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Abstract  10 

R-loops are both regulators in many cellular processes and threats to genome integrity. 11 

Understanding the mechanism underlying regulation of R-loops is very important. Inspired by the 12 

findings of RNase H1-mediated R-loop formation, we focus our interest on the regulation of RNase 13 

H1 recruitment and expression. Here we report that G9a not only boosts the recruitment of RNase 14 

H1 to reduce R-loop accumulation at the rDNA site, but also positively regulates RNase H1 15 

expression, whereas CHCHD2 prevents RNase H1 from being recruited to rDNA site and acts as a 16 

repressive transcription factor to inhibit the expression of RNase H1 to increase R-loop formation. 17 

We also found that G9a methylated the promoter of the RNase H1 gene, which inhibited the binding 18 

of CHCHD2. By contrast, when G9a was knocked down, the recruitment of CHCHD2 and Sirt1 to 19 

the RNase H1 promoter increased, which co-inhibited the RNase H1 transcription. Furthermore, 20 

G9a could directly bind CHCHD2, possibly decreasing free CHCHD2. Sirt1 could interact with 21 

CHCHD2 and functioned as a repressor suppressing transcription of the RNase H1 gene. 22 

Knockdown of Sirt1 led to binding of more G9a to the RNase H1 promoter. Taken together, we 23 

demonstrate that G9a regulates the expression of RNase H1 to maintain the steady-state balance of 24 

R-loops by suppressing CHCHD2 and Sirt1 corepressors being recruited to the target gene promoter.  25 

Introduction 26 

The major function of the nucleolus is to transcribe ribosomal RNA (rRNA) and to assemble 27 

ribosome subunits; this process must be tightly regulated to achieve proper cellular proliferation and 28 

growth (Boisvert et al., 2007). The rRNA transcription abundance controls ribosome biogenesis and 29 



thus influences protein synthesis capacity, which regulates the cell growth and division rate in 30 

response to cellular stimuli (Mayer and Grummt, 2006). The rDNA gene is a region with highly 31 

active transcription, and the R-loop formation is a natural and frequent event during rRNA 32 

transcription (Aguilera and García-Muse, 2012; Grierson et al., 2012; Xu et al., 2017). R-loops 33 

consist of a nascent RNA transcript and non-coding DNA strand hybrid and a single-stranded coding 34 

DNA (Marjorie et al., 1976). R-loops as the powerful regulators play an important role in many 35 

cellular processes including gene expression regulation, transcription termination, DNA repair, 36 

telomere maintenance, Okazaki fragment maturation and immunoglobulin class-switch 37 

recombination (Skourti-Stathaki and Proudfoot, 2014). Formation of R-loops also as threats impairs 38 

DNA replication, triggers DNA damage and often causes genomic instability (Crossley et al., 2019). 39 

R-loops formed during episodes of cellular dysregulation have been linked to several human 40 

pathologies such as neurodegenerative diseases and cancer (García-Muse and Aguilera, 2019). R-41 

loop structures could be removed from the genome by Ribonuclease H (Wahba et al., 2011), 42 

topoisomerases (Tuduri et al., 2009) and RNA helicases (Mischo et al., 2011). Specially, RNase H1 43 

activity has been linked to the removal of R-loops in human rDNA and loss of RNase H1 causes 44 

RNA polymerase I (RNAP I) transcription-associated R-loop accumulation in the nucleus (Shen et 45 

al., 2017) . Together, these lines of evidence demonstrate that RNase H1 plays an important role in 46 

R-loop decomposition at the rDNA locus. 47 

Dimethylated histone H3 lysine 9 (H3K9me2) is a critical epigenetic mark for gene repression 48 

and silencing (Tachibana et al., 2008) , and plays an essential role in carcinogenesis, ageing and 49 

neurodegeneration (Chen et al., 2006; Ding et al., 2013; Yuan et al., 2020; Zheng et al., 2019). 50 

Mutation of H3K9me-depositing histone methylation transferase in Caenorhabditis elegans shows 51 

a possible link with increased R-loops in genomic repeated elements (Zeller et al., 2016). 52 

Fragmented nucleoli are found in Su(var) mutant cells and the H3K9 methylation and RNAi 53 

pathways are required for the normal organization of nucleoli in Drosophila (Peng and Karpen, 54 

2007). Our previous study showed that loss of H3K9me2 caused the increase in R-loop formation 55 

at the rDNA region along with the block of rRNA transcription, which in turn led to nucleoli 56 

dispersion (Zhou et al., 2020). G9a (KMT1C, EHMT2) and GLP (KMT1D, EHMT1) are two highly 57 

homologous mammalian lysine methyltransferases (KMTs), which form functional heterodimeric 58 

complexes that establish monomethylation and dimethylation on histone H3 lysine 9 (H3K9me1, 59 



H3K9me2) in euchromatin, bearing a catalytic SET domain and ankyrin repeats involved in protein–60 

protein interactions and methyl-lysine binding (Battisti et al., 2016; Tachibana et al., 2002; 61 

Tachibana et al., 2005). G9a facilitates transcription complex assembly and rRNA transcription due 62 

to the interaction with RNAP I and promoting changes of epigenetic marks in rDNA promoter (Yuan 63 

et al., 2007). R-loops induce antisense transcription over pause-site termination regions in 64 

mammalian protein-coding genes, which in turn leads to the generation of double-stranded RNA 65 

and the recruitment of DICER, AGO1/2 and G9a. H3K9me2 repressive mark is formed and 66 

heterochromatin protein 1γ (HP1γ) is recruited, which reinforces RNA polymerase II (RNAP II) 67 

pausing before efficient transcriptional termination (Skourti-Stathaki et al., 2014). However, the 68 

mechanism underlying G9a regulating RNAP I transcription-associated R-loop formation in human 69 

rDNA gene still needs to be further refined.  70 

Sirt1 is a nicotinamide adenine dinucleotide (NAD+)-dependent deacetylase that is located 71 

mainly in the nucleus and involved in the regulation of the epigenetic modification, senescence, 72 

cancer and metabolism (Fang et al., 2019; Herskovits and Guarente, 2014; Rahman and Islam, 2011). 73 

Sirt1 is critically required for chromosome remodeling by deacetylating lysine residues on histones 74 

and acting on some transcription factors and cofactors (Vaquero et al., 2004). In yeast, 75 

heterochromatin formation at the ribosomal DNA (rDNA) locus is also controlled by an NAD+-76 

dependent deacetylase Sir2p (Buck et al., 2002). A study shows that human Sirt1 suppresses the pre-77 

rRNA levels in the nucleolus and nucleoplasmic/nucleolar shuttling is required in order for Sirt1 to 78 

act in the nucleolus (Murayama et al., 2008). Mitotic repression of RNAP I transcription correlates 79 

with transient nucleolar enrichment of Sirt1, which deacetylates TAFI68 (another subunit of RNAP 80 

I specific transcription factor SL1). Hypoacetylation of TAFI68 destabilizes SL1 binding to the 81 

rDNA promoter, thereby impairing transcription complex assembly (Voit et al., 2015). Taken 82 

together, epigenetic control of rDNA loci is closely related to Sirt1, but whether Sirt1 is involved in 83 

R-loop regulation during rRNA transcription remains poorly understood. 84 

The coiled-coil-helix-coiled-coil-helix domain-containing protein 2 (CHCHD2) which is also 85 

named mitochondria nuclear retrograde regulator 1(MNRR1) is a multifunctional protein found in 86 

both the mitochondrion and the nucleus. CHCHD2 plays an important role in regulating 87 

mitochondrial metabolism and affecting synthesis of respiratory chain component (Grossman et al., 88 

2017; Meng et al., 2017; Purandare et al., 2018). In the mitochondrion, CHCHD2 functions in a 89 



novel way by binding to cytochrome c oxidase (COX), which stimulates respiration (Aras et al., 90 

2015). In the nucleus, CHCHD2 as a transcription factor trans-activates nuclear coding genes and 91 

binds to a novel promoter element that contains a highly conserved motif termed the oxygen-92 

responsive element (ORE) in the COX subunit 4 isoform 2 (COX4I2), increasing transcription at 4% 93 

oxygen (Aras et al., 2013). Based on the blast analysis of the RNase H1, G9a and Sirt1 Interaction 94 

Protein Database, we focused on CHCHD2 as intersection and speculated that it might be involved 95 

in regulating R-loop formation in human rDNA.  96 

Here, we report that CHCHD2 suppresses recruitment and expression of RNase H1, leading to 97 

R-loop accumulation at the rDNA locus. CHCHD2 can form a complex with Sirt1, which binds to 98 

the RNase H1 promoter under depleting of G9a. By contrast, G9a is required for RNase H1 99 

transcription because it can prevent CHCHD2 and Sirt1 from binding to the promoter, and G9a can 100 

interact with CHCHD2 to reduce free CHCHD2. Furthermore, G9a boosts the recruitment of RNase 101 

H1 to reduce R-loop accumulation at the rDNA site. Taken together, our results reveal that G9a, 102 

CHCHD2 and Sirt1 as a regulatory module act on RNase H1 to control R-loop formation at human 103 

rDNA sites. 104 

Materials and Methods 105 

Drug treatment   106 

BIX 01294 (S8006), BRD4270 (S7591) and EX 527 (S15421) from Selleck (Shanghai, China) were 107 

dissolved in DMSO, respectively. Stock solutions were stored at -20°C and diluted to the respective 108 

experimental concentrations with phosphate buffer saline (PBS) prior to use.  109 

Antibodies 110 

Antibodies specific for fibrillarin (ab166630, Abcam, Cambridge, UK), RNaseH1 (15606-1-AP, 111 

Proteintech, Wuhan, China), CHCHD2 (CoIP: 19424-1-AP, Proteintech, Wuhan, China), CHCHD2 112 

(IF & WB: 66302-1-Ig, Proteintech, Wuhan, China) , G9a (IF & CoIP: ab183889, Abcam, 113 

Cambridge, UK), G9a (WB: 66689-1-Ig, Proteintech, Wuhan, China), Sirt1 (07-131, Millipore, 114 

USA), α-tubulin (AF0001, Beyotime, Shanghai, China), H3 (AF0009, Beyotime, shanghai, China), 115 

H3 (ab1791, Abcam, Cambridge, UK), H3K9ac (ab10812, Abcam, Cambridge, UK), H3K9me2 116 

