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ABSTRACT 

SET-domain-containing-2 (SETD2) was identified as the methyltransferase responsible 

for the histone 3 lysine 36 trimethyl (H3K36me3) mark of the histone code. Most recently, 

SETD2 has been shown to be a dual-function remodeler that regulates genome stability 

via methylation of dynamic microtubules during mitosis and cytokinesis. Here we show 

that actin is a bona fide target for methylation by SETD2 in vitro and in cells. Antibodies 

against the SETD2 trimethyl lysine epitope recognize methylated actin, with this methyl 

mark localizing to areas of active actin cytoskeleton reorganization in migrating cells. 

Disruption of this methylation activity causes defects in actin polymerization and impairs 

collective cell migration. Together, these data identify SETD2 as a multifunctional 

cytoskeletal remodeler regulating methylation and polymerization of actin filaments, and 

provide new avenues for understanding how defects in SETD2 drive disease via aberrant 

cytoskeletal methylation.  
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INTRODUCTION 

 

SET-domain-containing-2 (SETD2), the human homolog of Drosophila Set2, is a lysine 

methyltransferase characterized by its catalytic SET (Su(var)3-9, enhancer of zeste, 

trithorax) domain1. SETD2 activity as a chromatin remodeler responsible for trimethylation 

of histone H3 on lysine 36 (H3K36me3) is well-characterized2,3. The SETD2 H3K36me3 

post-translational modification (PTM) on chromatin participates in alternative splicing, 

DNA methylation, transcriptional elongation, DNA damage repair, and polycomb silencing 

during development4,5. Loss of SETD2 and the H3K36me3 chromatin mark is embryonic 

lethal in Drosophila6 and mice7, and SETD2 defects have been linked to several diseases 

including cancer8-10 and autism spectrum disorder11-13. 

 

Recently, an important role for SETD2 outside the nucleus acting on the cytoskeleton to 

regulate microtubule dynamics via trimethylation of a-tubulin at lysine 40 (a-TubK40me3) 

was discovered14. The catalytic SET domain was shown to methylate a-tubulin in vitro, 

and in dividing cells a-TubK40me3 localized to spindle microtubules and the distal 

midbody during mitosis and cytokinesis respectively. Loss of SETD2 and the a-

TubK40me3 mark led to genomic instability and defects such as multipolar spindle 

formation, chromosomal bridges at cytokinesis, micronuclei, polyploidy, and 

polynucleation; a phenotype specifically linked to its activity as a microtubule 

methyltransferase14,15. 
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Based on these insights that SETD2 is a dual-function chromatocytoskeletal remodeler, 

we asked whether SETD2 might have other cytoskeletal targets. We found actin is a bona 

fide target for SETD2, and lysine methylation of actin is a new SETD2-dependent 

modification of the actin cytoskeleton. Antibodies directed against the SETD2 methyl 

mark localized to areas of active actin remodeling in migrating cells. We also found that 

disruption of this SETD2 methylation of actin filaments caused defects in actin 

polymerization and impaired cell migration. 

 

RESULTS 

 

SETD2 interacts with actin in cells 

SETD2 was present in both the nuclear and cytoplasmic compartments of interphase cells 

(Fig. 1A), and could be co-immunoprecipitated with endogenous actin in 786-O (clear-

cell renal cell carcinoma) cells as well as mCherry-β-actin expressed in HEK293T cells 

(Fig. 1B and fig. S1, A and B). To test the relationship between SETD2 and potential 

actin methylation, we asked if a SETD2 methyl epitope could be detected on actin from 

SETD2-proficient versus SETD2-deficient cells. Antibodies directed against the trimethyl-

lysine SETD2 epitope on histones (anti-Me3K36) or a-tubulin (anti-Me3K40), and a pan-

trimethyl lysine epitope (anti-Me3Pan) all recognized actin from SETD2-proficient but not 

SETD2-deficient cells (Fig. 1C, and fig. S1C). Re-expression of a functional truncated 

SETD2 (tSETD2) in SETD2-deficient HKC (human kidney) cells restored actin 

methylation in conjunction with restoration of histone methylation (Fig. S1, D and E). 
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Staining with SETD2 trimethyl-lysine epitope antibodies localized methylation in cells to 

areas of active cytoskeletal remodeling and high actin turnover, including dorsal ruffles 

and lamellipodia at the leading edge of cells (Fig. S1F). Consistent with decreased actin 

methylation seen in the absence of SETD2, signal intensity of the methyl mark in these 

regions was greatly reduced in SETD2-deficient cells (Fig. 1D). Polyline profiles 

generated for regions of strong phalloidin staining (polymerized F-actin filaments) showed 

a correlation between the presence of this methyl mark and polymerized actin, which was 

significantly reduced in SETD2-deficient cells (Fig. 1, E and F). Taken together, these 

data show actin in cells is methylated in a SETD2-dependent manner, opening up the 

possibility that actin is a novel target for SETD2 methylation. 

 

SETD2 methylates actin  

To directly demonstrate SETD2 could methylate actin, we performed in vitro methylation 

assays based on either incorporation of radiolabeled methyl groups donated by S-

adenosylmethionine (3H-SAM) or fluorimetric assays based on measurement of SAM 

consumption. Both assays showed the catalytic SET domain of SETD2 could methylate 

actins purified from muscle tissues as well as recombinant actin produced in HEK293T 

cells (Fig. 2, A and B). Recombinant tSETD2 was similarly able to methylate actin purified 

from cardiac, smooth and skeletal muscle, as well as recombinant actin from HEK293T 

cells (Fig. 2 C). Trimethyl lysine specific anti-Me3K36 and anti-Me3K40 antibodies, which 

immunoprecipitated actin from SETD2-proficient but not SETD2-deficient cells, 

recognized actin following in vitro methylation by SETD2 (Fig. 2D). Interestingly, and 

consistent with a previous study16, SETD2 did not exhibit significant activity against 
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recombinant actin produced in Escherichia coli (Fig. 2, B and C), suggesting either proper 

folding or other modifications may be required to “prime” actin for recognition/methylation. 

