (SUTs), cryptic unstable transcripts 

(CUTs), Xrn1-sensitive antisense long noncoding transcripts (XUTs), tRNAs, and small 

nucleolar RNA (snoRNA). Remarkably, actin R256me1 was particularly enriched across the 

gene bodies of RPs and SAGA-regulated genes, tRNA genes, and snoRNA genes (Figures 

4B and 4C), whereas it was not observed to be associated with telomeres or centromeres 

(data not shown) and was less enriched at other noncoding RNA (ncRNA) transcription 

units and TFIID-regulated mRNA genes. A composite plot of R256me1-actin binding across 

genes reveals that the actin R256me1 mark is present in relatively low amounts within the 

transcription pre-initiation complex, dramatically increasing in occupancy in gene bodies, 

particularly in relation to Pol II (Figure 4D). Actin R256me1 remains high throughout gene 
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bodies, until the nucleosome-free end of the gene, where it essentially drops to baseline. 

Further downstream, both Pol II and actin R256me1 spike in occupancy over a ~150-bp 

region, in which a nucleosome resides. These data strongly support a positive role of nuclear 

actin in regulating Pol II transcription.

Interestingly, while actin R256me1 was generally coincident with Pol II, some regions 

like near the 3′ ends of RP genes had relatively low levels of Pol II but high levels of 

actin R256me1 and also relatively high levels of nucleosomes. In as much as Pol II and 

nucleosomes competitively occupy transcribed regions, actin R256me1 conceivably might 

associate with nucleosomes that have reassembled in the wake of Pol II, for which it 

tends to be positionally tied to H2B (Figure 4C, note that the y axis scale in each panel 

is adjusted from 0–1 and that there are two H2B peaks per nucleosome position). When 

the transcription units that were most highly bound by actin R256me1 were examined, 

actin R256me1 was found to largely (but not entirely) mirror RNA Pol II with respect 

to genes but not with respect to precise positioning (Figure S3A). This finding indicates 

that actin R256me1, although associated with highly transcribed genes, may be complexed 

with histones like H2B rather than to RNA Pol II itself. In sharp contrast to RNA-Pol-II-

transcribed genes, actin R256me1 was highly enriched at the promoter region of tRNA 

genes, which are transcribed by RNA Pol III and are not encased in a nucleosome (compare 

Figures 4D and 4E). These results suggest that nuclear actin associates with the gene body 

nucleosomes of RNA-Pol-II-transcribed genes but associates with RNA Pol III pre-initiation 

factors at tRNA genes. This spatial separation suggests that the actin R256me1 mark might 

have distinct functions between RNA Pol II versus RNA-Pol-III-transcribed genes.

Given the association of actin R256me1 with three chromatin-modifying complexes (Figure 

2D), it is plausible that actin-R256me1-containing complexes load and travel with Pol II but 

also translocate onto local nucleosomes in the wake of transcription. This seems difficult 

to reconcile in light of observations that place at least the INO80 and SWR1 complexes 

selectively at the 5′ ends of genes and not in gene bodies. However, a genomic study 

indicated that there might be a variety of submodules of at least SWR-C and INO80 

complexes (Yen et al., 2013). For example, there is the SWC submodule that includes 

Swc4,5,7. Unlike SWR-C, the SWC complex tracks with nucleosomes across gene bodies 

(Figure 4F). Swc4 has been mentioned as a possible component of a complex containing 

nuclear actin along with Arp4, and there is some prior suggestion that at least Swc4 might 

be associated with nuclear actin (Kapoor and Shen, 2014). Interestingly, these SWC subunits 

are enriched where the actin R256me1 mark is enriched and have nearly identical genic 

distributions. Together, these results suggest that actin R256me1 might also be associated 

with the SWC submodule on nucleosomes in a transcription-linked manner. Actin and at 

least Swc4 are also part of NuA4, which might travel with RNA Pol II (Koerber et al., 

2009; Rossetto et al., 2014). Taken together, the high-resolution genome-wide landscape 

of actin R256me1 and coIP studies suggests that the actin R256me1 mark may serve 

as a regulator of transcription, similar to certain histone PTMs, and may be involved in 

transcription regulation of highly transcribed genes through multiple mechanisms, either 

through chromatin remodeling complexes or interactions with transcription machinery.
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RNA-Seq Studies Further Correlate Actin R256me1 with Active Transcription

To address how the expression of genes is affected upon the loss of actin R256me1 mark, 

we conducted RNA-seq followed by gene set enrichment analysis (GSEA) for the WT and 

actin R256C mutant in yeast to compare the differential gene expression profiles. Our results 

showed that there are 2,614 genes significantly and differentially expressed between the 

WT and the mutant strain, with 1,442 genes downregulated and 1,172 genes upregulated 

(Figures 5A and S3B). Among these differentially expressed genes, 381 genes have at 

least a 2-fold change, with 160 genes downregulated and 221 genes upregulated. GSEA 

results show the top enriched pathways in the downregulated genes are cell cycle processes, 

chromatid segregation, and DNA-templated processes such as DNA replication and double-

strand break repair (Figures 5A; Table S3). For example, the gene set representing the DNA 

replication pathway was significantly downregulated in the R256C mutant (Figure 5B). 

Notably, as shown in Figure 5C, 80% of the deregulated genes are highly expressed genes, 

with 86% of the genes downregulated and 71% of the genes upregulated. These results 

further suggest that actin R256me1 is correlated with the active transcription process and is 

involved in regulating genome integrity pathways.

Given that actin R256me1 mark showed significant enrichment in SAGA-regulated genes 

compared to the TFIID-regulated genes (Figures 4B and S3A), we analyzed the percentage 

of genes that are affected in different classifications in terms of either SAGA- or TFIID-

dominated genes. As shown in Figure 5D, more than half (>54%) of the SAGA-regulated 

genes are affected. In contrast, 40% TFIID-dominated genes are affected. Among the genes 

that are changed by at least 2-fold, there is a 5-fold enrichment of SAGA-regulated genes 

(15% SAGA versus 3% TFIID). This suggests that the actin R256C mutant mainly affects 

SAGA-regulated genes. This finding is consistent with the ChIP-exo data and suggests 

that the function of actin R256me1 is predominantly among the SAGA-regulated genes. 

Interestingly, for the SAGA-regulated genes, there are more genes upregulated than the 

genes downregulated (37% versus 17%). However, in the TFIID-regulated genes, there are 

more downregulated genes (24% versus 16%). It has been shown that SAGA-regulated 

genes are largely stress induced and are downregulated by the coordinated actions of 

a variety of chromatin modification complexes and RNA Pol II regulators (Geng and 

Laurent, 2004; Ghosh and Pugh, 2011; Huisinga and Pugh, 2004; Kremer and Gross, 2009; 

Zhang et al., 2008). Given that actin R256me1 is enriched at SAGA-regulated genes, this 

mark might be involved in recruiting repressors for its responsive genes. Interestingly, we 

identified Sin3 (the common subunit of histone deacetylase complex in Rpd3L and Rpd3S 

complex for repressing gene activation) in our coIP experiments by using the actin R256me1 

antibody. Furthermore, we also identified the TAF5 subunit of the TFIID complex in these 

experiments. There-fore, actin R256me1 could affect the gene expression in both directions 

by disrupting or gaining interaction with activators or repressors in transcription.