(ab1220, Abcam, Cambridge, UK), DNA-RNA Hybrid S9.6 (ENH001, Kerafast, Boston, MA, 117 

USA), GST (66001-2-Ig, Proteintech, Wuhan, China), His (66005-1-Ig, Proteintech, Wuhan, 118 



China), pan-Acetylation (3067, DIA-AN, Wuhan, China) were used in this study. The other 119 

antibodies were as follows: Cy3 Goat Anti-Mouse IgG (H+L) (A22210, Abbkine, Wuhan, China), 120 

FITC Goat Anti-Rabbit IgG (H+L) (A22120, Abbkine, Wuhan, China), Cy3 Goat Anti-Rabbit IgG 121 

(H+L) (AP132C, Sigma), FITC Goat Anti-Mouse IgG (H+L) (F0257, Sigma). 122 

Cell culture  123 

The HeLa cells and 293T cells were purchased from the China Center for Type Culture Collection 124 

and cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum, 125 

penicillin (20 units/mL) and streptomycin (20 units/mL). 2 µg/mL of puromycin (P012-25mg, 126 

MDBio, Qingdao, China) was added to the medium for the culture of the stable shG9a, shCHCHD2 127 

and shSIRT1 cell lines. All cells were tested negative for cross-contamination of other human cells 128 

and mycoplasma contamination. 129 

Plasmid and Transfection 130 

The shRNA oligonucleotides against target genes G9a, CHCHD2-isoform1, CHCHD2-isoform2 131 

and Sirt1 were cloned into pLKO.1-TRC Cloning vector (Addgene Plasmid 10878. Protocol Version 132 

1.0. December 2006.). Independent shRNA oligonucleotides were designed with a 5’-AgeI 133 

restriction site overhang on the top strand and a 5’-EcoRI restriction site overhang on the bottom 134 

strand. Each strand contained hairpin loop (CTCGAG), terminator (TTTTT). Puromycin inducible 135 

shRNA was used to generate stable RNA-expressed HeLa cell lines. HeLa (2 ×105) cells were 136 

seeded into a 6-well plate and transfected with 2 μg pLKO.1-shRNA using Lipofectamine 2000 137 

(#11668-019, Invitrogen, Carlsbad, California, USA), after which the stably transfected cells were 138 

selected in media containing 3 μg/mL of puromycin (P012-25mg, MDBio, Qingdao, China). The 139 

siRNA against Human RNase H1, Human G9a and the negative control sequence were synthesized 140 

by GenePharma (Suzhou, China). The shRNA oligonucleotide sequences and siRNA sequences 141 

were shown in Supplementary Table 1. The pEGFP-hG9a (Addgene ID 330025) and pEGFP-142 

ΔSET-hG9a (Addgene ID 330026) plasmids were obtained from Addgene. The sequences for the 143 

CHCHD2-isoform1 protein were synthesized by Genewiz (Suzhou, China) and were cloned into 144 

pcDNA3.1-3flag vectors. The full-length coding sequences of target genes, CHCHD2-isoform2, 145 

Sirt1, RNase H1,were amplified from human cDNA and constructed into pcDNA3.1-3flag vectors. 146 

For the luciferase assay, human genomic DNA was prepared, and the RNase H1 promoter or 147 

CHCHD2 promoter region was inserted into the pGL3-basic vector (Promega). The promoter 148 



sequences were amplified using the PCR primers shown in Supplementary Table 2. The above 149 

siRNA and plasmid transfections were carried out using Gene Twin (#TG101-02, Biomed, Beijing, 150 

China) and Lipofectamine 2000 (#11668-019, Invitrogen, Carlsbad, California, USA) respectively, 151 

according to the manufacturer’s instructions. Plasmids for protein interactions: the full-length 152 

coding sequences of target genes G9a, CHCHD2-isoform1, CHCHD2-isoform2 and Sirt1 were 153 

constructed into pGADT7 or pGBKT7 vectors, respectively, for yeast two-hybrid experiments. G9a 154 

and Sirt1 were cloned into pGEX-4T-1(with GST tag), respectively, and CHCHD2-isoform1 and 155 

CHCHD2-isoform2 were cloned into pMAL-C2X vectors (with His tag), respectively, for the 156 

subsequent prokaryotic expression, purification in vitro and GST-pulldown experiments. 157 

DRIP assay 158 

DRIP assays were performed with some modifications according to the method reported (Ginno et 159 

al., 2012; Parajuli et al., 2017). Total nucleic acids were extracted from HeLa cells by 160 

SDS/Proteinase K treatment at 37 °C followed by phenol-chloroform extraction and ethanol 161 

precipitation. For RNase H treated controls, nucleic acids were treated with 75 U/mL of RNase H 162 

(EN0202, Thermo Scientific, Lithuania) overnight at 37ºC and re-precipitated prior to sonication. 163 

Purified DNA was resuspended in 500 ul TE buffer, and sonicated with Covaris™ S220 (with 164 

settings at Peak Power:100.0, Duty Factor: 5.0, Cycles/Burst: 200, and Avg.Power:5.0) for 2 min to 165 

generate ~250-bp-long DNA. Five micrograms of DNA were immunoprecipitated overnight at 4°C 166 

with 5 µg of S9.6 antibody in incubation buffer (20 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM 167 

EDTA, 0.2 mM PMSF, 0.2 mM DTT). Immunoprecipitated proteins were bound to rProtein A 168 

Sepharose Fast Flow (17-1279-03, GE Healthcare, Uppsala, Sweden) for 3 h, washed three times in 169 

washing buffer (50 mM Tris-HCl pH 7.5, 10 mM EDTA, 50 mM NaCl; 100 mM NaCl; 150 mM 170 

NaCl), and then eluted with 50 mM Tris-HCl (pH 7.5), 10 mM EDTA, 50 mM NaCl, 1%SDS and 171 

20 µg proteinase K for 60 min at 55°C. Immunoprecipitated DNA was analyzed by quantitative 172 

PCR using the primers listed in Supplementary Table 3. DNA in the immunoprecipitates was 173 

compared with input DNA, and the difference between untreated and RNase H-treated samples is 174 

presented as DRIP signals. 175 

ChIP assay 176 

ChIP was performed according to the method reported by Cong et al. (Cong et al., 2012). HeLa (8 177 

×105) cells were washed twice with 1×PBS after 48 h of transfection, formaldehyde fixed and then 178 



lysed with 1 mL lysis buffer (1 mM Tris-HCl pH 7.5, 1% SDS, 0.2 mM EDTA, 0.1 mM PMSF, 0.1 179 

mM DTT, 0.1% Protease Inhibitor Cocktail (P8340-1ML, Sigma)). The genomic DNA dissolved in 180 

lysis buffer was sonicated to 500-750 bp by ultrasonic fragmentation, of which 40 µl was used as a 181 

positive control, the remaining was divided into two and added into equal volumes of incubation 182 

buffer (consistent with the composition of the incubation buffer used in the DRIP assay), which 183 

were blocked with rProtein A Sepharose Fast Flow and Normal Rabbit Serum (BMS0090, Abbkine, 184 

Wuhan, China) to remove non-specific antibodies. After centrifugation, the supernatant was 185 

incubated overnight at 4°C with antibody and then bound with protein A for 3 h. IgG-Rb (A7016, 186 

Beyotime, Shanghai, China) was used as a negative control for mock immunoprecipitation. The 187 

precipitate after centrifugation was washed three times with a gradient of 1 mL washing buffer 188 

(consistent with the composition of the incubation buffer used in the DRIP assay), and then eluted 189 

with 60℃ preheated elution buffer (20 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM EDTA, 0.2 mM 190 

PMSF, 0.2 mM DTT, 1% SDS). The resulting eluate was incubated with 200 mM NaCl and 20 µg 191 

of proteinase K at 55°C for 6 h for decrosslinking followed by 20 µg of RNase A for 30 min at 37 °C. 192 

The DNA was then precipitated according to the DNA purification procedure, and the precipitate 193 

was subjected to quantitative PCR using the primers shown in Supplementary Table 3.  194 

Real-time quantitative PCR 195 

RNA extraction and real-time quantitative PCR (RT-qPCR) were carried out according to the 196 

method reported (Zhou et al., 2020). Briefly, cells cultured in six-well plates were digested and lysed 197 

by 1 mL of Trizol per well, followed by extract. The RNA sample was dissolved in RNA-enzyme-198 

free double-distilled water and frozen at -80℃ for subsequent experiments. The total RNA obtained 199 

was reverse transcribed to cDNA by HiScript® Ⅱ 1st Strand cDNA Synthesis Kit (R212-01/02, 200 

Vazymes, Nanjing, China), which was used as a template for real-time fluorescence quantification 201 

using iTaq Universal SYBR® Green Supermix (#1725124, Bio-Rad, California, USA) in a StepOne 202 

Plus real-time PCR system (Applied Biosystems, Carlsbad, California, USA). The amplification 203 

conditions were 95°C for 2 min, 95°C for 5 s, 59°C for 15 s and 72°C for 20 s, and the last three 204 

steps were performed for 40 cycles. The genes for double quantification controls were GAPDH and 205 

β-actin, and the primers were shown in the Supplementary Table 4. 206 

Immunofluorescence staining 207 

Immunofluorescence staining was performed as previously described (Zhou et al., 2020). Cells 208 



cultured on slides were washed with 1×PBS to remove the medium, fixed with 4% 209 

paraformaldehyde for 10 min, washed three times with 1xPBS, permeabilized with 0.5% Triton X-210 

100 for 25 min, washed three times with 1xPBS, blocked with 3% BSA at room temperature for 1 211 

h, incubated with the antibody overnight at 4°C, washed three times with PBS and then combined 212 

with the secondary antibody labeled with Cy3 and FITC for 2 h at 37℃. The nuclei were detected 213 

by DAPI staining and the other fluorescence was observed by fluorescence microscopy equipped 214 

with Cy3, FITC filter. 215 

Western blot analysis  216 

Total proteins extracted from the treated cells using extraction buffer (100 mM Tris-HCl pH 7.5, 50 217 

mM NaCl, 5 mM EDTA ,1 mM PMSF and 1 mM DTT) were separated by electrophoresis in a SDS-218 

page gel. Then the proteins were transferred to PVDF membranes, blocked by 5% milk at room 219 

temperature for 2 h and incubated overnight at 4°C together with antibodies. The immunoreactive 220 

bands were observed by chemiluminescence after binding of the corresponding secondary antibody. 221 