These assays demonstrate SETD2 has intrinsic methylation activity for actin.  

 

SETD2 regulates actin polymerization in cells 

Based on our findings showing SETD2 is an actin lysine methyltransferase, we sought to 

understand the impact of SETD2 methylation on the actin cytoskeleton. Using an 

established biochemical fractionation procedure17, we found the ratio of polymerized 

filamentous F-actin to unpolymerized globular G-actin was significantly reduced in two 

different SETD2-deficient human cell lines (786-0 and HEK293T), and after acute 

knockout of Setd2 in mouse embryo fibroblasts (MEFs), which occurred in the absence 

of any total difference in overall actin levels (Fig. 3, A and B). Re-expression of tSETD2, 

which rescued methylation, also rescued the polymerization defect in SETD2-deficient 

cells (Fig. S2, A and B). These data reveal an actin polymer defect in SETD2-null cells.  

 

To investigate the impact of SETD2 loss on actin dynamics, we fractionated cells to isolate 

the soluble (supernatant) and cytoskeleton-enriched insoluble (pelleted) fractions from 

cells, and found a reduction in insoluble cytoskeletal F-actin in SETD2-deficient cells (Fig. 

S2, C and D). Treatment with Latrunculin A significantly reduced the insoluble F-actin 

fraction in SETD2-proficient, but not SETD2-deficient cells in which the polymerized F-

actin cytoskeleton was already disrupted. We allowed cells to recover after washout 

following Latrunculin treatment, and found that polymerized F-actin was restored in 

SETD2-proficient cells, while cells lacking SETD2 remained deficient for polymerized F-
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actin in the insoluble fraction (Fig. 3, C and D). Interestingly, this defect could be reversed 

by the polymer-inducing agent Jasplakinolide18, which increased F-actin in the insoluble 

fraction of SETD2-deficient cells to a level comparable to that of SETD2-proficient cells 

(Fig. S2, C and D). We were also able to show the anti-Me3K40 SETD2 methyl-lysine 

epitope and anti-Me3Pan antibodies recognized actin in the insoluble fraction containing 

polymerized F-actin, and that this immunoreactivity was SETD2-dependent (Fig. S2, E 

and F). Importantly, this fraction lacked any detectable tubulin, confirming that the SETD2 

methyl-epitope recognition of actin in this fraction was not due to contamination with the 

known SETD2 substrate a-tubulin14. 

 

Staining with fluorescent phalloidin, which preferentially binds to F-actin polymers19, was 

also used to measure intracellular content of polymerized actin (Fig. S3A). 

Spectrophotometric analysis as well as flow cytometric analysis of phalloidin-bound actin 

polymers showed decreased fluorescence intensity (a surrogate for decreased actin 

polymers) in SETD2-deficient cells (Fig. S3, B to D). High-resolution image stitching of 

phalloidin-stained SETD2-deficient cells suggested significant compromise of cell-cell 

contacts, and loss of ubiquitous stress fibers, otherwise present in SETD2-positive cells 

(Fig. S4, A and B). Indeed, super-resolution imaging of the same cells via 3D-structured 

illumination microscopy (3D-SIM), revealed disorganized actin networks both at the 

leading edge, as well as lamella, in addition to a decrease in the number of cells displaying 

robust actin arcs (Fig. S4C). Interestingly, SETD2-deficient cells appeared to be 

associated with a noticeable increase in the appearance of microvilli on the cell surface. 
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(Fig. S4C). Taken together, these biochemical and cellular data point to an actin 

polymerization defect in cells lacking SETD2. 

 

SETD2 regulates cell migration 

Disruption of actin polymers and localization of the SETD2 methyl mark to the leading 

edge of cells suggested loss of SETD2 could impact cell migration. Using a scratch wound 

healing assay, we found SETD2-deficient cells exhibited significantly decreased 

migration compared to SETD2-proficient cells (Fig. 4, A and B). Treatment with the 

proliferation inhibitor cytosine arabinoside (AraC), as well as cell counts over 48 hours 

confirmed decreased cell migration seen in these cells was independent of any effects of 

SETD2 loss on cell proliferation (Fig. S5 A and B). Expression of tSETD2, which rescued 

actin methylation and actin polymerization in SETD2-deficient cells, could also rescue the 

migration phenotype (Fig. S5, C and D). These data link loss of SETD2, actin methylation, 

and the resulting dysregulation of actin dynamics to defects in cell migration. 
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DISCUSSION 

 

Historically, most studies on SETD2 have focused on the nuclear functions of this enzyme 

as a histone methyltransferase4. The present study demonstrates an extended non-

chromatin role for SETD2, and also provides the first example of a lysine 

methyltransferase capable of modifying and regulating the actin cytoskeleton. Our data 

show SETD2 methylates actin in vitro and in cells, with perturbation of this methylation 

driving migratory defects seen in cells defective for normal SETD2 function (Fig. S6). An 

earlier study that showed homozygous Setd2 deficiency was embryonic lethal reported 

cells from Setd2-null mice had disorganized stress fibers and lamellipodia7, confirming 

the link between SETD2 loss and disruption of the actin cytoskeleton. 

