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Regulation of Rac1 transcription 
by histone and DNA methylation 
in diabetic retinopathy
Renu A. Kowluru*, Rakesh Radhakrishnan & Ghulam Mohammad

Cytosolic ROS, generated by NADPH oxidase 2 (Nox2) in diabetes, damage retinal mitochondria, 
which leads to the development of retinopathy. A small molecular weight G-protein essential for Nox2 
activation, Rac1, is also transcriptionally activated viaactive DNA methylation-hydroxymethylation. 
DNA methylation is a dynamic process, and can also be regulated by histone modifications; diabetes 
alters retinal histone methylation machinery. Our aim is to investigate the role of histone methylation 
(H3K9me3) of Rac1 promoter in dynamic DNA methylation- transcriptional activation. Using human 
retinal endothelial cells in 20 mM D-glucose, H3K9me3 at Rac1 promoter was quantified by chromatin-
Immunoprecipitation technique. Crosstalk between H3K9me3 and DNA methylation was examined 
in cells transfected with siRNA of histone trimethyl-transferase, Suv39H1, or Dnmt1, exposed to 
high glucose. Key parameters were confirmed in retinal microvessels from streptozotocin-induced 
diabetic mice, with intravitreally administered Suv39H1-siRNA or Dnmt1-siRNA. Compared to cells 
in normal glucose, high glucose increased H3K9me3 and Suv39H1 binding at Rac1 promoter, and 
Suv39H1-siRNA prevented glucose-induced increase 5 hydroxy methyl cytosine (5hmC) and Rac1 
mRNA. Similarly, in diabetic mice, Suv39H1-siRNA attenuated increase in 5hmC and Rac1 mRNA. 
Thus, H3K9me3 at Rac1 promoter assists in active DNA methylation-hydroxymethylation, activating 
Rac1 transcription. Regulation of Suv39H1-H3K9 trimethylation could prevent further epigenetic 
modifications, and prevent diabetic retinopathy.

The etiology of diabetic retinopathy, a slow progressing complication, is complex, and several metabolic abnor-
malities are implicated in its  development1,2. Production of both cytosolic and mitochondrial reactive oxygen 
species (ROS) is elevated in diabetes, and increased oxidative stress is considered as one of the major metabolic 
abnormalities associated with the development of diabetic  retinopathy2. We have shown that diabetes-induced 
increase in cytosolic ROS in the retina and its vasculature is an early event, which precedes mitochondrial dam-
age and the development of  histopathology3,4. These cytosolic ROS are mainly generated by NADPH oxidases, 
and its subunits Nox2, is one of the major ROS producing NADPH oxidases activated in the  retina3–7. The 
multi-component Nox2 has both trans-membrane and cytosolic proteins, and the small G-protein, Ras-related 
C3 botulinum toxin substrate 1 (Rac1), is an integral cytosolic component for its  activation8. In diabetes, Rac1 
is functionally active, and while its binding with guanine exchange factors (GEFs) is increased and with its gua-
nine dissociation inhibitor (GDIs) is  decreased9,10. Activated Rac1, via Nox2-ROS, contributes to mitochondrial 
damage and the development of  retinopathy3,11.

Diabetes also transcriptionally activates Rac1, and its gene expression is elevated in the retina and its capil-
lary  cells12. Evolving research has clearly shown that the expression of a gene can also be regulated by epige-
netic modifications, without altering their DNA sequences, and epigenetic modifications are now implicated in 
many chronic diseases including diabetes and its  complications13–15. Diabetic environment alters the activities 
of enzymes associated with epigenetic modifications, and many genes important in the development of diabetic 
retinopathy undergo alterations in DNA methylation, and histone acetylation and methylation 16–19. In diabe-
tes, Rac1 is also transcriptionally activated in the retina and its vasculature, and its promoter undergoes active 
DNA methylation-hydroxymethylation; while DNA methyl transferase 1 (Dnmt1) methylates cytosine forming 
5 methyl cytosine (5mC), concomitant activation of Tet2 hydroxymethylates 5mC, forming 5 hydroxymethyl 
cytosine (5hmC). This opens up the chromatin for the binding of the transcription factor, and upregulates Rac1 
 transcription9,12. Epigenetic modifications are complex and can be interrelated, and histone modifications and 
DNA methylation can have important role in controlling the expression of a  gene20. For example, the same 
gene can be regulated by DNA and histone methylation; Dnmt1 recruitment at the promoter CpG sites can be 
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facilitated by the methylation of lysine 9 of histone 3 (H3K9)21. The coordination of H3K9 methylation and DNA 
methylation  in the regulation of Rac1 transcription remains unclear.