Mutations at Actin PTM Sites Including Actin R256 Cause Human Diseases

Actin R256 residue is clinically relevant given that the mutations in the corresponding 

residue, R258, in human α-actin isoforms cause a number of human diseases (Rubenstein 

and Wen, 2014). For example, R258H/C mutations in α-smooth muscle actin cause TAAD. 

Excitingly, further analyses of other actin PTMs we identified showed a strong correlation 
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of the sites of actin PTMs with human diseases such as R177 (human R179) methylation 

and K326 (human K328) methylation and acetylation (Table S1). These actin mutations of 

corresponding amino acid residues in human actin isoforms cause human diseases through 

multiple pathogenic mechanisms (Figure S4A). For example, mutations that disrupt R258 

PTM (R258C or R258H) in the human smooth muscle-specific actin isoform, SM α-actin, 

encoded by ACTA2, predispose to both TAAD and early onset of cerebrovascular diseases 

(Guo et al., 2007). Similarly, mutations that disrupt R179 (R179L or R179C) in ACTA2 lead 

to patent ductus arteriosus and onset of cerebrovascular diseases (Figure S4A).

SM α-actin monomers polymerize to form actin filaments in the contractile unit of smooth 

muscle cells (SMCs), which provide contraction and force generation in SMCs (Yamin 

and Morgan, 2012). Missense mutations disrupting residues throughout the SM α-actin 

monomer predispose to TAAD. The conventional theory that explains the TAAD pathology 

is that these actin mutations cause “loss-of-function” cytoplasmic actin defects, leading 

to reduced contractility of vascular smooth muscle cells (Karimi and Milewicz, 2016; Lu 

et al., 2015). However, a subset of these mutations, including mutations disrupting R258 

(R258C/H) and R179 (R179H/L/C), predispose patients to moyamoya-like cerebrovascular 

disease (Guo et al., 2009). Moyamoya disease is characterized by bilateral occlusion of the 

distal internal carotid artery and the formation of compensatory collateral vessels (Scott and 

Smith, 2009; Zipfel et al., 2005). The pathology associated with distal internal carotid artery 

occlusion or stenosis in these patients is characterized by neointimal lesions, which contain 

cells that stain for SMC markers but lack lipid deposition and inflammation typically seen 

in atherosclerotic lesions (Georgescu et al., 2015). Thus, we hypothesize that the subset of 

ACTA2 mutations such as R258C or R179H/L/C cause “gain-of-function” cell proliferation, 

leading to these occlusive lesions and alter the SMC phenotype such that these cells become 

hyperplastic and excessively migratory in response to vascular injury. The data on the 

pathology of the arterial lesions and from the Acta2−/− mouse support this hypothesis (Papke 

et al., 2013).

Given the strong correlation of sites of actin PTMs with the causal mutations in SM α-actin 

leading to human diseases with distinct pathology, we began to investigate the potential 

disease mechanisms through actin PTM angle, focusing on R256me1 as a proof-of-principle. 

We further hypothesize that the ACTA2 mutations disrupting corresponding R258 could 

alter the SMC phenotype through defects in the nuclear functions of SM α-actin (Figure 

S4B).

To begin testing this hypothesis, we first analyzed the presence of SM α-actin in the 

SMC nucleus. As shown in Figure S4C, SM α-actin was found to be present in both the 

nuclear and cytoplasmic fractions of SMCs. These results are similar to that of β-actin, 

which is known to be present in both the nucleus and cytoplasm of the mammalian cell. 

Next, to address whether nuclear SM α-actin contains the R258me1 mark, we stained the 

cytoplasmic and nuclear fractions of wild-type SMCs and SMCs deficient in SM α-actin 

(Acta2−/− SMCs) with the actin R256me1 antibody. Our results showed a reduction of the 

actin R256me1 (R258 in human α-actin) signal in the nuclear fraction of SMCs, despite the 

fact that previous studies found an increase of muscular γ-actin such that total cellular actin 

levels remained unchanged between the mutant and WT SMCs (Figure S4D). Given that in 
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SMCs around 70% of total actin is SM α-actin and that the actin R256me1 antibody detects 

the R256me1 mark of β- and γ-actin as well, our results imply that actin in the SMC nucleus 

also contains R256me1 mark. Together, these results suggest that SM α-actin may also have 

nuclear functions and that the actin R258me1 mark is likely present in nuclear SM α-actin.

Implicating Nuclear Actin and Actin R256me1 in TAAD through Transcription Regulation

We further analyzed the potential role of the actin R256me1 mark in vascular diseases 

by monitoring the corresponding R258 methylation (R258me1) status of SM α-actin in 

dermal fibroblast cell lines derived from healthy volunteers and patients with heterozygous, 

disease-causing R258C mutation in ACTA2. SM α-actin expression was induced in healthy 

volunteer- and patient-derived dermal fibroblasts by infecting cells with Ad-MRTF-A 

(Kuwahara et al., 2010). This is a well-established system that mimics smooth muscle cells 

from patients to study the SM α-actin (Guo et al., 2007). In our study, these cells were 

subjected to fluorescence immunostaining and 2D western blot analyses to visualize the 

localization of actin R258me1 mark and to monitor the levels of actin R258me1 signal in 

different actin isoforms, respectively.

Interestingly, the fluorescence immunostaining of both induced and non-induced fibroblasts 

using actin R256me1 antibodies identified actin R258me1 mark preferentially in the nucleus 

of the cell (Figure S5A). This was consistent with the observations in NIH 3T3 cells 

(Figure 3D). Given that the fluorescence immunostaining with actin R256me1 antibodies 

detects R256me1 signals in all the actin isoforms in the nucleus, 2D western analysis of 

nuclear fractions from these cells was performed, which further demonstrate that all the actin 

isoforms, α-, β-, and γ-actins exist in the nucleus with R256me1 mark (Figure S5B). This is 

also consistent with our studies in yeast and mammalian cells (Figures 2 and 3) and further 

confirms that actin R256me1 is a conserved nuclear actin mark.

Importantly, the induction of SM α-actin reproducibly intensified R258me1 staining only 

in the SM α-actin isoform in 2D blots (Figure S5C). We used 2D western analyses as a 

tool to monitor changes in the R258me1 signal. In order to determine the mobility shift 

associated with R to C mutation in SM α-actin (pI 5.24 to 5.17), recombinant wild-type 

and mutant SM α-actin were purified from an insect cell expression system and subjected 

to 2D gel electrophoresis separately (Lu et al., 2015), followed by western analyses using 

actin R256me1 antibodies (Figure S5C). Notably, wild-type SM α-actin was stained by the 

actin R256me1 antibody, whereas R258C SM α-actin did not show staining (Figure S5C). 