The secondary antibodies were the horseradish peroxidase (HRP) labeled goat anti-mouse IgG 222 

(A0126, Beyotime, Shanghai, China,) and the HRP labeled goat anti-rabbit IgG (A3327, Beyotime, 223 

Shanghai, China). Immunoreactivity was determined using the ECL method (K-12045-D50, 224 

advansta, California, USA) according to the manufacturer’s instructions (Zhou et al., 2021). 225 

Luciferase reporter assays 226 

The promoter of the target gene was constructed into the pGL3 plasmid with the firefly luciferase 227 

gene, and the plasmid phRL-TK with the renilla luciferase gene was used as a control to co-transfect 228 

into cells with the reporter gene. The total protein was obtained by lysing the cells with the lysis 229 

solution in the dual fluorescence assay kit (E1910, Promega, Madison, USA). The firefly 230 

fluorescence signal was first generated when the Luciferase Assay Reagent II was added through 231 

automatic sample injection system, after quantifying the intensity of firefly fluorescence. The 232 

Stop&Glo Reagent was added to the same sample to quench the above reaction and simultaneously 233 

initiate the renilla luciferase reaction for a second measurement, and the ratio obtained from the two 234 

measurements in the Spectramax ID5 multi-mode microplate reader (Molecular Devices, California, 235 

USA) was used for later analysis. The activity of the co-transfected TK-Renilla luciferase plasmid 236 

was used as a transfection efficiency indicator to normalize the firefly luciferase. Extracts from at 237 

least three independent transfection experiments were assayed in triplicate. The results are shown 238 



as means ±SD (Farr and Roman, 1992; Sherf et al., 1996).  239 

GST-Pull down 240 

The proteins CHCHD2-1 with a His tag, CHCHD2-2 with a His tag, G9a with a GST tag and Sirt1 241 

with a GST tag were expressed in Escherichia coli (BL21) and purified using the His tag protein 242 

purification kit (P2226, Beyotime, Shanghai, China) or the GST tag protein purification kit (P2262, 243 

Beyotime, Shanghai, China). The GST-Pull down assays were carried out according to the method 244 

reported by Einarson et al. (Einarson et al., 2007). The proteins carrying those two tags were 245 

incubated together with equal amounts of pulldown binding buffer (50 mM Tris-HCl pH 8.0, 250 246 

mM NaCl, 1 mM EDTA, 1% NP-40, 10 mM MgCl2, 0.2 mM PMSF and 0.2 mM DTT) and 50 μL 247 

of BeyoGold TM GST-tag Purification resin (rinsing three times in pulldown binding buffer) for 2 h 248 

at 4°C with end-over-end mixing. Centrifuge the samples at 13,000 rpm for 10 s at 4°C in a 249 

microcentrifuge and wash the beads 6 times with 1 mL of ice-cold washing buffer (50 mM Tris-HCl 250 

pH 8.0, 300 mM NaCl, 1 mM EDTA, 1% NP-40,10 mM MgCl2, 0.2 mM PMSF and 0.2 mM DTT). 251 

Discard the washes, and then detect with antibodies specific for the tag and the target protein by 252 

western blot analysis. 253 

Co-IP assay 254 

Co-IP was performed according to the previously described protocol (You et al., 2019). HeLa (6×105) 255 

Cells transfected for 48 h were digested with trypsin and collected, followed by washing twice with 256 

1×PBS. These cells were lysed for 2 h by 1.5 mL buffer A (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 257 

5 mM EDTA, 0.5% NP-40, 0.2 mM PMSF, 0.2 mM DTT, 0.2% Protease Inhibitor Cocktail (P8340-258 

1ML, Sigma)), centrifuged at 12,000 g for 10 min and the supernatant was extracted, of which 300 259 

µL was used as a positive control. The remaining supernatant was blocked with 100 µL rProtein A 260 

Sepharose Fast Flow (17-1279-03, GE Healthcare, Uppsala, Sweden) for 2 h. After centrifugation, 261 

the supernatant was extracted again and divided into two equal volumes, one with 2-3 µg of the 262 

target protein antibody and one with the homologous IgG (IgG-Rb (A7016, Beyotime, Shanghai, 263 

China), IgG-mouse (Q-6004, DIA-AN, Wuhan, China)) for negative control, and mixed overnight 264 

at 4°C in an inverted shaker. Then, 50 μL rProtein A Sepharose Fast Flow was added to bind to the 265 

antibody for 2 h. The above antigen-antibody-protein A bead complex was centrifuged at 3000 g for 266 

10 min, and the precipitate was washed with 1 mL buffer A and buffer B (20 mM Tris-HCl pH 8.0, 267 

250 mM NaCl, 5 mM EDTA, 0.5% NP- 40, 0.2 mM PMSF, 0.2 mM DTT, 0.2% Protease Inhibitor 268 



Cocktail) three times, respectively. The protein bound on the agarose (beads) was eluted with 269 

glycine buffer (0.2M, pH 2.2) for subsequent SDS-PAGE analysis.  270 

In vitro and vivo acetylation detection 271 

The acetylation detection was carried out according to the previously described protocol (You et al., 272 

2019). Sirt1 with GST tag expressed in BL21 were in vitro incubated with the purified CHCHD2-273 

isoform1 and CHCHD2-isoform2 proteins in the deacetylase buffer (10 mM Tris-HCl pH-8.0, 150 274 

mM NaCl, 10% glycerol) for 2 h at 37°C. Then, the reaction was stopped by stop buffer (1 M HCl, 275 

0.16 M acetic acid). The above components mixed with equal amounts of loading buffer were 276 

separated by electrophoresis in SDS-page gel. Sirt1 deacetylation function was detected by western 277 

blot analysis with the pan-acetylation antibody (3067, DIA-AN, Wuhan, China). The experimental 278 

procedure for in vivo acetylation detection is the same as Co-IP. After knocking down or 279 

overexpressing Sirt1 protein in HeLa cells, those cells were lysed in buffer A, then the cell lysate 280 

was mixed with acetylated lysine antibodies at 4 °C for overnight followed by the addition of 281 

rProtein A Sepharose Fast Flow. Immunocomplexes were washed by 1 mL buffer A and 1mL buffer 282 

B three times, respectively, and subjected to western blot. 283 

Yeast two-hybrid analysis 284 

Yeast two-hybrid analysis was performed according to the Matchmaker GAL4 Two-Hybrid System 285 

3 manufacturer’s manual (Clontech, California, USA). The target genes were constructed into the 286 

prey plasmid pGAD-T7 and the bait plasmid pGBK-T7, and the constructed vectors were co-287 

transformed into Saccharomyces cerevisiae strain AH109 by using the super yeast transformation 288 

kit (SK2401-200, Coolaber, Beijing, China). Transformants were grown on synthetic medium plates 289 

(SD medium) lacking Trp and Leu (SD / -Trp-Leu) at 30°C for 2 d, and colonies with good growth 290 

status were selected, diluted with sterile water and recultured on medium plates (SD / -Trp-Leu-His 291 

-Ade). 292 

Statistical analysis  293 

The data and error bars were calculated from three independent experiments. The data in this 294 

manuscript were analyzed for significant differences between the experimental groups and control 295 

groups using the t-test which was performed using the Microsoft Excel (2019). “Two tails” was used 296 

for the calculations of P values. “Type 2” was chosen for equivariance hypothesis between two 297 

groups. All the results were considered statistically significant when P < 0.05. 298 



Results 299 

G9a and CHCHD2 are involved in R-loop formation by mediating the recruitment 300 

of RNase H1 at the rDNA locus 301 

The study of R-loops and their degradation has sparked more attention in recent year, in which it 302 

has been shown that nuclear RNA–DNA hybrid levels increase upon human ribonuclease H1 303 

depletion (Parajuli et al., 2017; Shen et al., 2017). To measure the amount of RNA–DNA hybrids in 304 

the control group versus the RNase H1-depleted or RNase H1-overexpressed group, we performed 305 

DNA–RNA immunoprecipitation (DRIP) using the well-characterized RNA–DNA hybrid antibody 306 

S9.6. We conducted a real-time quantitative PCR at the rDNA locus (Figure 1A), of which the 18S 307 

rRNA-coding region (amplicon H4, H4-) and 28S rRNA-coding region (amplicon H8) are the hot 308 

spot for R-loop formation, and we found that RNase H1 regulates the formation of R-loops at the 309 

well-characterized hybrid-forming site. Analysis of the DRIP-qPCR signal from RNase H1-depleted 310 

cells revealed a significant 2~fold increase at amplicon H4/H4- and a 1.45~fold increase at amplicon 311 

H8 in R-loops compared with those in siNC cells (Figure 1B). As expected, RNase H1-312 

overexpressed cells showed a significant decrease in RNA–DNA hybrids compared with those in 313 

control cells (Figure 1 C). The specificity of the DRIP-qPCR approach was controlled by vitro 314 

treatment with RNase H, which compromised the DRIP signal (data not shown). Further dissection 315 

of the role that RNase H1 plays revealed that RNase H1 activity has been linked to the removal of 316 

R-loops in human rDNA.  317 

Our previous studies suggested that loss of H3K9 dimethylation (H3K9me2) triggered the R-318 

loop accumulation at the rDNA locus, which further led to the multilobed nucleoli, implying that 319 