The goal of this study is to investigate the role of H3K9 methylation in the regulation of Rac1 promoter, and 
its association with DNA methylation-hydroxymethylation in Rac1 transcriptional activation. Using human 
retinal endothelial cells (HRECs), we have investigated the effect of high glucose on H3K9 methylation on Rac1 
promoter. The role of H3K9 methylation in gene upregulation of Rac1 was established employing specific siRNA 
of H3K9 trimethylation enzyme Suv39H1, a histone methyltransferase that trimethylates ’lysine 9’ of histone 
 H322. Cross-talk between DNA methylation and histone methylation was confirmed using Dnmt1-siRNA. Key 
parameters were confirmed in an in vivo model using retinal microvessels from mice, that were administered 
Suv39H1-siRNA or Dnmt1-siRNA (intravitreally) soon after induction of streptozotocin-induced diabetes.

Results
Histone methylation can either enhance or repress gene transcription, and this depends on the methylation of 
the amino acid and the degree of  methylation23. To investigate the role of histone methylation in transcriptional 
activation of Rac1 in hyperglycemic milieu, H3K9 methylation was quantified at Rac1 promoter, − 113 to 30 bp 
region, which is upstream of the Transcription Start Site. As predicted by the ‘Eukaryotic promoter database’, 
this region is also within the CpG island and has a predicted binding site/motif for the transcription factor 
 Sp124. Compared to cells in normal glucose, H3K9me3 levels were significantly elevated at Rac1 promoter, but 
H3K9me2 levels were decreased (Fig. 1a,b). In the same cell preparations, the expression of Suv39H1, and its 
binding at the Rac1 promoter were also significantly increased, suggesting an active trimethylation of lysine 9 of 
histone 3 (Fig. 2a,b). However, cells incubated in 20 mM L-glucose, instead of 20 mM D-glucose, did not show 
any alterations in H3K9 methylation and Suv39H1 binding at Rac1 promoter, and the values obtained from cells 
in 20 mM L-glucose were not different from cells in 5 mM D-glucose, but were significantly different from those 
obtained from cells in 20 mM D-glucose.

To further confirm the role of histone methylation, effect of high glucose on Rac1 transcription was deter-
mined in cells transfected with Suv39H1-siRNA. As shown in Fig. 3, Suv39H1-siRNA attenuated glucose-induced 
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Figure 1.  Effect of high glucose on H3K9 methylation. HRECs incubated in 5 mM (NG) or 20 mM (HG) 
D-glucose, or 20 mM L-glucose (L-Gl), for 96 h were analyzed for (a) H3K9me3 and (b) H3K9me2 at Rac1 
promoter by ChIP technique using normal rabbit IgG (^) as an antibody control. Each measurement was made 
in duplicate 3–4 different cell preparation, and the values are represented as mean ± SD. *p < 0.05 vs NG.
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Figure 2.  Effect of high glucose on the gene expression of Suv39H1 and its binding at Rac1 promoter. (a) 
Suv39H1 gene transcripts were quantified in HRECs by qRT-PCR using β-actin as a housekeeping gene, and 
(b) binding of Suv39H1 at Rac1 promoter was determined by ChiP technique. The values are represented as 
mean ± SD of measurements made in duplicate in three or more cell preparations. ^ = IgG antibody and *p < 0.05 
vs NG.
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Figure 3.  Regulation of Rac1 gene transcripts and 5hmC at its promoter. Cells transfected with Suv39H1-
siRNA (Suv-si) or Dnmt1-siRNA (Dnmt-si), incubated in high glucose for four days, were analyzed for Rac1 
(a) gene transcripts by qRT-PCR using β-actin as a housekeeping gene and (b) 5hmC at its promoter by 
immunoprecipitating 5hmC in the genomic DNA , and quantifying by qRT-PCR using gene specific primers. 
Transfection efficiency of (c) SuvH39H1-siRNAs and (d) Dnmt1-siRNA was determined by quantifying its gene 
transcripts. NG and HG = cells in 5 mM or 20 mM D-glucose respectively, HG/Suv-si and HG/Dnmt1-si = cells 
transfected with Suv39H1-siRNA or Dnmt1-siRNA, and incubated in 20 mM D-glucose, Suv-si and 
Dnmt-si = cells transfected with Suv39H1-siRNA or Dnmt1-siRNA. *p < 0.05 vs NG and #p < 0.05 vs HG.
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increase in Rac1. Our previous work has shown that in diabetes, the binding of transcriptional factor NF-kB at 
Rac1 promoter is increased in the retinal vasculature and due to dynamic DNA methylation-hydroxymethylation, 
5hmC levels are also increased  significantly12. To determine crosstalk between histone methylation and DNA 
methylation, 5hmC levels were quantified at Rac1 promoter in the Suv39H1-siRNA transfected cells, exposed to 
high glucose. As expected, high glucose increased 5hmC by ~ twofold, and Suv39H1-siRNA, but not the scram-
bled RNA, attenuated glucose-induced increase in 5hmC, suggesting a crosstalk between histone methylation 
and DNA methylation (Fig. 3b). Consistent with our previous results, transfection of cells with Dnmt1-siRNA 
also attenuated glucose-induced increase in Rac1 transcription and 5hmC levels at its promoter (Fig. 3a,b). Cells 
incubated in 20 mM L-glucose had similar Rac1 expression and 5hmC at its promoter as obtained from cells 
in normal glucose. The transfection efficiencies of Suv39H1-siRNA and Dnmt1-siRNA are shown in Fig. 3c,d.