 

A recent review of the non-chromatin activity of histone lysine methyltransferases20 points 

out many of these enzymes play roles in the cell that extend beyond their activity on 

histones. In addition to our data demonstrating SETD2 acts on the actin cytoskeleton, the 

histone methyltransferase EZH2 has also been found to regulate actin polymerization 

through interaction with Vav1 and methylation of actin-associated Talin proteins21,22. More 

recently, it was reported that methylation of actin at histidine 73 is mediated by another 

SET domain-containing protein, the methyltransferase SETD316,23. Whereas histidine 

methylation of actin has been known to regulate its dynamics for nearly two decades24, 

and Wilkinson et al.16 found SETD3 to be the only methyltransferase for this site, we show 

here that lysine methylation is a new regulatory PTM of actin. In that study16, in vitro 

methylation experiments found no methyltransferases other than SETD3 (including 
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SETD2) exhibited activity for recombinant actin purified from E. coli. However, it is well 

known this recombinant actin folds poorly25, and we also found it was a poor substrate for 

SETD2 methylation. Furthermore, a new study (in pre-print) shows histidine 73 

methylation of actin by the enzyme METTL18 promotes a metastatic response through 

Src kinase signaling in HER2-negative breast cancer26, demonstrating enzymes other 

than SETD3 can also methylate actin. Regardless, our data, using purified and 

recombinant actin proteins sourced from models other than E. coli, clearly demonstrate 

that SETD2 methylates actin in vivo and in vitro, and lysine methylation is a naturally 

occurring PTM of the actin cytoskeleton.  

 

In conclusion, our findings expand the emerging paradigm that the epigenetic machinery 

has chromatocytoskeletal activity important in both the nucleus and cytoplasm, 

coordinately methylating chromatin and the cytoskeleton to regulate the activity of key 

cellular components during transcription (histones), cell division (microtubules), and cell 

migration (actin). This new appreciation of SETD2 as a chromatocytoskeletal remodeler 

will provide new ways to understand how SETD2 defects involved in diseases such as 

cancer and autism may drive pathogenesis via disruption of cytoskeletal methylation.  
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MATERIALS AND METHODS 
 
Cell Culture 
Cell lines were used in the study as previously described14. 786-O, HKC, and HEK293T 

cells were grown in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS, 

Sigma, F24429). Cells were incubated at 37 °C and 5% CO2 and passaged 2-3 times 

weekly as required. Setd2flox/flox mouse embryonic fibroblast (MEF) cells expressing ER-

Cre were cultured in phenol-red-free media (DMEM, high glucose, and HEPES) 

supplemented with 10% FBS, sodium pyruvate (Gibco) and GlutaMAX (Gibco), with 5 

ug/mL blasticidin. MEFs were treated with 2-3 uM 4-hydroxytamoxifen for 3-5 days for 

efficient knockout of Setd2. 

 

siRNA-mediated knockdown in 786-O cells was carried out using 5-10 nM Dharmacon 

ON-TARGETplus siRNAs (GE Healthcare), diluted in siRNA buffer and mixed with 

DharmaFECT transfection reagent (1:50 in optiMEM reduced serum media). Cells were 

allowed to incubate with the siRNA mixture for 5-7 hours, and grown for 72-96 hours with 

passaging as necessary.  

 

Overexpression of mCherry-tagged actin constructs in HEK293T cells was carried out 

using Lipofectamine 2000 transfection reagent (ThermoFisher) at a ratio of 1:2.5, mixed 

in optiMEM reduced serum media. Cells were allowed to incubate with the DNA mixture 

for 5-7 hours, and grown for 48 hours with passaging as necessary.  

 
Co-immunoprecipitation Assays 
Co-immunoprecipitation was performed as previously described14, with modifications. In 

brief, cells were collected at 70-80% confluency and lysed in cold “CST lysis buffer” (20 

mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM Na4P2O7, 1 mM 

b-glycerophosphate, 1% Triton X-100) or “IP buffer” (25 mM Tris-HCl, pH 8.0, 300 mM 

NaCl, 1 mM EDTA, 1% NP-40) supplemented with protease inhibitor cocktail (Roche). 

Protein concentration was determined using bicinchoninic acid (BCA) protein assay kit as 

per manufacturer’s instructions (Pierce). Endogenous SETD2 was immunoprecipitated 
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overnight from 500-1000 µg cell extract using anti-SETD2 antibodies (Abcam, or Sigma-

Aldrich) and protein A/G agarose beads (Pierce). For the reciprocal IP, endogenous actin 

was immunoprecipitated using an antibody to actin. In order to identify the interaction 

between SETD2 and mCherry-tagged, exogenous actin, endogenous SETD2 was 

immunoprecipitated using whole-cell extracts from HEK293T cells expressing mCherry-

ACTB (Addgene plasmid #54966). Similarly, the tagged actin was immunoprecipitated 

using an mCherry-specific antibody. The appropriate corresponding IgG isotype was used 

as a negative control. 

 

Nuclear v. Cytoplasmic Cell Fractionation 
Cells were collected in ice-cold PBS, pelleted at 1500 rpm for 5 minutes at 4 °C, and 

resuspended in an ice-cold hypotonic buffer (10 mM HEPES, pH 7.2, 10 mM KCl, 1.5 mM 

MgCl2, 0.1 mM EGTA, 20 mM NaF, 100 mM Na3VO4) supplemented with protease 

inhibitor cocktail. Samples were lysed in a Dounce tissue homogenizer with glass pestle 

until only nuclei were visible by light microscopy. Samples were centrifuged briefly to 

separate the supernatant from the nuclei, and the supernatant was centrifuged at 10,000 

rpm for 10 minutes and collected as the “cytoplasmic” fraction. The nuclear pellet was 

lysed in CST lysis buffer, sonicated using a Bioruptor bath sonicator (Diagenode), 

centrifuged at 10,000 rpm for 10 minutes at 4 °C, and this lysate collected as the “nuclear” 

fraction. Samples were resolved by SDS-PAGE, and blotted for lamin A/C (CST) or 

lactate dehydrogenase (Abcam) as markers for the nuclear and cytoplasmic fractions 

respectively.  