H3K9 methyltransferase G9a was involved in regulation of the R-loop mediated structural integrity 320 

of nucleoli (Zhou et al., 2020). To investigate the G9a-mediated regulation of R-loop formation, we 321 

performed DRIP analysis at the rDNA region. Compared with the parental cells, the shG9a HeLa 322 

cells that stably suppressed G9a expression showed a significant increase in R-loop levels at the 323 

rDNA locus. Meanwhile, the cells that ectopically expressed G9a wild-type (G9a WT) showed the 324 

reduced R-loop levels at the rDNA locus; on the contrary, SET domain-deleted G9a (G9a ΔSET) 325 

failed to repress R-loop accumulation especially in amplicon H4/H8 (Figure 1D). Pretreatment with 326 

an in vitro RNase H enzyme led to a significant reduction of RNA–DNA hybrids in HeLa cells, 327 



confirming the specificity of the S9.6 antibody.  328 

In order to understand the mechanism underlying G9a-mediated regulation of R-loop formation, 329 

by blast analysis of the G9a Interaction Protein Database (Rolland et al., 2014), we found that an 330 

oxidative stress-related protein CHCHD2 (MNRR1) might be associated with G9a and involved in 331 

regulating R-loop formation. Thus, we examined the R-loop levels at the rDNA locus in the stable 332 

shCHCHD2 HeLa cells, and the DRIP-qPCR results confirmed that knockdown of CHCHD2 333 

repressed R-loop accumulation. By contrast, over-expression of CHCHD2-isoform2 increased R-334 

loop accumulation more than 2~fold compared with the control. Over-expression of CHCHD2-335 

isoform1 is less effective than CHCHD2-isoform2 in promoting R-loop formation at the rDNA site, 336 

especially at the amplicon H4- (Figure 1E). We further observed decreased R-loop levels at the 337 

amplicon H4-/H8 of rDNA locus when CHCHD2 was knocked down in the stable shG9a HeLa cells 338 

(Figure 1D). As a control for specificity, we pretreated the extracted nucleic acids with RNase H 339 

enzyme in vitro to degrade existing RNA–DNA hybrids. Altogether, these results suggest that low 340 

expression of G9a or high expression of CHCHD2 lead to R-loop enrichment at the rDNA locus, 341 

and CHCHD2 functions at the downstream of G9a. 342 

Considering that RNase H1, G9a and CHCHD2 are involved in the formation of RNA–DNA 343 

hybrids at the rDNA site, we focused our research on the relationship between RNase H1, G9a and 344 

CHCHD2. Endogenous RNase H1 ChIP showed that the recruitment of RNase H1 at the rDNA 345 

amplicon H4- was dependent on G9a regulation (Figure 1F). Compared with the shcon cells, the 346 

shG9a cells showed a significant decrease in RNase H1 recruitment. Meanwhile, the cells that 347 

ectopically expressed G9a WT showed a marked increase of RNase H1 occupancy; on the contrary, 348 

G9a ΔSET failed to promote RNase H1 recruitment. Interestingly, CHCHD2 also participated in the 349 

recruitment of RNase H1 at the rDNA amplicon H4- (Figure 1G). Knockdown of CHCHD2 boosted 350 

the recruitment of RNase H1 compared with the control, but over-expression of CHCHD2-isoform2 351 

reduced RNase H1 occupancy more than 2~fold at the amplicon H4-. Over-expression of CHCHD2-352 

isoform1 had no effect on attenuating recruitment of RNase H1. Together with the DRIP results, 353 

S9.6 ChIP was used to detect the R-loop levels and further supported the idea that G9a and CHCHD2 354 

are involved in R-loop formation by mediating the recruitment of RNase H1 at the rDNA locus. 355 

Additionally, immunoprecipitation with IgG failed to precipitate RNA–DNA hybrids and RNase H1, 356 

indicating that the signals we measured were bona fide RNA–DNA hybrids and RNase H1 357 



occupancy. 358 

RNase H1, G9a and CHCHD2 regulate rRNA transcription and fragmented 359 

nucleoli 360 

RNase H enzymes are endonucleases that cleave the RNA of RNA/DNA hybrids in a sequence-361 

independent manner (Cerritelli and Crouch, 2009), thus maintaining genome stability by resolving 362 

R-loops that form during transcription (Aguilera and García-Muse, 2012). The intrinsic link 363 

between R-loop enrichment and transcription elongation arrest is more complex than it appears 364 

(Chen et al., 2017; Hraiky et al., 2000; Huertas and Aguilera, 2003). Therefore, we used RT-qPCR 365 

assay to detect the direct effect of RNase H1 on rRNA transcription (Figure 2A). Our results indeed 366 

showed that knockdown of RNase H1 led to inhibition of rRNA transcription and overexpression 367 

of RNase H1 up-regulated rRNA transcription (Figure 2B, Supplementary Figure 2A). Clearly, 368 

there is a causal relationship between RNase H1-deletion mediated R-loop enrichment and rRNA 369 

transcription elongation arrest. In addition, our previous studies suggested that the decreased 370 

expression of RNase H1 triggered the formation of multiple nucleoli (Zhou et al., 2020) and RNase 371 

H1 is implicated in bigger rDNA constriction formation (Zhou et al., 2021). Those above results 372 

further confirmed that loss of RNase H1 causes RNAP I transcription-associated R-loop 373 

accumulation along with suppressing rRNA transcription to trigger disordered and fragmented 374 

nucleoli.  375 

Previous studies have shown that methylation of H3K9 by G9a is required for activation of 376 

RNAP I transcription (Yuan et al., 2007). As expected, the rRNA expression analysis showed that 377 

suppressing G9a expression led to a significant decrease in rRNA transcription (Figure 2C). 378 

However, knockdown of CHCHD2 upregulated rRNA transcription (Figure 2E). When CHCHD2 379 

was further knocked down in the stable knockdown G9a cell line, the expression of rRNA was 380 

significantly increased (Figure 2D). Since G9a and CHCHD2 are involved in R-loop formation by 381 

mediating the recruitment of RNase H1 at the rDNA locus. Based on the view that R-loop 382 

accumulation coupling with rRNA transcription arrest were involved in the disruption of the 383 

nucleolar structure (Zhou et al., 2020), we detected the stable shG9a HeLa cell line by using 384 

immunofluorescence staining with an antibody against the nucleolus marker fibrillarin, which is a 385 

nucleolar protein participating in pre-rRNA processing (Rodriguez-Corona et al., 2015). Generally, 386 

the normal interphase HeLa cell contains one to three nucleoli, but the nucleolar structure was 387 



obviously fragmented and the percentage of nuclei with more than three nucleoli was substantially 388 

increased in the transient G9a knockdown HeLa cells and the stable shG9a HeLa cells (Figure 2F). 389 

G9a ΔSET did not reduce the proportion of cells with abnormal nucleolar morphology in the stable 390 

G9a knockdown HeLa cells compared with G9a WT (Figure 2F). We previously investigated the 391 

effect of the G9a enzyme-specific inhibitor BIX-01294 (BIX) on R-loop accumulation at the rDNA 392 

locus (Zhou et al., 2020). In this study, we used BIX and another G9a inhibitor BRD4770 (BRD) to 393 

inhibit the methyltransferase activity of G9a (Kubicek et al., 2007; Yuan et al., 2012). Treatment of 394 

cells using these two inhibitors resulted in obvious nucleolar dispersion (Supplementary Figures 395 

1A and 1B). In addition, a high percentage of HeLa cells with multiple nucleoli can be observed 396 

after treatment with  lower concentration of BIX for 3 h (Supplementary Figure 1C). Under the 397 

same inhibitor treatment, the transcription of rRNA was also impeded (Supplementary Figure 2B). 398 

These results suggest that G9a regulates rRNA transcription and structure of nucleoli in a SET-399 

dependent manner. Simultaneously, we used the same way to detect the nucleolar structure of the 400 

transient CHCHD2 knockdown HeLa cells and the stable shCHCHD2 HeLa cells, but found there 401 

were no obvious fragmentation of nucleoli (Figure 2G, Supplementary Figure 1D and 1E). By 402 

contrast, high expression of CHCHD2 clearly led to nucleolus fission (Supplementary Figure 1D 403 

and 1E). When CHCHD2 was further knocked down in the stable shG9a cells, the percentage of 404 

nuclei with more than three nucleoli was reduced, suggesting that the original nucleolar morphology 405 

is restored by the loss of CHCHD2 (Figure 2G). Taken together, CHCHD2 is involved in the G9a-406 

mediated R-loop regulation at the rDNA site, where abnormal R-loop accumulation along with 407 

persistent rRNA transcription blocks triggers disordered and fragmented nucleoli.  408 

G9a promotes RNase H1 transcription and CHCHD2 represses its transcription 409 

Inspired by the findings of that G9a mediates transcriptional repression as a major epigenetic 410 

silencing mechanism (Tachibana et al., 2008) and CHCHD2 plays an important role in trans-411 

activating nuclear coding genes as a transcription factor (Aras et al., 2013), we speculated that the 412 

roles of G9a and CHCHD2 are not limited to the regulation of RNase H1 recruitment, but may even 413 

directly participate in the regulation of RNase H1 expression. As a result, we found that knockdown 414 

of G9a down-regulated RNase H1 transcription (Supplementary Figure 2D), and the siG9a or 415 

shG9a-#1 HeLa cells showed a decrease in H3K9me2 and RNase H1 protein levels (Figure 3A). 416 



Similar results were obtained in the 293T and A549 cells (Supplementary Figures 3C and 3D). 417 

When we precisely controlled the expression of G9a WT in shcon HeLa cells or stable shG9a HeLa 418 

cells, a marked increase in RNase H1 protein level was observed along with the gradient up-419 

regulation of G9a WT (Figure 3B). In order to explore the relationship between G9a enzyme 420 

activity and RNase H1 expression, we tested the RNase H1 mRNA level after 48 h of treatment with 421 

10 μM BIX or 10 μM BRD, and found that the mRNA level was down-regulated (Supplementary 422 

Figure 2C). Interestingly, when using western blot to detect the RNase H1 protein level after 48 h 423 

of treatment with different concentrations of BIX or BRD, we found that the RNase H1 protein 424 

showed a concentration-independent decrease (Supplementary Figure 3A). After combined 425 

treatment of different concentrations of BIX and BRD for 24 h, the level of RNase H1 proteins 426 

showed a significant decrease, especially in the combined treatment of 5 μM BIX and 10 μM BRD 427 

(Supplementary Figure 3B). To confirm the importance of G9a HMTase activity in activating 428 

RNase H1, we transfected the stable G9a knockdown HeLa cells with G9a WT or G9a ΔSET 429 

expression plasmids. We found that G9a ΔSET group did not show increased RNase H1 expression 430 

whereas the G9a WT group increased its expression (Figure 3C), indicating that G9a-mediated up-431 

regulation of RNase H1 expression is dependent on its HMTase activity. Taken together, these 432 

results suggest that G9a positively regulates expression of RNase H1 in a SET-dependent manner. 433 