Co-localization of H3K9me3, Dnmt1 and Rac1 were also confirmed by immunofluorescence technique. 
As shown in Fig. 4, compared to cells in normal glucose, fluorescence intensities of H3K9me3, Dnmt1 and 
Rac1 were significantly higher in HRECs incubated in high glucose, and Suv39H1-siRNA prevented increase 
in their intensities. However, while Dnmt1-siRNA ameliorated glucose-induced Dnmt1 and Rac1 intensities, 
it had no effect on H3K9me3 intensity, suggesting that H3K9 trimethylation makes a mark on the chromatin 
for DNA methylation, but DNA methylation does not facilitate H3K9 trimethylation. The accompanying line 
intensity profile confirms glucose-induced increased H3K9me3, Dnmt1 and Rac1 in high glucose, and the effect 
of Suv39H1-siRNA and Dnmt1-siRNA on their interactions.

In accordance with the in vitro results, compared to age-matched normal mice, retinal microvasculature from 
diabetic mice had 80% increase in H3K9me3 levels at Rac1 promoter, however, H3K9me2 levels were significantly 
decreased (Fig. 5a,b). In the same diabetic mice, Suv39H1 binding at the promoter wasalso increased by over 70%, 
and 5hmC levels were elevated by ~ 75% (Fig. 5c–d). Regulation of Suv39H1 by its siRNA prevented diabetes-
induced upregulation of Rac1 transcription; Rac1 gene transcripts in diabetic mice receiving Suv39H1-siRNA 
were not significantly different from those obtained from normal mice (Fig. 6a). Consistent with Suv39H1-siRNA, 
as expected, Dnmt1-siRNA also ameliorated diabetes-induced increase in Rac1. Figure 6b,c show attenuation of 
Suv39H1 and Dnmt1 gene transcripts in the retinal microvessels from diabetic mice receiving their respective 
siRNAs.
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Figure 4.  Effect of high glucose on localization of H3K9me3, Dnmt1 and Rac1. Immunofluorescence technique 
was used to determine co-localization of H3K9me3, Dnmt1 and Rac1 in HRECs. The images were captured by 
Zeiss microscope at 40 × magnification using the Apotome module. The line represents the region of interest 
used to quantify the arithmetic mean intensity per channel. The figure shows one representative cell/condition. 
Colors green, blue and red represent Dnmt1, Rac1 and H3K9me3, respectively.
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Figure 5.  Effect of diabetes on Rac1 promoter histone modifications in mouse retinal microvessels. Retinal 
microvessels from Stz-induced diabetic mice (Diab) and their age-matched normal mice (Norm) were analyzed 
for (a) H3K9me3, (b) H3K9me2 and (c) Suv39H1 at Rac1 promoter by ChIP technique. (d) 5hmC levels at Rac1 
promoter were quantified by immunoprecipitating 5hmC in the genomic DNA. Normal rabbit IgG (^) was used 
as an antibody control. Each measurement was made in duplicate in 5–7 mice in each group. *p < 0.05 compared 
to normal.
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Figure 6.  Gene expressions of Rac1, Suv39H1 and Dnmt1 in mouse retinal microvessels. Rac1, Suv39H1 
and Dnmt1 gene transcripts were quantified by qRT-PCR using 18S as a housekeeping gene. The values 
are represented as mean ± SD of 5–6 mice/group, with each measurement made in duplicate. Norm and 
Diab = Normal and Diabetic mice; Diab/Suv-si and Diab/Dnmt1-si = Mice receiving Suv39H1-siRNA or Dnmt1-
siRNA, soon after induction of diabetes. *p < 0.05 compared to normal and #p < 0.05 compared to diabetes.