 

Western Blotting  
Samples were prepared at a normalized concentration in phosphate buffer saline (PBS) 

(3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM NaCl, pH 7.4) supplemented 

with protease inhibitor cocktail. All samples were resolved by SDS-PAGE gel 

electrophoresis using PROTEAN TGX pre-cast gels (Bio Rad) under reducing and 

denaturing conditions. Resolved proteins were transferred to polyvinyl difluoride (PVDF) 

membranes at either 300 mAmps for 2-3 hours or at 15 volts overnight. Membranes were 

blocked with 5% milk in Tris-buffered saline (50 mM Tris-HCl, pH 7.6, 150 mM NaCl) 
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containing 0.5% Tween20 (TBST) for 1 hour at room temperature, and incubated with 

primary antibody with gentle rocking overnight at 4 °C. Membranes were washed thrice 

with TBST, incubated with HPR-conjugated secondary antibodies for 1 hour at room 

temperature, washed thrice with TBST, and developed using Pierce ECL substrate 

(ThermoFisher) or Amersham ECL Prime (GE Healthcare) for 3 and 5 minutes 

respectively. Quantitation of immunoblots was performed via densitometric analysis using 

ImageQuant TL software (GE Healthcare Life Sciences).  

 
Protein Purification 

Glutathione-S-transferase (GST)- tagged protein expressing the catalytic SET domain of 

SETD2 (a.a. 1418-1714) was purified as previously described14. For purification of 

recombinant tSETD2 (a.a. 1418-2564), tSETD2-Flag plasmid was transfected into 

HEK293 Freestyle cells with FectoPRO transfection reagent (116-010) and cells were 

harvested 36-48 hours later at 5,000 rpm for 15 mins (Beckman JLA 8.1, 363563). The 

pellet was suspended in lysis buffer (50 mM HEPES pH 7.5, 50 mM MgCl2, 150 mM NaCl) 

supplemented with complete protease inhibitor, and cells were lysed with 20 strokes of a 

dounce homogenizer. This was ultracentrifuged (Beckman Ti70, 337922) at 40,000 rpm 

for one hour and the supernatant was filtered with 1.0 um glass fiber filter (Pall Laboratory, 

AP-4527) and incubated with FLAG M2 affinity beads (Sigma Aldrich, A2220) equilibrated 

in lysis buffer for 3 hours. Beads were rinsed with 3 CV of wash buffer (50 mM NaPi, 150 

mM NaCl, 5 mM BME), 3 CV salt buffer (wash buffer at 500 mM NaCl), and again with 

wash buffer before elution buffer (wash buffer with 300 ng 3x-FLAG peptide (Sigma 

Aldrich, F4799)) was added and incubated with beads overnight. Eluent was then run 

over ion exchange column (DEAE Sepharose, GE Life Sciences, 17505501) on a 0-75% 

salt buffer gradient, and size exclusion chromatography (Superose 6 Increase 10/300, 

Fisher Scientific, 45-003-210) with gel filtration buffer (50 mM NaPi, 150 mM NaCl, 5 mM 

BME, 5% glycerol). Fractions were pooled and concentrated down with an Amicon Ultra 

100K MWCO (UFC910024) centrifugal filter unit and snap-frozen in liquid nitrogen and 

stored at -80 °C. 
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The following commercially available proteins were used in this study: recombinant 

SETD2 (a.a. 1418-1714) protein (Active Motif, 31358), rabbit skeletal muscle actin 

(Cytoskeleton, AKL95), bovine cardiac muscle actin (Cytoskeleton, AD99), chicken 

gizzard smooth muscle actin (Cytoskeleton, AS99), beta actin (NM_001101) human 

recombinant protein (Origene, TP303643), beta actin (NM_001101) human recombinant 

protein (Origene, TP720518).  

 

In Vitro Methyltransferase Assays 
The intrinsic capacity of SETD2 to methylate actin was demonstrated using in vitro 

methyltransferase reaction assays. To visualize actin methylation via autoradiography, 

actins were incubated with GST-SETD2 (a.a. 1418-1714) for 3 hours at 37 °C in the 

presence of tritiated S-adenosylmethionine (3H-SAM). Samples were resolved using 

SDS-PAGE and transferred to PVDF membranes. The signal was amplified using 

EN3HANCE spray (Perkin Elmer), and detected following incubation with X-ray film for 2-

6 weeks. For fluorescence-based assays, the activity of GST-SETD2 (a.a. 1418-1714) 

and tSETD2-Flag (a.a. 1418-2564) was measured over 3-4 hours using a 

Methyltransferase Fluorescence Assay Kit (Cayman Chemical, 700150), a continuous 

enzyme-coupled assay that continuously monitors SAM-dependent methyltransferase 

activity27,28. Readout fluorescence via resorufin was analyzed with an excitation 

wavelength of 540 nm and an emission wavelength of 590 nm using plate reader. For 

assays with GST-SETD2, fluorescence was calculated after subtracting auto-methylation 

signal from samples with SETD2 only. For assays with tSETD2-Flag, a standard curve of 

resorufin concentration and fluorescence was used to determine time-dependent 

fluorescence. The initial velocities of these curves were obtained by linear regression to 

obtain methyltransferase activity in nmol/min using Prism (GraphPad). To detect actin 

methylation via immunoblotting, 10 uL reactions containing 2 ug actin were incubated with 

1 ug GST-SETD2 (a.a. 1418-1714) in an in vitro methyltransferase buffer (50 mM Tris-

HCl, 2 mM MgCl2, 0.02% Triton-X-100, 1 mM DTT, pH 8.6) overnight at 37 °C in the 

presence of non-tritiated SAM (New England Biolabs). Samples were resolved via SDS-

PAGE, and immunoblotted with antibodies overnight at 4 °C followed by secondary 
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antibody incubation for 2 hours at room temperature. Samples with SETD2 alone or actin 

alone were used as negative controls.  