Our results also showed that knockdown of CHCHD2 led to an increase in RNase H1 434 

transcription (Supplementary Figure 2F). In addition, knockdown of CHCHD2 in the stable shG9a 435 

cells also caused an increase in RNase H1 transcription (Supplementary Figure 2E). Consistent 436 

with the RT-qPCR, the western blot results showed that RNase H1 levels were increased after 437 

knockdown of CHCHD2 (Figure 3D) whereas RNase H1 expression was repressed by CHCHD2 438 

overexpression (Figure 3E). When the expression of CHCHD2 was restored in the stable 439 

shCHCHD2 HeLa cells, the RNase H1 protein returned to normal levels (Figure 3F). Specially, the 440 

CHCHD2-isoform1 showed no effect on the expression of RNase H1. After overexpressing 441 

CHCHD2-isoform2 in shcon HeLa cells, stable shG9a HeLa cells and G9a WT rescued shG9a HeLa 442 

cells, the western blot results indicated that overexpression of CHCHD2-isoform2 could further 443 

reduce the RNase H1 protein levels (Figure 3G). These results show that knockdown of G9a or 444 

overexpression of CHCHD2 down-regulates RNase H1.  445 

To further understand the mechanisms underlying RNase H1 transcriptional regulation via G9a 446 



and CHCHD2, we conducted a luciferase reporter assay using RNase H1-promoter-luc reporter 447 

system. We first cloned three fragments with different RNase H1 promoter lengths and engineered 448 

these RNase H1 promoter fragments into pGL3 basic luciferase reporter vectors (Figure 4A). Then, 449 

we selected the pGL3-RH1-pro2-luc with the highest promoter activity for subsequent luciferase 450 

assay (Figure 4B). Consistent with RT-qPCR and western blot results, RNase H1 transcription was 451 

stimulated by depletion of CHCHD2 and repressed by overexpression of CHCHD2 (Figure 4C). 452 

The inhibitory effect of CHCHD2-isoform1 is not as obvious as that of CHCHD2-isoform2. 453 

Similarly, we used the RNase H1-luc reporter system to examine G9a-mediated transcriptional 454 

regulation of RNase H1. RNase H1 transcription was repressed by depletion of G9a and activated 455 

by the overexpression of G9a WT but not G9a ΔSET, and the treatment with BIX could attenuate 456 

the activation of RNase H1 transcription triggered by G9a WT (Figure 4D). After overexpressing 457 

CHCHD2-isoform2 in shcon HeLa cells, stable shG9a HeLa cells and G9a WT rescued shG9a HeLa 458 

cells, the results of the relative luciferase activity of RNase H1 were consistent with the western 459 

blot results (Figure 3G) and indicated that RNase H1 was positively regulated by G9a and the 460 

overexpression of CHCHD2-isoform2 could further reduce the expression level of RNase H1 461 

(Figure 4E). On the contrary, knockdown of CHCHD2 further increased the RNase H1 expression 462 

level compared with the control group (Figure 4F). In addition, we performed RNase H1-luc 463 

reporter assay with stable shCHCHD2 HeLa cells to investigate whether the G9a had any effect on 464 

CHCHD2-mediated transcriptional repression of RNase H1. Overexpression of G9a abolished the 465 

RNase H1 transcriptional repression induced by CHCHD2, and knockdown of G9a could further 466 

strengthen CHCHD2-mediated RNase H1 transcriptional repression (Figure 4G). These results 467 

strongly suggested that negative regulation of RNase H1 transcription by CHCHD2 was dependent 468 

on the depletion of G9a.  469 

CHCHD2 interacts with G9a and is deacetylated by Sirt1 470 

Blast analysis of the G9a Interaction Protein Database suggested that G9a could interact with 471 

CHCHD2. Thus, we examined the interaction of G9a and CHCHD2 through several experiments. 472 

The co-localization of CHCHD2 and G9a in the HeLa cell nuclei was confirmed by using 473 

immunofluorescence staining with the CHCHD2 monoclonal antibody (66302-1-Ig) and the G9a 474 

polyclonal antibody (ab183889) (Figure 5A). When using the His antibody or the CHCHD2 475 

antibody to detect GST-G9a pull-down products, a specific band was displayed at a position that 476 



was consistent with the size of input MBP-CHCHD2-His, revealing that both CHCHD2-isoform1 477 

and CHCHD2-isoform2 could interact specifically with G9a in vitro (Figure 5B). After G9a was 478 

immunoprecipitated from HeLa cells with the G9a polyclonal antibody, CHCHD2 was detected in 479 

the precipitate at the same position as the input, showing that CHCHD2 could interact with G9a in 480 

vivo (Figure 5C).We constructed yeast two-hybrid system bait and prey vectors to confirm the 481 

importance of G9a HMTase activity domain for direct interaction with CHCHD2. Interestingly, the 482 

direct interaction between CHCHD2-isoform2 and G9a showed a clear SET domain dependency 483 

(Supplementary Figure 4A). However, G9a ΔSET and CHCHD2-isoform1 still have a certain 484 

weak interaction compared with interaction between G9a WT and CHCHD2-isoform1. In the GST-485 

pull-down system, we verified that CHCHD2-isoform1 and CHCHD2-isoform2 could directly 486 

interact with G9a depended on the G9a SET domain. Once the SET domain was destroyed, this 487 

interaction collapsed (Supplementary Figure 4B).  488 

LC MALDI-TOF/TOF MS/MS analysis have identified that CHCHD2 is the interacting 489 

protein of Sirt1 (Law et al., 2009). The co-localization of CHCHD2 and Sirt1 in the HeLa cell was 490 

also confirmed by using immunofluorescence staining with the CHCHD2 monoclonal antibody 491 

(66302-1-Ig) and the Sirt1 polyclonal antibody (07-131) (Figure 5D). A yeast two-hybrid 492 

experiment (Supplementary Figure 5) and a GST pulldown assay (Figure 5E) further verified that 493 

CHCHD2 was the interacting protein of Sirt1. Then, we purified and incubated the recombinant 494 

MBP-CHCHD2-His protein and the GST-Sirt1 protein to construct a deacetylation reaction system 495 

in vitro. A specific band was displayed using the Anti-Acetylated-Lysine antibody at a position that 496 

was consistent with the size of input MBP-CHCHD2-His in the GST empty protein reaction 497 

products, suggesting that CHCHD2 in the prokaryotic expression system could be acetylated. 498 

Comparing with the GST empty protein, the addition of GST-Sirt1 could significantly reduce the 499 

lysine acetylation level of MBP-CHCHD2-His, indicating that Sirt1 directly deacetylated CHCHD2 500 

(Figure 5F). To further confirm that CHCHD2 is the target of Sirt1-induced deacetylation in vivo, 501 

we used the stable shSirt1 HeLa cell to perform lysine acetylation immunoprecipitation. 502 

Knockdown of Sirt1 increased the basal acetylation level of endogenous CHCHD2, exogenous 503 

CHCHD2-isoform1 and CHCHD2-isoform2. The acetylation could also be retrieved to the normal 504 

level by re-introduction of Sirt1 into the stable shSirt1 HeLa cells (Figure 5G). Taken together, 505 

these results suggest that CHCHD2 interacts with G9a and is deacetylated by Sirt1. 506 



Sirt1 functions as a co-repressor in regulating RNase H1  507 

The DRIP analysis result showed that knockdown of Sirt1 reduced the R-loop levels whereas 508 

overexpression of Sirt1 showed a significant promotion for the R-loop accumulation especially in 509 

rDNA amplicon H4/H4-/H8, which was similar to that obtained from CHCHD2 (Figures 6A). 510 

Pretreatment with RNase H enzyme in vitro confirmed the specificity of the S9.6 antibody. 511 

Endogenous RNase H1 ChIP showed that knockdown of Sirt1 boosted the recruitment of RNase 512 

H1compared with the control, but over-expression of Sirt1 reduced RNase H1 occupancy almost 513 

2~fold at the amplicon H4- (Figures 6B). IgG control group confirmed the reliability of the ChIP 514 

signals we measured. Some studies showed that human Sirt1 suppresses the pre-rRNA levels in the 515 

nucleolus (Murayama et al., 2008; Voit et al., 2015). As expected, the rRNA expression analysis 516 

showed that treatment with a kind of selective Sirt1 inhibitor EX 527 (Solomon et al., 2006) and 517 

transfection with shRNA oligonucleotides (shSirt1-#3) to suppress Sirt1 expression both led to a 518 

significant increase in rRNA transcription, especially when the inhibitor and shSirt1-#3 were treated 519 

together (Figures 6C). The results suggest that Sirt1 plays a same role as CHCHD2 in regulating 520 

R-loop formation and RNase H1 recruitment at rDNA sites, as well as rRNA transcription.  521 

We next examined whether Sirt1 was involved in transcriptional regulation of RNase H1. The 522 

RT-qPCR and western blot results showed that loss of Sirt1 increased expression of RNase H1 523 

(Figures 6D and 6E). When we precisely controlled the expression of Sirt1 in shcon HeLa cells or 524 

stable shSirt1 HeLa cells, a marked decrease in the RNase H1 protein level was observed along with 525 

the gradient up-regulation of Sirt1 (Figure 6F, Supplementary Figure 3E). We further used the 526 

RNase H1-luc reporter system to examine Sirt1-mediated transcriptional regulation of RNase H1. 527 

RNase H1 transcription was repressed by Sirt1 overexpression in the stable shSirt1 HeLa cell, and 528 

the treatment with EX 527 could attenuate the inhibition of RNase H1 transcription triggered by 529 

Sirt1 (Figure 6G). Simultaneously, we examined whether CHCHD2 was involved in Sirt1-mediated 530 

transcriptional regulation of RNase H1. When overexpressing CHCHD2-isoform2 in shcon HeLa 531 

cells, stable shSirt1 HeLa cells and Sirt1 rescued shSirt1 HeLa cells, western blot results indicated 532 

that CHCHD2-isoform2 could further reduce the protein level of RNase H1 (Figure 6H), suggesting 533 

that CHCHD2 could cooperate with Sirt1 to inhibit the expression of RNase H1.  534 

We then tested the connection between G9a and Sirt1 in influence of RNase H1 expression. 535 

The results of RNase H1-luc reporter assay in stable shG9a HeLa cells showed that G9a promoted 536 



RNase H1 transcription, but overexpression of Sirt1 further abolished the RNase H1 transcriptional 537 

activation induced by G9a, and the shSirt1 group had a significant recovery in RNase H1 538 

transcriptional repression (Supplementary Figure 6B). Similarly, the results of RNase H1-luc 539 

reporter assay in stable shSirt1 HeLa cells showed that Sirt1 repressed RNase H1 transcription, but 540 

overexpression of G9a showed slight recovery of the Sirt1-mediated transcriptional inhibition of 541 