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Discussion
Rac1 is an obligatory small molecular weight GTPase for Nox2 activation, and its membrane translocation and 
functional activation are regulated by many different  regulators25–27. In the pathogenesis of diabetic retinopathy, 
Rac1 is activated and its expression is upregulated, and activation of Rac1-Nox2-ROS is an early event, which 
precedes mitochondrial damage-histopathology characteristic of diabetic retinopathy. Interactions of Rac1 with 
several of its regulators, including GEFs and GDIs, are altered, and Rac1 is post-transcriptionally  modified3,10,28. 
In addition, diabetes also facilitates retinal Rac1 to undergo dynamic DNA methylation-hydroxymethylation, 
resulting in its transcriptional  activation12. Histone modification machinery is altered in diabetic retinopathy, 
and several genes implicated in its development undergo altered histone methylation and  acetylation16,29,30. Both 
histone methylation and DNA methylation can affect expression of the same  gene21,31. Here, we show that in 
hyperglycemic milieu, Rac1 promoter, in addition to undergoing dynamic DNA methylation, also undergoes 
histone methylation. While H3K9 trimethylation and the binding of histone methyl-transferase, Suv39H1, at Rac1 
promoter are increased significantly, H3K9me2 levels are decreased. Furthermore, Suv39H1-siRNA ameliorates 
glucose-induced increase in 5hmC levels at Rac1 promoter, and its transcription. Retinal microvasculature from 
diabetic mice confirms the similar phenomenon. These data suggest that increase in Suv39H1-H3K9me3 at 
Rac1 promoter assists in the recruitment of Dnmt1, which, via active DNA methylation-hydroxymethylation, 
increases Rac1 expression.

Epigenetic modifications are now implicated in many chronic diseases including diabetes and its complica-
tions. The machinery responsible for DNA methylation and histone methylation/acetylation is altered in the 
retina and its capillary cells in diabetes, and many genes important in the development of diabetic retinopathy 
undergo epigenetic modifications including DNA methylation and histone acetylation and  methylation18,19. 
Our recent work has shown that while activation of Dnmt1 methylates cytosines at Rac1 promoter, concomitant 
activation of Tet2 converts 5mC to 5hmC, resulting in its transcriptional  activation17. Here, we show that Rac1 
promoter also undergoes histone methylation, while the levels of H3K9me2 are decreased, that of H3K9me3 are 
increased, and the binding of Suv39H1 is increased. Although Suv39H1 catalyzes both di- and tri- methylation of 
H3K9 by preferentially binding to  H3K9me132, our data clearly suggest that its binding at Rac1 promoter rapidly 
converts H3K9me2 formed into H3K9me3, resulting in decreased H3K9me2 and increased H3K9me3 . However, 
the role of the JmjC-containing lysine demethylase,  KDM4D33, or any other demethylase, in demethylation of 
H3K9me3 to H3K9me2 cannot be ruled out.

Regulation of histone methylation enzyme, Suv39H1, by its specific siRNA inhibits hyperglycemia-induced 
increase in 5hmC at Rac1 promoter and ameliorates increase in Rac1 gene transcripts, implying a close cross-
talk between DNA methylation and H3K9 methylation. In support, both genomic and biochemical data have 
shown a strong association between DNA methylation and H3K9 methylation, and in Suv39H1 knockout mice, 
DNA methylation is  lost20.