Moreover, another recombinant SM α-actin mutant, ACTA2 R179H, also reacted with actin 

R256me1 antibodies (Figure S5C), further illustrating site specificity of the actin R256me1 

antibodies.

To analyze the levels of R258me1 signal in SM α-actin of healthy volunteer- and patient-

derived dermal fibroblasts, lysates from these cells were subjected to 2D western analyses 

using actin R256me1 antibodies. Strikingly, the actin R256me1 antibody stained all of the 

three isoforms of actin but did not stain the R258C variant SM α-actin (Figure S5D). 

These results show that the R258me1 signal is substantially reduced in the SM α-actin of 

patient-derived cells with the R258C mutation in ACTA2 compared to the healthy volunteers 
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and suggest a possible nuclear role of SM α-actin and R258me1 mark in the cerebrovascular 

disease associated with disruption of R258.

Given that in yeast the conserved actin R256me1 correlates with active transcription 

(Figure 4), we hypothesized that the reduction of R258me1 mark in SM α-actin may 

affect the transcriptional profiles of R258C patient SMCs. Indeed, results of differential 

RNA expression analysis through RNA-seq revealed significant differences in a set of 

genes (Figure S5E; Table S4). Analysis of canonical pathways with very high probability 

(p < 0.0001) identified interferon signaling and DNA damage repair/cell cycle as the 

most affected pathways under both low and high stringency. These results are consistent 

with transcriptional defects as actin-containing chromatin modifying complexes have been 

implicated in the transcription of type I interferon-stimulated genes, and that these chromatin 

modifying complexes also participate in DNA damage repair and cell cycle regulation 

(Huang et al., 2002; Ivashkiv and Donlin, 2014; Liu et al., 2002; Morrison et al., 2004; 

Morrison and Shen, 2009; Price and D’Andrea, 2013; Yan et al., 2005). Given that actin 

is also implicated in transcription by all of the three classes of RNA polymerases, it is 

plausible that the changes in transcriptional profile may be related to defects in the RNA 

pol II-mediated transcription of genes involved in interferon signaling and genes involved 

in DNA damage repair. Nevertheless, these results suggest that the R258C mutation in 

SM α-actin cause distinct changes in the transcription profiles of the patient-derived cell 

lines, which might help explain the “gain-of-function” pathology of a subset of TAAD and 

cerebrovascular diseases. Albeit correlative, our human and yeast data collectively support 

roles of nuclear actin and actin R256me1 in human vascular diseases such as TAAD through 

gene regulation.

An Actin Code Hypothesis

The discovery of R256me1 provides a fundamental mechanism for distinguishing nuclear 

actin from cytoplasmic actin and offers initial validation for the context-specific actin PTM 

hypothesis. Interestingly, our yeast studies are consistent with the studies of mammalian 

cells, including those from patient-derived dermal fibroblast, both suggesting a role of 

R256me1 in transcription. How might the actin PTMs such as R256me1 change the property 

of actin? It is possible that a unique set of PTMs in nuclear actin may bring conformational 

changes that could lead to the distinct properties of nuclear actin compared to cytoplasmic 

actin. Our in silico MD simulation analyses of actin with R256me1 support this hypothesis 

(Figure 6 and Figure S6). Indeed, adding a single methyl group on R256 could lead to 

significant changes in actin conformation, such as opening the ATP-binding cleft. These 

structural changes discourage actin polymerization and are consistent with mechanisms of 

keeping nuclear actin in a monomeric state (Figure 6; Chik et al., 1996; Splettstoesser et al., 

2009). It is also possible that R256me1 may regulate the dynamics of actin polymerization 

in the cell nucleus. Future direct studies on the effect of R256me1 mark and similar PTMs 

on actin dynamics will there-fore be important for determining the functional significance 

of such actin PTMs. As such, we propose that one class of actin PTMs may function 

through their abilities to change the structures of actin, leading to distinct mechanisms to 

regulate actin dynamics. On the other hand, as in the case of histone PTMs (Andrews et al., 

2016a, 2016b; Jain and Barton, 2017; Li et al., 2014; Peña et al., 2006; Shi et al., 2006), 
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another class of actin PTMs could serves as signals to recruit specific binders (readers) 

that may regulate distinct processes such as transcription. It should be noted that these two 

possibilities are not mutually exclusive.

The prevailing paradigm in actin biology focuses on actin regulation by ABPs. Many ABPs 

have been identified to date that govern actin dynamics in numerous cellular processes 

(Campellone and Welch, 2010; Revenu et al., 2004; Welch et al., 1997). In theory, in 

addition to ABPs, actin PTMs could also confer specific functions for actin, similar to 

histone PTMs. However, very few actin PTMs have been studied previously (Terman and 

Kashina, 2013). We hypothesize that context-specific actin PTMs could provide a new 

paradigm to regulate actin biology. As such, actin PTMs may form an Actin Code, similar 

to the Histone Code. Indeed, this proof-of-principle study of the R256me1 mark appears 

to support the Actin Code hypothesis through implication of an actin PTM in specific 

biological functions. Given that our actin PTM collection includes a wide range of PTMs 

on evolutionarily conserved residues in both nuclear and cytoplasmic actins, it is likely that 

the Actin Code hypothesis will also be applicable to actin biology in general. Importantly, 

the current actin ABP paradigm and the Actin Code paradigm are not mutually exclusive, 

and cross-talks between the two may exist. Our initial study of actin R256me1 reveals 

a fundamental mechanism for distinguishing nuclear actin from cytoplasmic actin and 

provides a platform for establishing actin biology through PTM regulations.

STAR★METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and request for resources and reagents should be 

directed to Xuetong Shen (xshen@mdanderson.org).

Materials Availability—All renewable reagents generated in this study are available upon 

request subject to ethical restrictions and with a completed material transfer agreement.

Data and Code Availability—Sequencing data and codes were deposited in online 

database. RNA-sequencing data were deposited in the Gene Expression Omnibus public 

database with accession number GSE156817. Further, data generated in this study are 

available from the corresponding authors upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All S. cerevisiae strains were in S288C background. A collection of act1 yeast mutants 

was a gift from David Drubin (Novick and Botstein, 1985; Wertman et al., 1992). ACT1-

R256C, and ACT1-R256K yeast mutants were generated using standard plasmid shuffling 

as described elsewhere (Boeke et al., 1987). Plasmids with point mutations in ACT1 were 

generated using a pRS415-ACT1(LEU2) plasmid backbone and employing site directed 

mutagenesis (Agilent Technologies lnc.). Relevant ACT1 mutations were confirmed from 

PCR sequencing. Standard yeast genetic techniques were used to create gene deletions and 

epitope tagged yeast strains. Phenotypic analysis was done by plating yeast cells at five-fold 

serial dilutions. Plates were incubated at 30°C for 3–5 days, and then scored.
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METHOD DETAILS

Purification of proteins and protein complexes, and generation of antibodies
—For the purification of INO80, SWR1, and NuA4 complexes from yeast, INO80, SWR1, 
and ESA1 respectively were chromosomally tagged with triple FLAG tag at the C terminus, 

and protein complexes were purified from FLAG tagged strains as described previously 

(Shen, 2004). All complexes were purified using high salt washes (0.5M KCl), and further 

complexes were separated on a 5ml 17%–35% glycerol gradient in buffer H-0.3 (25mM 

HEPES KOH (pH 7.6), 1mM EDTA, 0.02% NP-40, and 0.3M KCl). Standard yeast 

actin purification protocols were employed and cytoplasmic actin was purified with a 

slight modification which involves the separation of nuclear and cytoplasmic fractions, 

and further processing cytoplasmic fractions for the purification of cytoplasmic actin using 

procedures described previously (Greer and Schekman, 1982; Rout and Blobel, 1993). 