RNase H1. Knockdown of G9a further strengthen Sirt1-mediated RNase H1 transcriptional 542 

repression (Supplementary Figure 6C). In addition, we performed a RNase H1-luc reporter assay 543 

in stable shCHCHD2 HeLa cells to further investigate whether G9a or Sirt1 had any effect on 544 

CHCHD2-mediated transcriptional repression of RNase H1. After transfected with OESirt1 or G9a 545 

WT for 24 h, the shSirt1-#3 or shG9a-#1 were added into the transfection system for another 24 h. 546 

The results showed that CHCHD2 indeed repressed RNase H1 transcription. Overexpression of 547 

Sirt1 further strengthened CHCHD2-mediated RNase H1 transcriptional repression. Knockdown of 548 

Sirt1 partially restored the RNase H1 transcriptional repression compared with OESirt1, strongly 549 

suggesting that Sirt1 was involved in CHCHD2-induced RNase H1 transcriptional repression 550 

(Supplementary Figure 6A). Notably, overexpression of G9a abolished the RNase H1 551 

transcriptional repression induced by CHCHD2, and shG9a could further strengthen the kind of 552 

transcriptional repression (Figure 4G , Supplementary Figure 6A).  553 

CHCHD2 transcriptional regulation mediated by G9a and Sirt1 554 

Interestingly, knockdown of G9a also resulted in upregulation of CHCHD2 which further supported 555 

the negative regulation of RNase H1 expression by CHCHD2 (Figures 3A, 3B and 3C, 556 

Supplementary Figure 3C and 3D). Thus, we conducted luciferase reporter assay using a 557 

CHCHD2-luc reporter system to examine G9a-mediated transcriptional regulation of CHCHD2. We 558 

cloned three fragments with different CHCHD2 promoter lengths and engineered these CHCHD2 559 

promoter fragments into pGL3 basic luciferase reporter vectors (Figure 7A). Then, we selected the 560 

pGL3-CHCHD2-pro2-luc with the highest promoter activity for subsequent luciferase assay 561 

(Figure 7B). The results showed that CHCHD2 transcription was upregulated by depletion of G9a 562 

and repressed by G9a overexpression in the stable shG9a HeLa cells (Figure 7C). Simultaneously, 563 

G9a ΔSET did not significantly repress the expression of CHCHD2 compared with G9a WT, 564 

indicating that G9a regulated CHCHD2 in a SET-dependent manner (Figure 7C). Sirt1 functions 565 

as a co-repressor in CHCHD2-mediated regulation of RNase H1, but it is worth noting that 566 



knockdown of Sirt1 also resulted in upregulation of CHCHD2 (Figures 6D, 6E and 6F, 567 

Supplementary Figure 3E), and we used the same CHCHD2-luc reporter system to examine Sirt1-568 

mediated transcriptional regulation of CHCHD2 (Figure 7A and 7B). Consistent with the western 569 

blot results, CHCHD2 transcription was stimulated by depletion of Sirt1 and repressed by Sirt1 570 

overexpression (Figure 7D).  571 

G9a prevents CHCHD2 from being recruited to the promoter of the RNase H1  572 

To further elucidate the mechanisms underlying RNase H1 transcriptional regulation by G9a, Sirt1 573 

and CHCHD2, we performed the ChIP analysis with RT-qPCR using corresponding stable 574 

knockdown HeLa cells. We analyzed the RNase H1 promoter sequence to identify possible 575 

transcription factor binding sites. The histone modification of the RNase H1 promoter region was 576 

discovered in the ChIP-seq public database Cistrome Data Browser, and RT-qPCR primers for ChIP 577 

analysis were designed for the H3K9ac and H3K9me2 enrichment peak positions of the RNase H1 578 

promoter region (Supplementary Figure 7A). The final primers RH pro A, B and C covered the 579 

distal, middle and proximal regions of the RNase H1 promoter (Figure 8A). First, we observed 580 

decreased G9a recruitment as well as decreased levels of H3K9me2 on the RNase H1 promoter in 581 

stable shG9a HeLa cells whereas G9a was highly recruited to the RNase H1 promoter and H3K9me2 582 

levels increased when G9a was overexpressed (Figure 8B). Interestingly, the CHCHD2 and Sirt1 583 

recruitment both increased (almost ~2.5 fold and ~3 fold) when G9a was knocked down. Then, we 584 

overexpressed G9a in the stable shG9a HeLa cells and observed that CHCHD2 and Sirt1 recruitment 585 

on the RNase H1 promoter was decreased significantly. The H3K9ac levels on the promoter region 586 

of RNase H1 also changed with the change of Sirt1 enrichment (Figure 8B). These results suggest 587 

that high expression of G9a along with high level of H3K9me2 prevent CHCHD2 and Sirt1 from 588 

accessing the RNase H1 promoter to activate RNase H1.  589 

Furthermore, in the absence of Sirt1, the H3K9ac level on the RNase H1 promoter was 590 

significantly upregulated, and more G9a was bound to the RNase H1 promoter, which led to 591 

increased levels of H3K9me2. On the contrary, overexpression of Sirt1 resulted in significant 592 

reduction of G9a binding and H3K9me2 levels on the RNase H1 promoter (Figure 8C).Significantly, 593 

restoration of Sirt1 expression promoted CHCHD2 enrichment in the RNase H1 proximal promoter 594 

region (RH proC), whereas loss of Sirt1 inhibited recruitment of CHCHD2. However, no changes 595 

in CHCHD2 levels were observed in the RNase H1 middle promoter region (RH proB) after 596 



knockdown of Sirt1 (Figure 8C). These findings demonstrated that Sirt1 or CHCHD2 and G9a 597 

competed to bind to the RNase H1 promoter regions. Sirt1 cooperated to promote CHCHD2 598 

recruitment only in the proximal region of the RNase H1 promoter 599 

Discussion 600 

R-loops are involved in many cellular processes in physiological contexts, such as gene expression, 601 

transcription termination, DNA repair, telomere maintenance, Okazaki fragment maturation and 602 

immunoglobulin class-switch recombination (Crossley et al., 2019; Skourti-Stathaki and Proudfoot, 603 

2014). But R-loops are also considered as a double-edged sword which is a source of replication 604 

stress and genome instability causing DNA damage like DSBs accumulation (Uruci et al., 2021). 605 

The nucleolus functions as an emerging hub in maintenance of genome stability and cancer 606 

pathogenesis (Lindström et al., 2018). There is an increased demand for ribosomes in highly 607 

proliferating cancer cells, and the rRNA transcription and ribosome production regulated by RNAP 608 

I in the nucleolus are invariably up-regulated in cancer (Drygin et al., 2010; Hein et al., 2013). Thus, 609 

the highly proliferating cancer cells show the enlarged nucleolus and an increased number of 610 

nucleoli (Derenzini et al., 2009; Derenzini et al., 2000). The rDNA gene is a highly active 611 

transcription region, and the R-loop formation is a natural and frequent event during rRNA 612 

transcription (Aguilera and García-Muse, 2012; Grierson et al., 2012; Xu et al., 2017). R-loops have 613 

shown to be associated with nucleolus fragmentation and rRNA transcription elongation (El Hage 614 

et al., 2010; Hraiky et al., 2000; Zhou et al., 2020). However, the exact molecular mechanism 615 

underlying R-loop formation at the rDNA sites remains largely unclear. In this study, our findings 616 

reveal a novel molecular and genetic mechanism that the G9a/CHCHD2/Sirt1 regulatory module 617 

acts on expression and recruitment of RNase H1 to control R-loop accumulation at rDNA sites. 618 

RNase H, topoisomerases and RNA helicases have been found to be part of R-loop degradation 619 

machinery associated with the decrease of RNA: DNA hybrids in mammalian (Cristini et al., 2018; 620 

Parajuli et al., 2017; Song et al., 2017; Yang et al., 2014). Top1 and RNase H1 are partially 621 

functionally redundant in mammalian cells to suppress RNAP I transcription-associate R-loop 622 

formation and RNase H1 enriches in nucleoli to co-localize with R-loops in cultured human cells  623 

(Shen et al., 2017). Excessive R-loop formation can impede transcription elongation (Aguilera and 624 

Gómez-González, 2008; Huertas and Aguilera, 2003). The absence of RNase H1 in Top1 depleted 625 



Escherichia coli or yeast increases the accumulation of RNA/DNA hybrids which impedes efficient 626 

transcription elongation during rRNA synthesis (El Hage et al., 2010; Hraiky et al., 2000). Our 627 

analysis of rRNA transcript levels in RNase H1 knockdown or overexpression HeLa cells further 628 

supports the notion that RNase H1-deletion-mediated R-loop enrichment was associated with rRNA 629 

transcription elongation arrest. However, there is a generally accepted view that R-loops are 630 

dynamic coupling with transcriptional pausing at gene promoters (Chen et al., 2017) and increased 631 

RNAP II pausing is often correlated with increased R-loop levels (Shivji et al., 2018; Zhang et al., 632 

2017), whereas efficient transcription elongation prevents R-loop formation (Edwards et al., 2020). 633 

Treatment with RNAP I transcription inhibitor led to the increased R-loops levels at rDNA sites 634 

(Zhou et al., 2020). Due to characteristic of tandem repeats of rDNA, genome-wide R-loop detection 635 

technologies have mostly chosen to filter out rDNA data to improve resolution (Lin et al., 2022). A 636 

feasible way is using the alignment approach of Zentner and colleagues to align DRIP-seq reads to 637 

the rDNA repeating unit (Nadel et al., 2015; Zentner et al., 2011). In this study, we chose to analyze 638 

R-loop enrichment and endogenous RNase H1 recruitment at human rDNA loci by classical relative 639 

quantification of DRIP-qPCR and ChIP-qPCR, and selected multiple hot spots with DNA: RNA 640 

hybridization signatures to increase data coverage. Endogenous RNase H1 ChIP showed that the 641 

rDNA amplicon H4/H4- (5' region of 18S) exhibited higher levels of RNase H1 recruitment (Figure 642 