As mentioned above, SUV39H1 is responsible for trimethylation at H3K9 to  H3K9me334; our results show that 
its expression and binding at Rac1 promoter are increased in hyperglycemia, and silencing of Suv39H1 attenuates 
increase in 5hmC, which is a product of dynamic DNA methylation. This suggests the possibility that Suv39H1 
binding creates a mark, which facilitates Dnmt1 binding. In support, Suv39H1-mediated H3K9 methylation is 
shown to direct DNA  methylation35, and Dnmt1 is considered necessary to maintain trimethylation of H3K9 
at pericentromeric regions in human cancer  cells36. Suv39H1-siRNA also attenuates hyperglycemia-induced 
increase in Rac1 expression, further supporting the role of H3K9me3 at Rac1 promoter in DNA methylation. 
We recognize that our in vitro model employed only retinal endothelial cells, however, in the pathogenesis 
of diabetic retinopathy retinal pericytes also undergo accelerated  apoptosis37, and we cannot rule out similar 
glucose-induced epigenetic changes in Rac1 promoter in retinal pericytes.

The results obtained from in vitro model, retinal endothelial cells in high glucose, are duplicated in in vivo 
model; retinal microvessels from diabetic mice also have increased Rac1 transcription, and increased SuvH39H1 
and H3K9me3 and decreased H3Kme2 at Rac1 promoter. Furthermore, regulation of histone trimethylation or 
DNA methylation-hydroxymethylation by intravitreal administration of SuvH39H1-siRNA or Dnmt1-siRNA, 
soon after induction of diabetes, prevents increase in Rac1 gene transcripts, further supporting a close cross-talk 
between histone methylation and DNA methylation in regulating Rac1 transcription.

Our study is focused on crosstalk between H3K9 methylation and DNA methylation-hydroxymethylation 
in Rac1 transcriptional activation in diabetes, however, we recognize that methylation of lysine, other than K9 
of histone 3, could be helping in recruiting Dnmt1 and increasing Rac1 transcription; activation of an enzyme 
responsible for methylation of lysine 27 of histone 3, Enhancer of Zeste homolog 2 (Ezh2), in diabetes is also 
associated with active DNA methylation and transcriptional activation of retinal MMP-938, and role of Ezh2 in 
Rac1 transcriptional activation remains a possibility. Furthermore, the role of other histone methyl- transferases 
or -demethylases, and histone acetylation, which is also affected in  diabetes29, in Rac1 transcription, cannot be 
ruled out.

The results presented here are from in vitro and in vivo models of diabetic retinopathy, and the results from 
these two models complement each other. To transition to the human disease, we have shown similar increase in 
Rac1 functional activation in retinal microvasculature from human donors with documented diabetic retinopa-
thy, compared to their age-matched nondiabetic  donors3,9. In addition, the microvasculature from donors with 
documented diabetic retinopathy also presents comparable activation of the DNA methylation-hydoxymethyl-
ation enzymatic  machinery39 and histone  modifications16, as seen in the in vivo and in vitro models of diabetic 
retinopathy. Thus, there remains a strong possibility of similar epigenetic modifications of Rac1 promoter in the 
retinal microvasculature from human donors with diabetic retinopathy, which would further strengthen the 
clinical significance of the results presented here.
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Thus, using both in vitro and in vivo models of diabetic retinopathy, our results provide strong evidence of 
relationship between H3K9 methylation and DNA modifications of Rac1 promoter in its transcriptional activa-
tion. We demonstrate that diabetes increases the recruitment of Suv39H1 at Rac1 promoter, which assists in the 
recruitment of Dnmt1, initiating an active DNA methylation-hydroxymethylation and transcriptional activation 
(Fig. 7). Regulation of Suv39H1, in addition to protecting H3K9 trimethylation, also protects active Rac1 pro-
moter DNA methylation-hydroxymethlation. Activation of Rac1 is an early event in the pathogenies of diabetic 
retinopathy, and sustained activation of Rac1-Nox2-ROS damages the mitochondria, initiating a self-propagating 
a vicious cycle of free radicals. In the later stages of diabetic retinopathy, via regulating angiogenic signaling 
pathways of VEGF and hypoxia-inducible factors, Rac1 could contribute to the  neovascularization40. In addition, 
Rac1 activation also contributes to platelet aggregation by affecting platelet actin cytoskeleton  rearrangements41. 
Thus, regulation of Rac1 gene expression by targeting the machinery responsible for its epigenetic modifications, 
e.g., Suv39H1, could prevent both histone and DNA methylation, ameliorating abnormalities in vascular and 
platelet dysfunction associated with diabetic retinopathy, and ultimately, slowing down/halting its progression.