Recombinant human SM-α-actin (WT, R258C and R179H) was expressed and purified 

using the baculovirus/Sf9 insect cell expression system as described previously (Lu et al., 

2015). SDS-PAGE followed by silver staining was done to detect the purity of the proteins 

and protein complexes. Antibodies against actin R256me1 were raised in rabbit using yeast 

specific actin R256me1 peptide (VITIGNERFR(me1)APEAL). The serum was isolated after 

second booster and antibodies were purified using standard protocols.

IEF Analysis—INO80 complex, actin isoforms and mutation-induced charge variants 

of actin were separated by two-dimensional electrophoresis. Samples were prepared in 

Rehydration/Sample Buffer (BIO-RAD) and subjected to Agilent INGEL fractionation in a 

24 cm, 4–7 or 3–10, immobilized pH gradient (IPG) gel strip (GE Healthcare). The gel strip 

was then subjected to SDS-PAGE followed by silver staining or transfer to nitrocellulose 

membrane. Membranes were reacted sequentially with antibodies to actin R256me1 and 

SM-α-actin after stripping. For fibroblast, control (WT) and R258C cells were lysed in 

Rehydration/Sample Buffer (BIO-RAD) followed by procedures described above.

Mass spectrometry analyses and identification of protein modifications—The 

protein complexes were separated by SDS-PAGE. Actin bands at 42 kDa were digested 

in-gel with trypsin and desalted using Millipore U-C18 ZipTip Pipette Tips following 

the manufacturer’s protocol. LC-MS/MS was conducted using the Dionex Ultimate 3000 

RSLCnano LC coupled to the Thermo Orbitrap Elite. A 75 μm I.D. × 2.5 cm long trap 

packed with C18 3 μm material (Dionex Acclaim PepMap 100) was followed by two 

analytical columns in series: 75 μm I.D. × 20 cm, then 75 μm I.D. × 30 cm, packed with the 

same C18 material as the trap. Buffer A consisted of 0.1% formic acid in water and buffer 

B 0.1% formic acid in acetonitrile. The gradient started at 3% B and increased linearly to 

27% B in 69 min, to 45% B at 80 min, then to 90% B at 82 min. After 8 min at 90% B, 

the solvent is returned to 5% B. The trap flow rate is 4 μl/min and the analytical column 

flows set to 300 nl/min. Each sample was run twice. The MS and MS/MS are acquired in the 

Orbitrap detection over the 98 min LC run, with full scan over 300–1700 m/z and resolution 

set to 60,000 for MS with AGC target at 1e6 and maximum ion time 500 ms. Top 10 MS/MS 

are acquired in CID mode at 15,000 resolution with AGC target at 5e4 and maximum ion 

time 500 ms. The isolation width is 3 Da, normalized collision energy 35, and minimum 

ion counts 10,000. Raw data is processed using SEQUEST HT embedded in Proteome 
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Discoverer v1.4.1.14, searching the Uniprot yeast reference proteome (9/2014, 6559 entries). 

A decoy database is used for calculating false positive values. Mass tolerance is 10 ppm for 

MS and 0.02 Da for MS/MS. Tryptic digest with up to 2 missed cleavages and minimum 

6 amino acids is used. Fixed modification is cysteine carbamidomethylation and variable 

modifications are methionine oxidation, lysine acetylation, lysine and arginine mono and 

dimethylation, lysine ubiquitinylation, and serine, threonine and tyrosine phosphorylation. 

A maximum of 4 dynamic modifications are allowed per peptide. Percolator is used for 

validation of peptide and protein identifications with high confidence filtering to achieve q < 

0.01.

Immunofluorescence staining—Cells were seeded on coverslips overnight, followed 

by 20 min fixation with 4% paraformaldehyde in PBS at room temperature. Samples were 

blocked with 3% BSA/PBS for 20 min, permeabilized with 0.5% Triton X-100/PBS for 10 

min, then incubated with primary antibodies overnight at 4°C. Coverslips were then washed 

3X and incubated with secondary antibody for 1–2 h, followed by mounting on glass slides 

with Fluoromount-G. Cells were visualized by confocal microscopy.

Cell culture, human INO80 (hINO80) pulldown, and siRNA in HEK293 cells—
The full length human INO80 transcript variant 1 (Accession: NM_017553.2) was used 

for 3X FLAG-tagging at C terminus using CRISPR-Cas9 system in HEK293 cells. The 

stable monoclonal population was verified by sequencing. HEK293 cells having INO80-3X 

FLAG were cultured in DMEM media (Corning #10013-CM) with 10% FBS (GIBCO # 

26-140-095), 1X pen-strep-ampho (Biological Industries #03033-1B) in T25 flask and after 

24 hr supplemented with 0.5μg/ml of puromycin for selection. Four million cells were 

subcultured in 150 mm plates (10 plates) until they reached full confluence by regularly 

changing the media every 2 days. At full confluence, the media was aspirated, and cells 

were washed twice with PBS. The cells were harvested in 0.3 HGN buffer containing 

the PI cocktail. The cell pellets were flash frozen and processed for pulldown using M2 

affinity beads by slight modification of the protocol as described earlier (Shen, 2004). 

For siRNA experiments, HEK293 cells were transfected with siRNA against PRMTs using 

lipofectamine RNAiMAX Transfection Reagent (Thermo Scientific #13778030) at 60%–

70% confluence. Cells were harvested after 24 hr in RIPA buffer (G Biosciences #786-490) 

to observe the knockdown effect using immunoblotting.

In vitro methylation assay—The lyophilized rabbit muscle actin (Cytoskeleton Inc, # 

AKL99-A) was dissolved in actin buffer (5mM Tris, 0.2mM CaCl2 pH 8.0). The methylation 

reaction was performed in Tris buffer (150mM NaCl, 20mM Tris pH 7.4) containing 0.5μM 

SAM (S-Adenosyl Methionine), 80ng actin and 100ng of purified recombinant PRMT5 

(Sigma Aldrich #SRP0146-20UG) at 30°C for 1 hr.