1F, 1G and 6B, Supplementary Figure 8), which degrade the R-loop to ensure efficient 643 

transcription extension. As well as RNase H1 recruitment, the precise regulation of RNase H1 644 

expression is also very pivotal. RNaseH1 is highly conserved in evolution and expressed 645 

ubiquitously in human cells and tissues (Wu et al., 1998). There is no significant difference in 646 

expression in various human tissues and it is generally used as a housekeeping gene (Cerritelli and 647 

Crouch, 1998). RNase H1 synthesis is subjected to translational regulation which are affected by 648 

two in-frame AUG codons (M1 and M27) of a single mRNA and a potent upstream open reading 649 

frame (uORF) (Suzuki et al., 2010). During normal cell growth and development, the expression of 650 

RNase H1 undergoes sensitive and subtle changes to meet the need of R-loops for maintaining a 651 

stable genome level, and subcellular distribution and levels of RNase H1 are fine-tuned in cells to 652 

maintain genome integrity (Shen et al., 2017). The current studies identify the G9a as a positive 653 

regulator and CHCHD2 as a negative regulator of RNase H1 expression, which is associated with 654 

R-loop formation and rRNA transcription at rDNA sites. Sirt1 is also participated in regulation of 655 



RNase H1 transcription as a co-repressor.  656 

H3K9 HMTase G9a catalyzes the mono- and dimethylation of the histone H3K9 and always 657 

mediates transcriptional repression as a major epigenetic silencing mechanism (Tachibana et al., 658 

2008). Generally, G9a inhibits gene expression by forming histone hypermethylation at the 659 

promoter to prevent transcriptional factors from being recruited (Mozzetta et al., 2014; Roopra et 660 

al., 2004; Wang et al., 2013). It has been reported that G9a is recruited to the UHRF1 promoter 661 

along with YY1 to function as a corepressor of the target gene (Kim et al., 2015). Our results showed 662 

that G9a-mediated hypermethylation of the RNase H1 promoter contributed to transcription of the 663 

target gene, which could suppress repressor binding. Furthermore, we identified a factor, CHCHD2 664 

as the repressor of RNase H1 transcription. CHCHD2 plays an important role in trans-activating 665 

nuclear coding genes as a transcription factor (Aras et al., 2013), regulating mitochondrial 666 

metabolism (Aras et al., 2015; Grossman et al., 2017; Purandare et al., 2018) and affecting synthesis 667 

of respiratory chain component (Meng et al., 2017). ChIP analysis showed that G9a could bind to 668 

and methylate the promoter of the RNase H1 gene, which inhibited CHCHD2 binding. By contrast, 669 

when G9a was knocked down, the decreased expression of G9a resulted in a reduction of H3K9me2 670 

markers at the promoter of the RNase H1 gene, which was conducive to the recruitment of CHCHD2 671 

to suppress RNase H1 expression. We also found that G9a could directly interact with CHCHD2 672 

which possibly decreased free CHCHD2. Previous studies have predicted that CHCHD2 is a target 673 

of Sirt1-induced deacetylation (Aras et al., 2020). Our results revealed that Sirt1 could indeed 674 

interact with and deacetylate CHCHD2. We found that loss of G9a led to the recruitment of more 675 

Sirt1 as well as more CHCHD2 to the RNase H1 promoter to co-suppress transcription of the RNase 676 

H1 gene (Figure 9). By the contrary, loss of Sirt1 led to binding of more G9a to the RNase H1 677 

promoter due to the increase of H3K9ac markers at the promoter of the RNase H1 gene. The 678 

enrichment trends of factors in the G9a/CHCHD2/Sirt1 functional module were almost the same in 679 

each RNase H1 promoter region. However, when the expression level of Sirt1 changed, the 680 

significant effect on the recruitment level of CHCHD2 was only manifested in the RNase H1 681 

proximal promoter region. The RNase H1 distal promoter region was not considered because the 682 

changes in Sirt1 enrichment and H3K9me2 levels were not significant in the three groups of control 683 

experiments. After knockdown of Sirt1, although G9a and corresponding H3K9me2 levels 684 

increased, no changes in CHCHD2 levels were observed in the RNase H1 middle promoter region, 685 



which could be because Sirt1 negatively regulated the expression of CHCHD2 (Figures 6D, 6E 686 

and 6F, Figure 7D, Supplementary Figure 3E). 687 

In summary, this study showed that G9a boosts the recruitment of RNase H1 and positively 688 

regulates RNase H1 expression whereas CHCHD2 suppresses RNase H1 recruitment and acts as a 689 

repressive transcription factor to inhibit the expression of RNase H1 to increase R-loop formation 690 

at the rDNA site. CHCHD2 can form a complex with Sirt1 as the co-repressor, which binds to the 691 

RNase H1 promoter under depleting of G9a. These findings provide a possible strategy to regulate 692 

R-loop formation, rRNA transcription and cancer cell growth through co-targeting G9a, CHCHD2 693 

and Sirt1. 694 
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Figure legends 925 

 926 
Figure 1 The effect of G9a & CHCHD2 on the R-loop formation and the recruitment of 927 
RNase H1 at the rDNA locus. 928 
(A) The structure of the human rDNA repeat. The locations of ChIP primer pairs (H0, H0.02, H4-, H8, H13, H23, 929 
H32, UCE, CORE and H42.9) are shown above the diagram of the human rDNA repeat. (B) DRIP analysis at the 930 
rDNA region in HeLa cells after transfection with RNase H1 short-interfering RNA (siRNase H1) for 48 h. The 931 
HeLa cells were used as the control group after transfection with negative control RNA oligo (NC). (C) DRIP 932 
analysis at the rDNA region in HeLa cells after transfection with pcDNA3.1-3flag-RNase H1 (OERNase H1) for 48 933 
h. The HeLa cells were used as the control group after transfection with the pcDNA3.1-3flag empty vector. (D) 934 
DRIP analysis at the rDNA region in stable shG9a HeLa cells with or without in vitro RNase H treatment after 935 
transfection with pEGFP-G9a (G9a WT), pEGFP-G9a-ΔSET (G9a ΔSET) or pLKO.1-shCHCHD2-#2 936 
(shCHCHD2-#2) for 48 h. The pEGFP-N1 and the pLKO.1 empty vector was used as the negative control and was 937 
added respectively to maintain equal amounts of total transfected DNA. (E) DRIP analysis at the rDNA region in 938 



stable shCHCHD2 HeLa cells with or without in vitro RNase H treatment after transfection with pcDNA3.1-3flag-939 
CHCHD2-isoform1(OECHCHD2-1) or pcDNA3.1-3flag-CHCHD2-isoform2 (OECHCHD2-2) for 48 h. The 940 
pcDNA3.1-3flag empty vector was used as the negative control and was added to maintain equal amounts of total 941 
transfected DNA. The y-axis indicated the ratio of the relative quantities of R-loop in each group. Relative values 942 
were normalized to the input. The x-axis indicated different regions of rDNA amplicons. All results represent at least 943 
three independent experiments (±SD). * P < 0.05, ** P < 0.01, *** P < 0.001, n. s. means not significant, measured 944 
by the t-test. (F) S9.6 ChIP and endogenous RNase H1 ChIP were used to detect the R-loop and RNase H1 occupancy 945 
at rDNA in HeLa cells after the same treatment as shown in figure 1D. (G) S9.6 ChIP and endogenous RNase H1 946 
ChIP were used to detect the R-loop and RNase H1 occupancy at rDNA in HeLa cells after the same treatment as 947 
shown in figure 1E. Relative values were normalized to the input. The x-axis indicated the region H4- of rDNA 948 
amplicons. The result represents at least three independent experiments (±SD). * P < 0.05, ** P < 0.01, *** P < 949 
0.001, n. s. means not significant, measured by the t-test.  950 



 951 
Figure 2 The effect of G9a & CHCHD2 on rRNA transcription and fragmented nucleoli. 952 
(A) Diagram of the human rRNA coding locus and location of real-time quantitative PCR(RT-qPCR)primers. (B) 953 
RT-qPCR was used to detect the incomplete 5'ETS transcripts (45S-pre-rRNA-a, b, c and d) and the mature rRNA 954 
expressions (18S, 5.8S and 28S) in HeLa cells after transfection with RNase H1 short-interfering RNA (siRNase H1) 955 
and pcDNA3.1-3flag-RNase H1 (OERNase H1) for 48 h. The HeLa cells were used as the control group after 956 
transfection with negative control RNA oligo (NC) and the pcDNA3.1-3flag empty vector. (C) RT-qPCR was used 957 
to detect the incomplete 5'ETS transcripts (45S-pre-rRNA-b) and the mature rRNA expressions (18S, 5.8S and 28S) 958 
in stable shG9a HeLa cells and shcon HeLa cells. (D) RT-qPCR was used to detect the incomplete 5'ETS transcripts 959 
and the mature rRNA expressions in stable shG9a HeLa cells after transfection with shCHCHD2-#2 for 48 h. The 960 



pLKO.1 empty vector was used as the negative control and was added to maintain equal amounts of total transfected 961 
DNA. (E) RT-qPCR was used to detect the incomplete 5'ETS transcripts and the mature rRNA expressions in HeLa 962 
cells after transfection with shCHCHD2-#2 for 48 h. The pLKO.1 empty vector was used as the negative control 963 
and was added to maintain equal amounts of total transfected DNA. Expression values were normalized to the gene 964 
GAPDH. The relative expression ratio of each sample was compared with untreated cells, expression value of which 965 
was assigned as 1. The error bars represent 2 −ΔΔCT ± the SD of three independent experiments and each experiment 966 
was repeated three times. The above results are expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, and n. s. means 967 
no significance, measured by the t-test. (F) Upper panel: Stable shG9a HeLa cells after transfection with pEGFP-968 
G9a (G9a WT) or pEGFP-G9a-ΔSET (G9a ΔSET) for 48 h and then indirect immunofluorescence staining with the 969 
anti-fibrillarin antibody was used to detect the nucleoli. The pEGFP-N1 empty vector was used as the negative 970 
control and was added to maintain equal amounts of total transfected DNA in shcon HeLa cells and stable shG9a 971 
HeLa cells. Bar = 3 μm. Lower panel: Percentages of interphase nuclei with more than three fragmented nucleoli 972 
after transfection with G9a WT or G9a ΔSET for 48 h. (G) Upper panel: The shcon HeLa cells and stable shG9a 973 
HeLa cells after transfection with pLKO.1-shCHCHD2-#2 (shCHCHD2-#2) for 48 h and then indirect 974 
immunofluorescence staining with the anti-fibrillarin antibody was used to detect the nucleoli. The pLKO.1 empty 975 
vector was used as the negative control and was added to maintain equal amounts of total transfected DNA in shcon 976 
HeLa cells and stable shG9a HeLa cells. Bar = 3 μm. Lower panel: Percentages of interphase nuclei with more than 977 
three fragmented nucleoli after transfection with shCHCHD2-#2 for 48 h. The number of evaluated nuclei in each 978 
group was 500. All results are expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, and n. s. means no significance, 979 
measured by the t-test.  980 