 
Immunocytochemistry 
Cells were seeded overnight on glass coverslips in a 6-well plate. Samples were fixed in 

4% paraformaldehyde in PBS for 30 minutes at 37 °C, permeabilized with 0.5% Triton-X-

100 in PBS for 20 minutes, blocked with 3.75% BSA in PBS for 1 hour, and incubated 

with primary antibody (1:1000) with gentle rocking at 4 °C overnight. Cells were then 

washed with PBS, incubated with anti-rabbit secondary antibody (1:2000) for 2 hours, 

and counterstained with DAPI (1:4000) and phalloidin (1:1000) for 10 minutes following 

post-fixation with 4% paraformaldehyde. Coverslips were rinsed and mounted on glass 

slides with SlowFade antifade mounting medium (ThermoFisher). All steps were carried 

at our room temperature unless mentioned otherwise. Immunostained slides were imaged 

using a CFI Plan Apochromat Lambda 60X oil, 1.4 NA objective and DS-Qi2 camera 

mounted on a Nikon Eclipse Ti2-E inverted microscope system (Nikon) equipped for 

standard phase-contrast and epifluorescence, as well as for deconvolution. Image 

acquisition was carried using an Andor Zyla 4.2+ sCMOS high-sensitivity monochrome 

camera and was driven by Nikon NIS-Elements Advanced Research (AR) image 

acquisition and analysis software. Images were processed using advanced deconvolution 

modules for improved image quality.  

 

For super-resolution imaging of actin, cells were grown on coverslips washed with HCl 

overnight, and stained with phalloidin (1:40) for 2 hours at 37 °C. Image stitching was 

accomplished through the use of an inverted epi-fluorescence microscope equipped with 

a G-2E/C widefield filter cube (lex:540/25, lem:620/60), automated (and encoded) 

scanning stage, and 20x Plan Apo Lambda 0.75 NA objective lens (Nikon). The system 

was additionally outfitted with piezo-based axial positioning (Mad City Labs), LED 

illumination (Lumencor), and Flash 4.0v3 sCMOS (Hamamatsu Photonics). NIS-

Elements was used for both acquisition and analysis (Nikon Instruments, Inc.). For each 

coordinate (field-of-view) visited, image stacks were acquired to cover the required depth 

of the cell monolayer. Subsequently, stacks were collapsed through focus-stacking in 
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software, and montage was created. Structured Illumination Microscopy (SIM) was 

accomplished in 3D-SIM mode on a Nikon Instruments N-SIM, equipped with an Apo 

TIRF 100x SR 1.49NA objective, 561nm laser, and DU-897 EMCCD camera (Andor). 

Images presented herein are maximum intensity projections after image stacks were first 

acquired (5 phase shifts and 3 rotations of diffraction grating, 120nm/axial step) and 

subsequent stack reconstruction in NIS-Elements software (Nikon Instruments, Inc.). 

Other than linear intensity scaling, no further image processing was performed post-

reconstruction for image panels.  

 

F-actin to G-actin Ratio 
Cell fractionation was performed as previously described17, with slight modification, to 

discriminate between globular (G-) and polymerized filamentous (F-) actin based on the 

observation that polymerized F-actin is insoluble whereas G-actin is soluble. Cells were 

collected at 70-80% confluency in ice-cold PBS, pelleted at 500 x g for 5 minutes at 4 °C, 

and lysed in an ice-cold lysis buffer (10 mM K2HPO4, 100 mM NaF, 50 mM KCl, 2 mM 

MgCl2, 1 mM EGTA, 0.2 mM DTT, 0.5% Triton-X-100, 1 mM sucrose, pH 7.0). Samples 

were pipetted repeatedly and vortexed, and centrifuged at 15,000 x g for 10 minutes at 

room temperature. The supernatant was collected for measurement of G-actin. The 

insoluble F-actin in the pellet was washed with lysis buffer to remove any residual G-actin, 

re-suspended in equal volumes of lysis buffer and a second buffer (1.5 mM guanidine 

hydrochloride,1 mM sodium acetate, 1 mM CaCl2, 1 mM ATP, 20 mM Tris-HCl, pH 7.5) 

and incubated on ice for 20 minutes with gentle mixing every 5 minutes to solubilize 

polymerized F-actin. The samples were centrifuged at 15,000 x g for 10 minutes at room 

temperature, and the supernatant was collected for measurement of F-actin. Samples 

were proportionally loaded and resolved by SDS-PAGE, immunoblotted with an actin 

antibody.  

 

Alternatively, cells were collected in ice-cold PBS, pelleted at 1500 rpm for 5 minutes at 

4 °C, and lysed in a “Solution A” (10 mM Tris-HCl pH 8.0, 3 mM CaCl2, 2 mM MgOAc, 0.1 

mM EDTA, 320 mM Sucrose, 1 mM DTT, 0.2% NP40) supplemented with protease 

inhibitor cocktail on ice for 10 minutes. Samples were briefly centrifuged to separate the 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 14, 2020. . https://doi.org/10.1101/2020.04.13.034629doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.13.034629


Page 19 of 40 
 

soluble supernatant and insoluble pellet. The supernatant was centrifuged at 10,000 rpm 

for 10 minutes at 4 °C. The pellet was washed twice with a “Solution B” (same as Solution 

A, minus DTT and NP40), resuspended in cold CST lysis buffer, sonicated using a 

Bioruptor bath sonicator (Diagenode), and centrifuged at 10,000 rpm for 10 minutes at 4 

°C. The resulting lysates constitute the soluble G-actin (supernatant) and insoluble F-

actin (pellet) fractions of the cell. The insoluble F-actin fraction samples were resolved by 

SDS-PAGE and blotted with an actin antibody. Samples were normalized to histone H3 

as a marker for the insoluble fraction. For immunoprecipitation, 500 ug of normalized 

lysate was used from the soluble and insoluble fractions for incubation with antibodies as 

indicated.  