ChIp-exo sequencing and DESeq analysis—S. cerevisiae S288C strains were grown 

to OD600 0.8 at 25°C in 500 mL of YPD (yeast peptone dextrose). Cells were cross-linked 

with 1% formaldehyde for 15 min. Followed by quenching with 0.125 M glycine. The 

crosslinked cells were ruptured, chromatin extracted and fragmented by sonication for 

desired DNA size. ChIP-exo experiments were carried out essentially as described (Rhee 
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and Pugh, 2012). This included an immunoprecipitation step with desired antibody and 

magnetic beads, followed by DNA polishing, A-tailing, Illumina adaptor ligation (ExA2), 

lambda and recJ exonuclease digestion on the beads. After elution, a primer was annealed 

to EXA2 and extended with phi29 DNA polymerase, then A-tailed. A second Illumina 

adaptor was then ligated, and the products PCR-amplified and gel-purified. Sequencing was 

performed on an Illumina NextSeq500. Uniquely aligned sequence tags were mapped to 

the yeast genome (sacCer3) using BWA (version 0.5.9- r16) (Li and Durbin, 2009). Tags 

were shifted in the 3′ direction by 6 bp, and strand information removed, to better reflect 

the point of crosslinking. Reproducible biological replicates were merged together (n = 

4). To compare actin R256me and IgG controls, data were normalized to make the total 

tags counts equal in both. This likely artificially inflated the IgG control relative to actin 

R256me1. For each gene the tags were summed over from the Transcription Start Site (TSS) 

to Transcription End Site (TES) for actin R256me1 and IgG control, and DESeq (Anders 

and Huber, 2010) was used was used to compute the significantly enriched genes over the 

IgG control. Reference +1 nucleosome dyads were from Zhang et al. (2011); TSS locations 

were from Xu et al. (2009).

Human fibroblast Culture, Transfection and Collection—Dermal fibroblasts from 

healthy volunteers or patients were derived from skin biopsies obtained with consent under 

a protocol approved by the Institutional Review Board (UTHSC Houston). Fibroblasts were 

immortalized by infection with retrovirus harboring genes for human telomerase catalytic 

subunit (hTERT) and puromycin resistance followed by selection in puromycin (Walter et 

al., 2004). For experiments, cells were infected for 48 hours with adenovirus directing the 

expression of myocardin-related transcription factor-A (Ad-MRTF-A; MOI 80) to induce 

myofibroblast differentiation and significant SM-α-actin expression (Velasquez et al., 2013). 

Cells were cultured under standard conditions in DMEM/10% FBS. Cultured fibroblasts 

were washed with PBS, scraped and transferred into a microcentrifuge tube. Proteins were 

precipitated with 10% TCA/10mM DTT and gently pelleted at 2000rpm for 2 min, washed 

with 500uL ethyl ether, dried for 5 min. Pellet was solubilized in Urea Sample Buffer for 

immunoblots, or solubilized in IEF Buffer for 2D Gel Electrophoresis. Nuclear/cytosolic 

fractionation was carried out following the manufacturer’s protocol (Catalog Number: 

AKR-171, CELL BIOLABS, INC). Briefly, cells infected with Ad-MRTF-A for 48h were 

released with trypsin and collected by centrifugation for 5 min at 4°C (600 g). The cell 

pellet was resuspended with ice cold Cytosol Extraction Buffer containing DTT/Protease 

Inhibitors. After incubation on ice for 10 min, cells were lysed in 25μl of Cell Lysis Reagent 

and vortexed for 10 s at the highest setting, followed by centrifugation for 10 min at 

4°C (800 g). The supernatant (cytoplasmic fraction) was carefully transferred to a clean, 

chilled microcentrifuge tube and stored at −80°C. The wash step was repeated to reduce 

cross-contamination between fractions. The nuclear pellet was gently resuspended with 100 

μl of Nuclear Extraction Buffer containing DTT/Protease Inhibitors, then maintained on 

ice for 30 min, vortexing for 10 s at the highest setting at 10 min intervals, followed by 

centrifugation for 30 min at 4°C (14000 g). Supernatant (nuclear fraction) was transferred to 

a clean, chilled microcentrifuge tube and stored at −80°C.
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RNA sample preparation and RNA-Seq analysis—For RNA sample preparation 

from yeast strains, three biological replicates for each strain were inoculated overnight 

and diluted back to OD660 0.3 to grow in rich medium YPD at 30°C. 1.5×107 cells were 

collected by centrifugation when the culture reached early phase of exponential growth 

OD660 0.9. RNA was extracted using QIAGEN RNeasy plus Mini kit with extra enzymatic 

lysis step of the yeast cell wall using zymolyase 100T (100U per 107 cells). The quality 

of the RNA sample was assessed by bioanalyzer with RNA integrity number (RIN) all 

above 10. cDNA Libraries were prepared using the Illumina TruSeq Stranded mRNA (Cat. 

# RS-122-2101) kit according to the manufacturer’s protocol starting with 1 μg total RNA. 

Briefly, mRNAs were purified with oligo(dT) beads to capture polyA tails, then fragmented 

and converted to cDNA with reverse transcriptase. The resulting cDNAs were converted to 

double stranded cDNAs and subjected to end-repair, A-tailing, and adaptor ligation. The 

constructed libraries were amplified using 8 cycles of PCR. 1.5nM of pooled libraries were 

processed using a cBot (Illumina) for cluster generation before sequencing on an Illumina 

Hi Seq 3000 (2 × 76 bp run) (Chao et al., 2019). The gene differential expression analysis 

was performed with the DESeq2 Bioconductor package (Anders and Huber, 2010; Anders 

et al., 2013). The heatmap was generated with the differentially expressed genes and the 

pearson distance and the complete linkage clustering was utilized in the analysis. We have 

further performed gene set enrichment analysis using the GSEA tool developed by the 

Broad Institute that is available at https://www.broadinstitute.org/gsea (Mootha et al., 2003; 

Subramanian et al., 2005). GSEA utilizes a collection of differentially expressed gene sets 

annotated for the gene ontology (GO) biological process from the Molecular Signatures 

Database (MSigDB).

For RNA sample preparation from patient derived dermal fibroblasts, control and R258C 

cells were infected with Ad-MRTF-A for 48h, and then cells were trypsinized, centrifuged, 

resuspended and seeded on 6cm tissue culture dishes. After 24h in culture, cells were 

collected for RNA extraction. Total RNA was purified with RNeasy Protect Mini Kit 

(QIAGEN, Hilden, Germany) according to manufacturer’s instructions. The quality of RNA 

used in cDNA library preparation was measured with an Agilent Bioanalyzer RNA 6000 

Nano kit by Microarray Core at UT Southwestern Medical Center. Total RNA (1 μg) 

was used for production of the RNA-Seq cDNA library according to standard protocols 

that include cDNA synthesis and fragmentation, the addition of adaptors, size selection, 

amplification and quality control (Illumina). A HiSeq 2000 system (Illumina) was used 

for SE-50 sequencing (single-ended 50–base pair reads), with over 18 × 106 ‘reads’ per 

sample. Basic data analysis was done with CLC-Biosystems Genomic Work-bench (v7) to 

generate quantitative data for all genes, including reads per kilobase of exon per million 

mapped reads (RPKM). Network and pathway analyses were performed using Ingenuity 

Pathway Analysis (IPA) software (https://www.ingenuity.com). From a list of differentially-

expressed genes, IPA produces networks according to Fisher’s exact test, and then provides 

the significance of each network, indicating the probability of association of molecules in 

the dataset with the pathway by random chance alone.