Methods
Retinal endothelial cells. HRECs, obtained from Cell Systems Corporation (Cat. No. ACBRI 181, Cell 
Systems Corp, Kirkland, WA, USA), were cultured in Dulbecco’s modified Eagle medium (DMEM) containing 
12% heat-inactivated fetal bovine serum, endothelial cell growth supplement (15 µg/ml), insulin/transferrin/
selenium (1%), Glutamax (1%) and antibiotic/antimycotic (1%) in an environment of 95%  O2 and 5%  CO2, as 
described  previously42,43. Cells from 6th–9th passage were incubated in 5 mM (NG) or 20 mM (HG) D-glucose 
for 96 h. Parallel osmotic/metabolic control included HRECs incubated in 20 mM L-glucose.

A batch of HRECs from 6th-7th passage were transfected with two independent siRNA pools of Suv39H1 (Cat 
No: AM4611, siRNA ID: 117147; 117149, Thermofisher Scientific, Waltham, MA, USA) using Lipofectamine™ 
RNAiMAX Transfection Reagent (Cat. No. 13778150, Invitrogen™, Carlsbad, CA, USA)42, or with Dnmt1-siRNA 
(Cat. No. SC-35204, Santa Cruz Biotechnology, Santa Cruz, CA, USA), using their transfection reagent (Cat. No. 
SC-29528, Santa Cruz Biotechnology). The transfected cells were incubated in 5 mM or 20 mM D-glucose for 
96 h. The transfection efficiency was evaluated by quantifying mRNA levels by SYBR green-based quantitative 
real time PCR (qRT-PCR). While cells transfected with Suv39H1-siRNA ID: 117147, had ~ 75% reduction in its 
mRNA, cells transfected with ID 117149 had less than 40% reduction; Suv39H1-siRNA ID: 117147 was used in 
the subsequent experiments.

Mouse. Seven to eight weeks old C57BL/6 J mice (either sex) were made diabetic by streptozotocin injection 
(55 mg/kg BW for 4 consecutive days). Mice with blood glucose over 250 mg/dl two days after the last injec-
tion were considered diabetic. Soon after establishment of diabetes, mice were divided in four different groups, 
while mice in group 1 remained diabetic, mice in groups 2 and 3 received intravitreal administration of two 
independent Suv39H1-siRNA pools (ID: MSS238068 and MSS277491 respectively, Thermofisher Scientific), and 
mice in group 4 received Dnmt1-siRNA (ID: MSS203624; Thermo Fisher Scientific)12. Briefly, 2 µg siRNA was 
suspended in 2 µl nuclease free water and mixed with Invivofectamine (Cat. No. IVF 3001, Invitrogen, Carlsbad, 
CA, USA). The right eye received siRNA and the left eye received a medium GC content negative control siRNA 
(Cat. No. 12935-300, Thermo Fisher Scientific), as reported  previously12,44. Four weeks after administration of 

Figure 7.  Working model: Diabetes activates Suv39H1, and this increases H3K9me3 at Rac1 promoter, creating 
a mark on the chromatin for Dnmt1 binding. Concomitant activation of Dnmts and Tets hydroxymethylates 
5mC to 5 hmC, facilitating the binding of the transcription factor and induction of Rac1 transcription. 
Activation of Rac1-Nox2-ROS damages the mitochondria, ultimately leading to the development of diabetic 
retinopathy.
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siRNA, the mice were sacrificed, and the retina was quickly isolated. Age-matched normal mice and diabetic 
mice, without any siRNA, served their controls. The treatment on animals is in accordance with the Association 
for Research in Vision and Ophthalmology Resolution on the Use of Animals in Research. The experimental 
protocols followed were approved by Wayne State University’s Animal Care and Use Committee, and all meth-
ods are reported in accordance with ‘Animal Research Reporting of In Vivo Experiments (ARRIVE)’ guidelines.

Retinal microvessels were prepared by incubating the retina in 5 ml de-ionized water for 60 min in a shaking 
water bath at 37 °C. The nonvascular tissue was gently removed under the  microscope9,12.