 

Phalloidin Binding Assay 
Fluorimetric analysis of phalloidin binding is based on the observation that phalloidin 

binds to polymerized (F-) actin only, and thus serves as a readout of intracellular actin 

polymers, and was performed as previously described19. Cells were plated in 24-well 

dishes and fixed at 70-80% confluency with 4% paraformaldehyde in PBS for 20-30 

minutes, and permeabilized in 0.5% Triton X-100 in PBS for 10 minutes. Wells were 

incubated with Alexa Fluor 568 (AF568) phalloidin (Thermo Fisher) at varying 

concentrations in PBS for 20 minutes, washed several times with PBS quickly, and the 

bound phalloidin was extracted from each well using a 0.1 N NaOH solution. The 

fluorescence intensity for each phalloidin concentration was measured in duplicate using 

a spectrophotometer with excitation and emission wavelengths of 575 nm and 605 nm 

respectively. For unstained controls, a 10x excess of unconjugated phalloidin (Sigma) 

was added in order to obtain a reading for non-specific binding, and this was subtracted 

from fluorescent readings at each concentration in order to yield fluorescence as a result 

of specific binding to F-actin. Cells were stained with DAPI following phalloidin extraction 

and imaged using an Operetta Phenix high-content screening system (Perkin-Elmer). 

Cells were counted in 3-6 wells for each genotype/treatment, and the fluorimetric intensity 

was normalized to mean cell number.  
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For flow cytometric analysis of phalloidin binding, cells were grown to 70-80% confluency, 

trypsinized and collected in media containing 10% FBS, and pelleted at 500 rpm for 5 

minutes at 4 °C. Cells were fixed in 4% paraformaldehyde in PBS with 1 mM EDTA 

(PBSE) for 20-30 minutes, permeabilized in 0.5% Triton X-100 for 10 minutes, and 

incubated with AF568 phalloidin at varying concentrations (with or without 10x excess 

unconjugated phalloidin) for 20 minutes. Cells were washed twice with PBSE between 

each step. The final samples were re-suspended using PBSE in BD Falcon test tubes 

with strainer caps, and run on a BD LSRFortessa cell analyzer (BD Biosciences) within 1 

hour of preparation. A total of 10,000 events were acquired for each sample, subjected 

to doublet discrimination, and single-color compensation performed using the 10x 

unconjugated sample intensity. Samples were analyzed using FlowJo (BD Biosciences).  

 

In Vitro Migration (Scratch) Assay 
Quantitative measurement of cell migration was conducted as previously described29. In 

brief, cells were seeded overnight to 90-100% confluence in a 6-well plate. Scratches 

were made using a 1000 µL pipette tip, with each well washed twice with PBS to remove 

non-adherent cells. Fresh media was added to the wells, and 9-12 designated points were 

measured at 0 hrs. The same designated points were measured again after incubation 

for 24 hrs. Images were analyzed using “Manual Measurement > Length” feature on NIS-

Elements software (Nikon). The distance travelled was computed from the difference in 

scratch width at 0 and 24 hrs.  

 

In Vitro Proliferation Assay 

Quantitative measurement of cell proliferation was measured by counting cells over 48 

hours (the total duration of the scratch assay migration experiments). 50,000 cells were 

seeded triplicate in 6-well plates; at 24h and 48h, cells were trypsinized, stained with 

trypan blue, and manually counted twice each using a hemocytometer.  

 

Antibodies 
The following primary antibodies were used in this study: Actin (C4, mouse, Santa Cruz, 

sc-47778), Actin (C4, mouse, Millipore, MAB1501), Actin (13E5, rabbit, Cell Signaling, 
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4970S), GST (mouse, Santa Cruz, sc-138), Histone H3 (D1H2, rabbit, Cell Signaling, 

4620S), Histone H3K36me3 (rabbit, Active Motif, 61101), Lamin A/C (rabbit, Cell 

Signaling, 2032S), LDH (rabbit, Abcam, ab47010), mCherry (16D7, rat, ThermoFisher, 

M11217), mCherry (rabbit, Abcam, ab167453), mCherry (mouse, Novus, NBP1-96752), 

Pan anti-trimethyllysine (rabbit, PTM Biolabs, PTM-601), SETD2 (rabbit, Abcam, 

ab31358), SETD2 (rabbit, Abclonal, A3194), SETD2 (rabbit, Invitrogen, PA5-83615), 

SETD2 (rabbit, Sigma, HPA-042451), SETD3 (rabbit, Abcam, ab176582), Tubulin 

(DM1A, mouse, Santa Cruz, sc-32293). Anti-Me3K40 methyl-tubulin antibodies were 

generated as previously described14,30.  

 

The following secondary antibodies were used in the study: anti-rabbit HRP (mouse, 

Santa Cruz, sc-2357), anti-mouse HRP (goat, Santa Cruz, sc-2005), anti-mouse HRP 

(goat, Bio-Rad, 1706516), anti-rat HRP (goat, Santa Cruz, sc-2065).  