Phylogenetic analysis and sequence alignment—The sequences for 25 actin 

proteins [Acanthamoeba castellanii, Saccharomyces cerevisiae, Schizosaccharomyces 
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pombe, Tetrahymena thermophila, Dictyostelium discoideum, Trypanosoma brucei, 

Plasmodium falciparum, Arabidopsis thaliana, Caenorhabditis elegans, Drosophila 
melanogaster, Xenopus laevis, Danio rerio cytoplasmic 1 (actb1), D. rerio cytoplasmic 2 

(actb2), Mus musculus alpha skeletal muscle (ASkM), M. musculus alpha cardiac muscle 

(ACM), M. musculus aortic smooth muscle (ASmM), M. musculus cytoplasmic 1 (BC1), 

M. musculus cytoplasmic 2 (GC2), M. musculus gamma-enteric smooth muscle (GSM), 

Homo sapiens alpha skeletal muscle (ASkM), H. sapiens alpha cardiac muscle (ACM), 

H. sapiens aortic smooth muscle (ASmM), H. sapiens cytoplasmic 1 (BC1), H. sapiens 
cytoplasmic 2 (GC2), H. sapiens gamma-enteric smooth muscle (GSM)] were downloaded 

from Uniprot (Consortium, 2014) and aligned using ClustalW2 (Larkin et al., 2007). The 

phylogenetic relationship between human actin isoforms and actin from other species was 

inferred using the Neighbor-Joining algorithm (Saitou and Nei, 1987) as implemented in 

MEGA6 program (Tamura et al., 2013). The evolutionary distances were computed using 

the Poisson correction method (Zuckerkandl and Pauling, 1965). The bootstrap values were 

calculated using 1000 replicates.

Molecular Dynamic (MD) Simulation—All systems for MD simulations were prepared 

using S. cerevisiae actin crystal structure in complex human gelsolin segment 1 (PDB 

code 1YAG). Gelsolin segment was removed from the crystal structure and actin monomer 

was saved separately as input structure for MD simulations. Actin is an ATPase with 

four subdomains: SD1 (residues 1–32, 70–144, and 338–375), SD2 (residues 33–69), SD3 

(residues 145–180 and 270–337) and SD4 (residues 181–269) (Kabsch et al., 1990). The 

nucleotide-binding site is located in a cleft between SD1–2 and SD3–4. Amino acid 

R256 is located in the SD4 domain of actin. To analyze the influence of R256me1 on 

the structure and dynamics of actin monomer, a 100 ns all-atom MD simulation of the 

actin with R256me1 mark was carried out and compared with the unmethylated actin. 

This is an established technique and has been used previously to predict changes in 

actin conformations upon nucleotide binding or changes in actin conformations in variant 

actin homologs (Chu and Voth, 2005, 2006; Kapoor et al., 2010; Kapoor et al., 2008; 

Pfaendtner et al., 2009). To investigate the effect of R256me1 on actin structure, methyl 

group was added to R256 NH1 atom of actin monomer and saved as R256me1 actin 

input structure. For MD simulations, both unmethylated actin and actin with R256me1 

systems were solvated in a rectangular truncated octahedron filled with TIP4P-EW (Horn 

et al., 2004) water molecules. Na+ and Cl− ions were used to neutralize the simulation 

system. The protein, solvent and ion parameters were assigned using Amber99SB force 

field (Hornak et al., 2006). The parameters for mono-methylated arginine and ATP were 

derived from Papageorgiou (http://pc164.materials.uoi.gr/dpapageo/amberparams.php) and 

Bryce groups (https://www.pharmacy.manchester.ac.uk/bryce/amber) respectively. Initially, 

the water and ions were subjected to steepest-descent energy minimization to relax their 

initial configuration while restraining the protein atoms using harmonic position restraints 

of 10 kcal/mol/Å2. In the next step, all restraints were removed and the complete system 

was minimized for 2000 steps. The system was then gradually heated in the canonical 

ensemble from 0 to 300 K over the course of 500 ps and then equilibrated for a period of 

5 ns. Finally, 100 ns production MD simulations were performed using Amber14 (Case et 

al., 2014). MD simulations were performed using NPT ensemble at a constant temperature 
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of 300 K. SHAKE algorithm (Ryckaert et al., 1977) was used to constrain all hydrogen 

atoms. A 2 fs time step was used for the simulations. A cut-off of 10 Å was used for 

short-range interactions while Particle-Mesh Ewald (PME) (Darden et al., 1993) method was 

used to handle long-range interactions. The trajectory was analyzed using CPPTRAJ (Roe 

and Cheatham, 2013) and VMD (Humphrey et al., 1996). VMD’s NMWiz plugin and Prody 

program (Bakan et al., 2011) were utilized to perform principal component analysis. To 

explore the dynamics of the nucleotide cleft between the SD1–SD2 and SD3–SD4 domains, 

the distance between the center of mass of amino acid residues in SD2 (residues 31–34 

and 56–69) and SD4 (residues 203–216) throughout the MD trajectory was calculated. The 

cleft distance between the SD1–SD2 and SD3–SD4 domains in the input crystal structure 

is 17.2 Å. To further decipher the dynamic properties and correlated movements of various 

subdomains, the principal component analysis was applied to the 100 ns MD trajectory. The 

graphics were prepared using Gnuplot4.6 (Williams and Kelley, 2012), PyMOL, R (Albert 

and Redon, 1998) and VMD (Humphrey et al., 1996).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analyses were performed using GraphPad Prism 7 software (GraphPad Software). Data 

expressed are mean ± SD, biological replicates (n number) are specified for each experiment 

in figure legends.
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Highlights

• Actin is post-translationally modified in the cell nucleus, similar to histones

• Arginine 256 mono-methylation is a conserved mark mostly present in 

nuclear actin

• A survey of actin R256me1 in yeast reveals a genome-wide landscape of 

nuclear actin

• Actin R256me1 is implicated in transcription and linked to human diseases
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Figure 1. Identification of Actin R256me1 from Yeast INO80 Complex
(A) 2D gel analysis using 3–10 pH immobilized pH gradient (IPG) strips of the INO80 

complexes that were purified with 0.5 M KCl buffer from untreated (left panel) or MMS-

treated (right panel) BY4733 strains. The actin subunits of the INO80 complex showing 

multiple spots are indicated in gels stained with Deep Purple.

(B) Step 1, SDS-PAGE analysis of INO80 complex after silver staining (left panel) 

indicating actin band that was gel sliced and subjected to mass spectrometry analysis 

(right panel) by using LC-MS/MS. Step 2, antibodies raised against specific actin PTMs 

identified through mass spectrometry analyses, followed by the western blot analyses of 

purified cytoplasmic actin (Cy-actin) and nuclear actin in the INO80 complex (Nu-actin), 

as indicated at the top, by using individual actin PTM antibodies separately, as indicated 

at right. Data presented are the representative of three independent biological repeats with 

similar results. Please also see Table S1.
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Figure 2. Validation of Actin R256me1 Antibodies and Functional Studies of Actin R256 Residue
(A) Top panel, SDS-PAGE analysis of purified yeast cytoplasmic actin (Act1) and the 

INO80 complex after silver staining, as indicated at the top; and bottom two panels, the 

western blot analysis of a similar gel using antibodies as indicated..