Chromatin immunoprecipitation (ChIP): H3K9 methylation and the binding of Suv39H1 and Dnmt1 at 
the Rac1 promoter was determined by ChIP assay using cross-linked samples sonicated in ChIP lysis buffer. 
Protein-DNA complex (100 µg) was immunoprecipitated with antibodies (3 µg each) against either Suv39H1 
(Cat No.05-615, Millipore, Billerica, MA, USA) or H3K9me2, H3K9me3 or Dnmt1 (Cat No. ab1220, ab8898 
and ab13537, respectively, Abcam, Cambridge, MA, USA). Each experiment included an antibody control, 
where the samples were immunoprecipitated with IgG (Cat. No. ab171870, Abcam). The immunoprecipitated 
complex was captured using Protein A Agarose/Salmon Sperm DNA (Cat. No. 16157, EMD Millipore, Temecula, 
CA, USA), washed and de-crosslinked at 65 °C for 6 h, followed by DNA isolation with phenol: choloroform: 
isoamylalcohol, using the methods reported  previously12,16,42. Relative abundance of the target at the promoter 
was quantified by qRT-PCR using Rac1 promoter specific primer (Table 1). The target values were normalized 
to the input controls to obtain fold change.

Gene transcripts were quantified by qRT-PCR using gene/species-specific primers (Table 1), and the specific 
products were confirmed by SYBR green single melt curve analysis. The results were normalized to the expres-
sion of the housekeeping gene β-actin (human) or 18S (mice), and the relative fold change was calculated using 
delta delta Ct  method12,44.

Quantification of 5hmC: Genomic DNA was isolated using Qiagen DNA isolation kit (Qiagen, Valencia, CA, 
USA), and immunoprecipitated with 5hmC antibody. The level of 5hmC was quantified using hydroxymethyl-
ated DNA Immunoprecipitation (hMeDIP) kit (Cat. No. P-1038, EPIGENTEK, Farmingdale, NY, USA). The 
enrichment of 5hmC at the Rac1 promoter was analyzed by qRT-PCR using specific  primers12.

Localization of H3K9me3, Dnmt1, and Rac1 was performed by immunofluorescence technique using unla-
beled H3K9me3 rabbit primary antibody (Cat. no. ab8898), DyLight® 488 (Cat. no. ab201799) conjugated Dnmt1 
(Cat. no. ab13537) mouse primary antibody, and DyLight® 350 (Cat. no. ab201797) conjugated Rac1 (Cat. no. 
ab33186) mouse primary antibody, each antibody at 1:100 dilution. Texas red-conjugated anti-rabbit (1:100 dilu-
tion) secondary antibody was used to counter stain H3K9me3. The coverslips were mounted on using Vectashield 
mounting medium (Cat. no. H-1000, Vector Laboratories, Burlingame, CA, USA), and images were captured 
by Zeiss microscope at 40 × magnification using the Apotome module. The line represents the region of interest 
used to quantify the arithmetic mean intensity per channel using Zeiss software module.

Table 1.  Primer sequences.

Gene Sequence (5′–3′)

Human

Rac1 promoter (-113 to 30)
CTT CCG AGC ATT CCC GAA GTC 

AAT GGC CGC TCC ACT CAC 

Rac1 CGC CCC CTA TCC TAT CCG CA
GAA CAC ATC GGC AAT CGG CTTGT 

Suv39H1
ATG GCT GTA CGT GGT TAC GG

CTG CAG CCT GTC AGT GGG 

Dnmt1
AGT CCG ATG GAG AGG CTA AG

TCC TGA GGT TTC CGT TTG GC

β-actin
AGC CTC GCC TTT GCC GAT CCG 

TCT CTT GCT CTG GGC CTC GTCG 

Mouse

Rac1 promoter (− 957 to − 1061)
CGG AAC CCC GTG GTC AAT AA

CCC ACA AGA CGA CAG GGA AA

Rac1
CAC GAC CAA TGC ATT TCC TGG 

AAG AAC ACG TCT GTC TGC GG

Suv39H1
TGT CAA CCA TAG TTG TGA TCC 

ATT CGG GTA CTC TCC ATG TC

Dnmt1
CCT AGT TCC GTG GCT ACG AGG AGA A

TCT CTC TCC TCT GCA GCC GAC TCA 

18S
GCC CTG TAA TTG GAA TGA GTC CAC TT

CTC CCC AAG ATC CAA CTA CGA GCT TT
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Statistical analysis. Results are presented as mean ± SD, and group comparison were made using one-way 
ANOVA followed by Dunn’s test, and a P value less than 0.05 was considered significant.
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