 

The following normal IgG isotype immunoprecipitation controls were used in the study: 

mouse (Santa Cruz, sc-2025), rat, (Santa Cruz, sc-2026), rabbit (Santa Cruz, sc-2027), 

rabbit (Abcam, ab37415).  
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FIGURE LEGENDS 
 
Figure 1. SETD2 binds actin. (A) Immunoblot analysis showing localization of SETD2 

in whole-cell extracts (WCE) as well as both nuclear and cytoplasmic compartments of 

786-O and HEK293T cells. Lamin A/C and lactate dehydrogenase (LDH) used as controls 

for the nuclear and cytoplasmic (Cyto) fractions, respectively. (B) Immunoblot analysis 

showing co-immunoprecipitation of endogenous SETD2 and endogenous actin in 786-O 

cells using SETD2 antibodies from two different sources. (C) Immunoblot analysis 

showing actin is methylated in SETD2-proficient but not SETD2-deficient 786-0 cells by 

immunoprecipitation of endogenous actin using two different antibodies directed against 

the SETD2 trimethyl-lysine epitope. Data in (A) to (C) are representative of experiments 

repeated at least three times with similar results. (D) Deconvolution microscopy imaging 

of F-actin using phalloidin (green) and SETD2 methyl epitope-specific antibody (magenta) 

showing co-localization of the methyl mark with F-actin in 786-O cells. (E) Representative 

intensity profiles of the staining observed with the methyl-specific antibody and phalloidin. 

Merged images from (D) shown on the left to indicate position for line profiles. (F) 
Quantification of intensity profiles seen in (E). Y-axis represents ratio of Methyl antibody 

to phalloidin intensity. Each small circle represents a single cell. Large circles represent 

mean from 20 cells for each independent biological replicate (n=3); p-value determined 

by paired two-tailed t-test.  

 

Figure 2. SETD2 methylates actin. (A) Autoradiography showing in vitro methylation of 

actin using tritiated S-adenosylmethionine (3H-SAM) as methyl group donor and 

recombinant catalytic SET domain of SETD2. Film shows automethylation of SETD2, as 

well as histone methylation as positive control. Data are representative of experiments 

repeated at least three times for similar results. (B) Fluorescence-based quantitation of 

in vitro methylation using SETD2 catalytic SET domain (a.a. 1418-1714) with purified 

skeletal muscle actin (purple), recombinant actin (rActin) from HEK293T cells (blue), 

rActin from E. coli (orange), or actin proteins alone (grey). (C) Fluorescence-based in vitro 

methylation using recombinant tSETD2 (a.a. 1418-2564) with purified cardiac muscle 

(red), smooth muscle (green), skeletal muscle (purple) actins and rActin from HEK293T 
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cells (blue) or E. coli (orange). Data are mean ± S.E.M (n=2). Y-axis in (B) and (C) plotted 

after subtracting auto-methylation from samples with SETD2 alone. (D) Immunoblot 

analysis showing recognition of actin proteins by SETD2 methyl-epitope antibodies 

following in vitro methylation with recombinant GST-tagged SETD2 SET domain. 

 

Figure 3. SETD2 regulates actin polymerization in cells. (A) Immunoblot analysis 

showing decreased F-actin in SETD2-deficient 786-O, HEK293T, and mouse embryonic 

fibroblast (MEF) cells. Whole-cell lysate shows absence of SETD2, associated with the 

expected loss of histone H3K36me3 methylation. (B) Quantitation of F-/G- actin ratio (top) 

and whole-cell lysate actin (bottom) from data shown in (A). Data are mean ± S.E.M, each 

circle represents an independent biological replicate (n=3 for 786-O, HEK293T; n=6 for 

MEF); p-value for each cell line determined by unpaired two-tailed t-test. (C and D) 
Immunoblot analysis (C) and quantitation (D) showing changes in actin polymerization 

(F-actin in the insoluble fraction) following washout after treatment with the actin 

depolymerizing agent Latrunculin A (LatA). Data are mean ± S.E.M. (n=4); p-value 

calculated using ordinary one-way ANOVA with Dunnett’s test for multiple comparisons 

against DMSO control samples. Absence of H3K36me3 in the insoluble is used as a 

control to confirm loss of SETD2 in (C).  

 
Figure 4. SETD2 regulates cell migration. (A) In vitro scratch assay illustrating SETD2-

proficient migrate faster than SETD2-deficient 786-0 cells at 0 and 24 hours after wound 

inflection. (B) Quantification of scratch assays seen in (A). Small circles each represent 

an independent measurement across all experiments. Large circles represent mean from 

a minimum of 9 individual measurements for each independent biological replicate (n=4); 

p-value determined by unpaired two-tailed t-test. 
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SUPPLEMENTAL FIGURE LEGENDS 
 
Figure S1. Interaction between SETD2 and actin. (A) Immunoblot analysis showing 

co-immunoprecipitation of endogenous SETD2 with mCherry-b-actin in HEK293T cells. 

(B) Co-immunoprecipitation of endogenous actin with endogenous SETD2 in 786-O cells 

(reciprocal co-IP from data shown in in fig. 2B). (C) Immunoprecipitation of actin from 

SETD2-proficient but not SETD2-deficient 786-O cells using a pan-trimethyl lysine (anti-

Me3Pan) antibody. Data in (A) to (C) are representative of experiments repeated at least 

three times with similar results. (D and E) Immunoblot (D) and quantitation (E) showing 

immunoprecipitation of actin from using anti-Me3K40 SETD2 methyl-epitope antibody in 

SETD2-proficient but not SETD2-deficient HKC cells, and rescued by re-expression of 

tSETD2. Presence or absence of the H3K36me3 histone methyl mark used as a control 

for SETD2 methyltransferase activity. Data are mean ± S.E.M. for each biological 

replicate (n=3). (F) Deconvolution microscopy imaging of 786-O and mouse embryonic 

fibroblast (MEF) cells showing localization of the SETD2 methyl epitope (green) to areas 

of high actin turnover, including ruffles (white arrowheads) and lamellipodia (white arrows) 

at the leading edge of cells. F-actin stained using phalloidin (shown in red).  