(B) Western blot analysis of the purified cytoplasmic actin and nuclear actin containing 

the INO80 complex after peptide competition assay using actin (C4), and actin R256me1 

antibodies as indicated..

(C and D) Top panels show the SDS-PAGE analysis after silver staining of the purified yeast 

INO80, ΔN INO80, SWR1, and NuA4 complexes, as indicated at the top of the gels; and 

bottom panels, the western blot analysis of a similar gel using antibodies as indicated..

(E) Top panel, western blot analyses of equal protein content of nuclear and cytosolic 

fractions of WT and R256C yeast strains using actin (C4) antibodies; bottom panel, silver-

stained gel of the total protein content of the extract as loading control..

(F) Phenotypic analyses of actin mutants act1-2 (A58T), act1-108 (R256A E259A), act1-101 
(D363A E364A), act1:R256C, and act1:R256K on YEPD, and HU (100 mM) plates at 30°C. 

Data presented are the representative of three biological repeats with similar results.

Kumar et al. Page 28

Cell Rep. Author manuscript; available in PMC 2022 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Actin R256me1 Mark Is a Conserved Nuclear Actin Mark Regulated by PRMT5
(A) Amino acid sequence alignment of actin homologs from different species showing high 

conservation of the R256 residue and sequence around it..

(B and C) Western blot analysis of the whole-cell extract, purified cytoplasmic actin, 

nuclear-actin-containing INO80 complex, cytosolic and nuclear fractions of NIH 3T3 cells 

using actin R256me1 antibodies, actin (C4) (loading control), and histone H3Ac (nuclear 

fraction marker), as indicated.

(D) Immunofluorescence confocal images of the NIH 3T3 cells, stained with actin (C4) 

and actin R256me1 antibodies, showing the preferential staining of nuclear actin over 

cytoplasmic actin by actin R256me1 antibodies. DAPI was used to stain the nucleus. Scale 

bar: 50 μm.

(E) Western blot analyses of the hINO80 complex purified from HEK293 cells after FLAG 

tagging hIno80 in the genome using antibodies as indicated.

(F and G) Western blot analyses of whole-cell extract of HEK293 cells transfected with 

siRNA against individual PRMTs as mentioned at the top, using actin (C4) (loading control) 

antibodies and actin R256me1 antibodies as indicated (F). Results shows that PRMT5 

knockdown substantially affects actin the R256me1 level compared to the knockdown 

of other known PRMTs after adding the PRMT5 inhibitor (CMP5), using antibodies as 

indicated (G).

(H) Western blot analyses after in vitro methylation assay using purified recombinant 

PRMT5 and rabbit muscle actin (unmethylated actin substrate) using antibodies as indicated 

at the right. Actin (C4) is a loading control, and histone H4 methylation by PRMT5 was 

used as a positive control in the assay.
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(I) Western blot analyses of hINO80 complex purified from HEK293 cells after FLAG 

tagging hIno80 in the genome using antibodies as indicated. Data presented are the 

representative of three independent biological repeats with similar results.
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Figure 4. Genome-wide Distribution of Actin R256me1 in Yeast
(A) Smoothed distribution of unshifted ChIP-exo tag 5′ ends on forward and reverse strands 

of CCW12 (YLR110C) gene as an example of a SAGA-regulated gene. Immunoglobulin G 

(IgG) control is shown in gray, actin R256me1 in magenta, and RNA Pol II in black.

(B) Heat maps showing tag 5′ ends (shifted in the 3′ direction by 6 bp, then strand 

information removed) for actin R256me1, IgG control, and RNA Pol II ChIP-exo, aligned by 

the midpoint of the transcript start and end point (TSS-TES), grouped into ribosomal protein 

(RP) genes, SAGA, TFIID, coding genes and SUTs, CUTs, XUTs, tRNA, and snoRNA 

noncoding genes and sorted by gene length in each group.

(C) Composite distribution (metagene analysis) of shifted tag 5′ ends for actin R256me1 

(magenta trace) and H2B (red fill) around the +1 nucleosome dyad for RP, SAGA, and 

TFIID genes, oriented such that the direction of transcription is to the right. The y axis in 
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each panel has been scaled from 0–1, and so quantitative levels cannot be compared between 

panels.

(D) Composite distribution of shifted tag 5′ ends for actin R256me1 (magenta), IgG 

control (gray), and RNA Pol II (black) around the TSS and TES. Light blue, green, and 

yellow boxes roughly delineate transcription initiation, elongation, and termination regions, 

respectively.

(E) Composite distribution of shifted tag 5′ ends of actin R256me1 (magenta), IgG control 

(gray), and RNA Pol II (black) around the TSS of tRNA genes, oriented such that the 

direction of transcription is to the right. The average tRNA length is indicated by yellow-

filled region.

(F) Composite distribution of tag 5′ ends of Swr1 (purple), Ino80 (blue), actin R256me1 

(magenta), and a Swc submodule (Swc5, Swc4, and Swc7 in different shades of green) 

around the TSS and TES. Each trace is separately scaled on y axis and vertically displaced 

for better visualization. Data presented are the representative of three biological repeats.
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Figure 5. Gene Expression Profiling of Actin R256C Mutant of Yeast
(A) Gene set enrichment analysis (GSEA) with compiled modules from Gene Ontology 

(GO). The bar graph represents only the gene sets that showed the normalized enrichment 

score (NES > 2.0) and false discovery rate (FDR) q value < 5%. Blue bars represent gene 

sets involved in the DNA repair process.

(B) Enrichment score diagram and heatmap illustrate the expression of the pathway-

associated genes in DNA-dependent DNA replication in WT and actin R256C mutant cells.

(C) Bar graph showing the statistical analysis for the percentage of highly expressed genes 

in the differentially expressed genes and also in up- or downregulated genes in actin R256C 

mutant.

(D) Pie chart showing the gene expression changes in actin R256C mutant cells in the 

subcategories of either SAGA-regulated genes or TFIID-regulated genes. Data presented are 

the representative of three biological repeats of WT and actin R256C mutant yeast strains.
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Figure 6. Changes in Conformation of Actin after R256me1 of Yeast Actin: A 100-ns MD 
Simulation Analysis
(A) Crystal structure of S. cerevisiae actin (PDB code: 1YAG) as determined in complex 

with human gelsolin segment 1. Actin subdomains (SD1–4) are annotated, and the bound 

ATP is shown in atom colored sticks. R256 is modified by adding a methyl group and 

presented as magenta atom colored ball and stick.

(B) Distribution of root-mean-square deviation (RMSD) of backbone atoms calculated over 

100 ns for unmethylated actin and R256me1 actin monomer. R256me1 resulted in higher 

RMSD compared to unmethylated actin monomer.