 

Figure S2. Biochemical evidence for actin defect in SETD2-deficient cells. (A and 

B) Immunoblot analysis (A) and quantitation (B) of F-/G- actin ratio in HKC SETD2-

proficient, SETD2-deficient, and cells rescued with tSETD2. Data are mean ± S.E.M. 

(n=3); p-value determined by ordinary one-way ANOVA with Tukey’s HSD test for multiple 

comparisons. (C) Immunoblot analysis showing changes in insoluble F-actin in 786-O 

cells treated with the depolymerizing agent Latrunculin A or the actin polymerizing agent 

Jasplakinolide. H3K36me3 is used as a control to confirm loss of SETD2. (D) Quantitation 

of changes in insoluble actin fraction shown in (C). Data are mean ± S.E.M. (n=3); p-value 

determined by unpaired two-tailed t-tests with Holm-Šidák correction for multiple 

comparisons. (E and F) Loss of the actin methyl mark from polymerized actin in SETD2-

deficient cells shown by immunoprecipitation of actin from the insoluble fraction of 786-O 

cells using SETD2 methyl epitope antibodies anti-Me3K40 (E) and anti-Me3Pan (F). Data 

shown are representative of experiments repeated four times with similar results.  
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Figure S3. Actin polymerization defect in SETD2-deficient cells. (A) Schematic 

drawing of experiments using fluorescent phalloidin to assess polymerized F-actin 

content in SETD2-proficient versus -deficient cells. (B) Quantitation of spectrophotometric 

analysis of extracted fluorescent phalloidin from 786-O cells treated with DMSO control 

or 100 nM Latrunculin A (LatA). Data are mean ± S.E.M. (n=4); p-value determined by 

ordinary one-way ANOVA with Tukey’s HSD test for multiple comparisons. (C) Flow 

cytometry plots showing intensity of fluorescent phalloidin. Data are shown for two 

concentrations of Alexa Fluor 568 (AF568) conjugated phalloidin (1:100, 1:1000), as well 

as for samples treated with AF568 phalloidin (1:1000) and 10x unconjugated phalloidin 

as a control. (D) Quantitation of mean fluorescence intensity from plots shown in (C). Y-

axis split to reflect magnitude of change in phalloidin intensity between SETD2-proficient 

and- deficient cells at three different concentrations (1:100, 1:1000, 1:1000 + 10x 

unconjugated). Data are mean ± S.E.M. (n=3); p-value determined by unpaired two-tailed 

t-test. 

 
Figure S4. High/Super-Resolution imaging of actin. (A) High-Resolution image 

stitching of SETD2-proficient HKC cells. Sub-panel A shows the ultra-large field-of-view 

afforded by this automated imaging approach. Sub-panel B displays actual resolution of 

sub-panel A, to reveal highly confluent, tightly packed monolayer of cells, suggestive of 

robust cell-cell adhesion. Sub-panel C shows retrograde actin arcs (purple arrows) in 

leading-edge cells. (B) High-resolution imaging of SETD2-deficient HKC cells. Sub-panel 

A shows ultra-large field-of-view of all cells. Sub-panel B shows dissolution of cell-cell 

contacts, as seen by increased pericellular space (purple arrowheads), and reduced 

stress fibers (yellow asterisks) in these cells. Sub-panel C shows apical actin-based 

protrusions suggestive of microvilli (purple asterisks) not observed in wild-type 

populations. Sub-panel D shows lack of robust actin arcs seen in wild-type cells, extended 

lamella, and cells lacking distinct actin signatures at the leading edge. (C) Super-

Resolution imaging (3D-structured illumination microscopy) revealing robust stress fibers 

in SETD2-proficient cells (left), relative to the highly disorganized meshwork of actin 
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representative of SETD2-deficient cells, along with appearance of microvilli in cells 

amongst the population (right).  

 

Figure S5. Proliferation-independent migration defect in SETD2-deficient cells. (A) 
Quantitation of scratch assay in 786-O cells treated with cell proliferation inhibitor cytosine 

arabinoside (AraC). Small circles represent each independent measurement and large 

circles represent mean from 10 measurements from each independent biological replicate 

(n=3); p-value determined by unpaired two-tailed t-test. (B) Cell counts for 786-O cells 

over 48 hours (duration of the scratch assay from plating to final measurements). Small 

circles represent each independent measurement and large circles with error bars 

represent mean ± S.E.M. for each independent biological replicate (n=2); p-value 

determined by unpaired two-tailed t-tests with Holm-Šidák correction for multiple 

comparisons. (C) In vitro scratch assay illustrating decreased cell migration in SETD2- 

deficient versus proficient HKC cells, and rescue of defect by re-expression of tSETD2 at 

0 and 24 hours after wound inflection. (D) Quantitation of scratch assay seen in (C). Small 

circles represent each independent measurement and large circles represent mean from 

a minimum of 9 measurements for each independent biological replicate (n=4); p-value 

determined by ordinary one-way ANOVA with Tukey’s HSD test for multiple comparisons. 

 
Figure S6. Model. SETD2 methylation is required for normal cellular actin dynamics; loss 

of SETD2 negatively impacts actin dynamics and cell migration.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure S1 
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Figure S2 
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Figure S3 
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Figure S4 
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Figure S5 
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Figure S6 
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