(C) Atomic fluctuation of unmethylated actin and R256me1 actin residues calculated as 

RMSF of backbone atoms. Most of these dynamics arise from higher RMSF in the DNase I 

loop (residues 35–53).

(D) Distribution of distance between subdomains SD2 and SD4 (cleft distance) calculated 

over 100 ns for unmethylated actin and R256me1 actin monomer. The results shows open 

conformation in R256me1 actin compared to unmethylated actin monomer. Green dotted 

line represents the cleft distance in S. cerevisiae actin crystal structure (PDB code: 1YAG).

(E) Vector field representation of the first principal mode obtained from 100-ns MD 

trajectory for unmethylated actin (left) and (B) R256me1 actin. Color of ribbon represents 

the mobility from lower (blue) to higher (red). In contrast to unmethylated actin, 

comparatively fewer movements in SD2 and SD4 subdomain residues were observed in 

R256me1 actin, indicating the shift in equilibrium towards the open form. Please also see 

Figure S6 and STAR Methods.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-actin (clone C4) EMD Millipore Cat# MAB1501

Mouse anti-β-actin Abcam Cat# ab8226

Mouse anti-smooth muscle α-actin (ACTA2) Abcam Cat# ab220179

Mouse anti-FLAG Sigma-Aldrich Cat# F3165

Rabbit anti-Histone H3Ac Active Motif Cat# 61637

Rabbit anti-Histone H4 Abcam Cat# ab7311

Rabbit anti-Caspase-3 Abcam Cat# ab32042

Rabbit anti-PRMT1 Abcam Cat# ab190892

Rabbit anti-PRMT2 Abcam Cat# ab154154

Rabbit anti-PRMT3 Abcam Cat# ab191562

Rabbit anti-PRMT4 Abcam Cat# ab128851

Rabbit anti-PRMT5 Abcam Cat# ab109451

Rabbit anti-PRMT6 Abcam Cat# ab72205

Rabbit anti-PRMT7 Abcam Cat# ab181214

Rabbit anti-actin R256me1 This study N/A

Rabbit anti-actin K61me1 This study N/A

Rabbit anti-actin K61Ac This study N/A

Rabbit anti-actin K326me1 This study N/A

Rabbit anti-actin K326Ac This Study N/A

Biological Samples

Fetal Bovine Serum GIBCO Cat# 26-140-095

Chemicals, Peptides, and Recombinant Proteins

Rabbit muscle actin Cytoskeleton Inc. Cat# AKL99-A

Recombinant PRMT5 Sigma-Aldrich Cat# #SRP0146-20UG

ReadyPrep 2D-Starter Kit Rehydration/Sample 
Buffer

BIO-RAD Cat# 1632106

DMEM Corning Cat# 10013-CM

Pen-Strep-Ampho Biological Industries Cat# #03033-1B

Lipofectamine RNAiMAX Transfection Reagent Thermo Scientific Cat# #13778030

RIPA Buffer G Biosciences Cat# 786-490

S-Adenosyl Methionine Sigma-Aldrich Cat# A9384

CMP5, PRMT5 inhibitor Sigma-Aldrich Cat# 5343560001

FLAG peptide Sigma-Aldrich Cat# F3290-25MG

Critical Commercial Assays

Nuclear/Cytosolic Fractionation Kit Cell Biolabs, Inc. Cat# ARK-171

TruSeq Stranded mRNA kit Illumina Cat# RS-122-2101t

Deposited Data
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REAGENT or RESOURCE SOURCE IDENTIFIER

Raw data This paper GEO: GSE156817

Experimental Models: Cell Lines

HEK293 Sigma-Aldrich Cat# 85120602-1VL

NIH 3T3 Sigma-Aldrich Cat# 93061524-1VL

Software and Algorithms

ClustalW2 http://www.clustal.org/clustal2/ Larkin et al., 2007

MEGA6 https://www.megasoftware.net Tamura et al., 2013

Gnuplot4.6 http://www.gnuplot.info Williams and Kelley, 2012

PyMOL Schrodinger, Inc. The PyMOL Molecular Graphics System

R https://www.r-project.org Albert and Redon, 1998

VMD http://www.clustal.org/clustal2/ Humphrey et al., 1996

AMBER14 http://ambermd.org Case et al., 2014

CPPTRAJ http://ambermd.org Roe and Cheatham, 2013

NMWiz http://prody.csb.pitt.edu Bakan et al., 2011

Prody http://prody.csb.pitt.edu Bakan et al., 2011

DESeq2 Bioconductor package https://github.com/mikelove/DESeq2 Anders and Huber, 2010; Anders et al., 2013

GSEA https://www.broadinstitute.org/gsea Mootha et al., 2003; Subramanian et al., 2005

GraphPad Prism 7 GraphPad Software N/A

Cell Rep. Author manuscript; available in PMC 2022 February 21.

http://www.clustal.org/clustal2/
https://www.megasoftware.net
http://www.gnuplot.info
https://www.r-project.org
http://www.clustal.org/clustal2/
http://ambermd.org
http://ambermd.org
http://prody.csb.pitt.edu
http://prody.csb.pitt.edu
https://github.com/mikelove/DESeq2
https://www.broadinstitute.org/gsea

	SUMMARY
	Graphical Abstract
	In Brief
	INTRODUCTION
	RESULTS AND DISCUSSION
	Mass Spectrometry Studies of Distinct Actin Pools Reveal a System of Actin PTMs
	Initial Survey of Actin PTMs through Specific Antibodies Implicates R256me1 as a Predominantly Nuclear Actin Mark
	Actin R256 Mutation Affects Nuclear Actin Functions without Affecting the Transport of Actin into the Nucleus
	Actin R256me1 Is Conserved in Nuclear Actins of Yeast, Mouse, and Human Cells
	PRMT5 Is Required for Actin R256me1 in HEK293 Cells
	The Landscape of Nuclear Actin and Protein Interactions Correlates Actin R256me1 Mark with Active Transcription
	Distinct Distributions of Actin R256me1 Mark among RNA Pol II and Pol III Genes
	RNA-Seq Studies Further Correlate Actin R256me1 with Active Transcription
	Mutations at Actin PTM Sites Including Actin R256 Cause Human Diseases
	Implicating Nuclear Actin and Actin R256me1 in TAAD through Transcription Regulation
	An Actin Code Hypothesis

	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead Contact
	Materials Availability
	Data and Code Availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	METHOD DETAILS
	Purification of proteins and protein complexes, and generation of antibodies
	IEF Analysis
	Mass spectrometry analyses and identification of protein modifications
	Immunofluorescence staining
	Cell culture, human INO80 (hINO80) pulldown, and siRNA in HEK293 cells
	In vitro methylation assay
	ChIp-exo sequencing and DESeq analysis
	Human fibroblast Culture, Transfection and Collection
	RNA sample preparation and RNA-Seq analysis
	Phylogenetic analysis and sequence alignment
	Molecular Dynamic (MD) Simulation

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table T1