 981 
Figure 3 G9a and CHCHD2 precisely regulate the expression of RNase H1.  982 
(A) Western blot analysis of RNase H1, CHCHD2, G9a and H3K9me2 expression in HeLa cells after transfection 983 
with G9a short-interfering RNA (siG9a) and shG9a-#1 for 48 h. The HeLa cells were used as the control group after 984 
transfection with negative control RNA oligo (NC) and the pLKO.1 empty vector. RNase H1, CHCHD2 and G9a 985 
levels were quantified to the level of α-tubulin. H3K9me2 levels were quantified to the level of H3. (B) Western blot 986 
analysis of RNase H1, CHCHD2, G9a and H3K9me2 expression in stable shG9a HeLa cells and shcon HeLa cells 987 
after transfection with G9a WT (0.375, 0.5 and 0.625 μg) for 48 h. The pEGFP-N1 empty vector was added to as 988 
the control group. RNase H1, CHCHD2 and G9a levels were quantified to the level of α-tubulin. H3K9me2 levels 989 
were quantified to the level of H3. (C) Western blot analyses showed the relative expression levels of RNase H1, 990 
CHCHD2, G9a and H3K9me2 in G9a knockdown, G9a WT and G9a SET domain deleted rescued HeLa cells. The 991 
pEGFP-N1 empty vector was used as the negative control and was added to maintain equal amounts of total 992 
transfected DNA. The expression levels of RNase H1, CHCHD2 and G9a are quantified to α-tubulin. H3K9me2 993 



levels were quantified to the level of H3. In the above groups, the relative mean gray value of RNase H1 and 994 
CHCHD2 were shown in the lower panel. (D) Western blot analysis of RNase H1 and CHCHD2 expression in HeLa 995 
cells after transfection with pLKO.1-shCHCHD2-#1 (shCHCHD2-#1) and shCHCHD2-#2 for 48 h. The pLKO.1 996 
empty vector was used as the negative control and was added to maintain equal amounts of total transfected DNA. 997 
RNase H1 and CHCHD2 levels were quantified to the level of α-tubulin. (E) Western blot analysis of RNase H1 998 
and CHCHD2 expression in HeLa cells after transfection with OECHCHD2-1 and OECHCHD2-2 for 48 h. The 999 
pcDNA3.1-3flag empty vector was used as the negative control and was added to maintain equal amounts of total 1000 
transfected DNA. RNase H1 and CHCHD2 levels were quantified to the level of α-tubulin. (F) Western blot analyses 1001 
showed the relative expression levels of RNase H1 and CHCHD2 in CHCHD2 knockdown, CHCHD2-isoform1 and 1002 
CHCHD2-isoform2 rescued HeLa cells. The pcDNA3.1-3flag empty vector was used as the negative control and 1003 
was added to maintain equal amounts of total transfected DNA. The expression levels of RNase H1 and CHCHD2 1004 
are quantified to α-tubulin. In the above groups, the relative mean gray value of RNase H1 and CHCHD2 were 1005 
shown in the right panel. (G) Western blot analyses showed the relative expression levels of RNase H1, CHCHD2 1006 
and G9a in shcon HeLa cells, stable shG9a HeLa cells and G9a WT rescued shG9a HeLa cells after transfection 1007 
with OECHCHD2-2 for 48 h. The pEGFP-N1 and the pcDNA3.1-3flag empty vectors were used as the negative 1008 
control and were added to maintain equal amounts of total transfected DNA. All the protein levels were quantified 1009 
and normalized to the level of α-tubulin. The relative mean gray value of RNase H1 and CHCHD2 were shown in 1010 
the lower panel. Each experiment was repeated three times, and the average value and SD are shown. Data are 1011 
expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, and n. s. means no significance, measured by the t-test. 1012 



 1013 

Figure 4 G9a & CHCHD2 function with each other and mediate transcriptional regulation 1014 
through RNase H1 promoter 1015 
(A) Schematic representation of the different lengths of the RNase H1 promoters, constructed to form the pGL3 1016 
luciferase vector. The “+1” represents the transcription start site. (B) RNase H1 promoter activity analysis. (C) Stable 1017 
shCHCHD2 HeLa cells were co-transfected with the pGL3-RNase H1 promoter, OECHCHD2-1 and OECHCHD2-1018 
2, along with the TK-Renilla luciferase expression plasmid (phRL-TK). The pcDNA3.1-3flag empty vector was 1019 
used as the negative control and was added to maintain equal amounts of total transfected DNA. Cell extracts were 1020 
assayed for luciferase activity. CHCHD2 overexpression or knockdown was confirmed by western blot analysis. (D) 1021 
Stable shG9a HeLa cells were co-transfected with the pGL3- RNase H1 promoter, G9a WT and G9a ΔSET, along 1022 
with the phRL-TK. Twenty-four hours after transfection, G9a WT rescued HeLa cells were treated with BIX01294 1023 
(10 μM) for 24 h. The pEGFP-N1 empty vector was used as the negative control and was added to maintain equal 1024 
amounts of total transfected DNA. Cell extracts were assayed for luciferase activity. G9a overexpression or 1025 
knockdown was confirmed by western blot analysis. (E) Shcon HeLa cells, stable shG9a HeLa cells and G9a WT 1026 
rescued shG9a HeLa cells were co-transfected with the pGL3- RNase H1 promoter and OECHCHD2-2, along with 1027 



the phRL-TK. The pEGFP-N1 and the pcDNA3.1-3flag empty vector were used as control and were added to 1028 
maintain equal amounts of total transfected DNA. Cell extracts were assayed for luciferase activity. (F) The shcon 1029 
HeLa cells, stable shG9a HeLa cells and G9a WT rescued shG9a HeLa cells were co-transfected with the pGL3-1030 
RNase H1 promoter and shCHCHD2-#2, along with the phRL-TK. The pEGFP-N1 and the pLKO.1 empty vector 1031 
were used as control and were added to maintain equal amounts of total transfected DNA. Cell extracts were assayed 1032 
for luciferase activity. (G) Shcon HeLa cells and stable shCHCHD2 HeLa cells were co-transfected with the pGL3- 1033 
RNase H1 promoter, G9a WT and shG9a-#1, along with the phRL-TK. The pEGFP-N1 and the pLKO.1 empty 1034 
vector were used as control and were added to maintain equal amounts of total transfected DNA. Cell extracts were 1035 
assayed for luciferase activity. Firefly luciferase activity levels were normalized to those of the Renilla luciferases. 1036 
Expression of the transfected constructs is shown in the immunoblot analysis. Each P-value represents the mean of 1037 
three replicates from a single assay. All data are representative of at least three independent experiments and are 1038 
presented as means ±SD. All the results are expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, and n. s. means no 1039 
significance, measured by the t-test.  1040 



 1041 

 1042 

Figure 5 CHCHD2 can interact with both G9a and Sirt1. 1043 
(A) CHCHD2 and G9a were detected by indirect immunofluorescence staining with an antibody against CHCHD2 1044 
(CHCHD2, Cy3) and an antibody against G9a (G9a, FITC) in interphase nuclei of Hela cells. (B) GST pull-down 1045 
assay showing the interaction of purified MBP-CHCHD2-His and GST-G9a from BL21. GST-G9a pull-down 1046 
products were analyzed by western blot with anti-His and anti-CHCHD2 antibodies. (C) HeLa cells were co-1047 
transfected with G9A WT, OECHCHD2-1 and OECHCHD2-2 constructs. Anti-G9a immunoprecipitates were 1048 
analyzed by western blot with anti-CHCHD2 antibody. (D) CHCHD2 and Sirt1 were detected by indirect 1049 
immunofluorescence staining with an antibody against CHCHD2 (CHCHD2, FITC) and an antibody against Sirt1 1050 
(Sirt1, Cy3) in interphase nuclei of Hela cells. (E) GST pull-down assay showing the interaction of purified MBP-1051 
CHCHD2-His and GST-Sirt1 from BL21. GST-Sirt1 pull-down products were analyzed by western blot with anti-1052 
His and anti-CHCHD2 antibodies. (F) In vitro CHCHD2 acetylation assay. Purified MBP-CHCHD2-His was 1053 
incubated with GST-Sirt1 from BL21, in the absence of acetyl-CoA. CHCHD2 acetylation was analyzed by western 1054 
blot using anti-Acetylated-Lysine. (G) Acetylation of CHCHD2-isoform1, CHCHD2-isoform2 and endogenous 1055 
CHCHD2 in stable shSirt1 cells after transfection with OESirt1 for 48h. The pcDNA3.1-3flag empty vector was 1056 
used as the negative control and was added to maintain equal amounts of total transfected DNA. CHCHD2 1057 
acetylation was analyzed by immunoprecipitation with anti-Acetylated-Lysine antibody followed by western blot 1058 
for CHCHD2. Expression of CHCHD2, Sirt1 and α-tubulin were shown in the lysate immunoblot analysis. 1059 



Immunoblotting results of IgG control group incubated with anti-CHCHD2 antibody shown by heavy chain specific 1060 
secondary antibody.   1061 



 1062 
Figure 6 Sirt1 functions as a co-repressor in regulating RNase H1.   1063 
(A) DRIP analysis at the rDNA region in stable shSirt1 HeLa cells with or without in vitro RNase H treatment 1064 
after transfection with pcDNA3.1-3flag-Sirt1 (OESirt1) for 48 h. The pcDNA3.1-3flag empty vector was used as 1065 
the negative control and was added to maintain equal amounts of total transfected DNA. The y-axis indicated the 1066 
ratio of the relative quantities of R-loop in each group. Relative values were normalized to the input. The x-axis 1067 
indicated different regions of rDNA amplicons. The result represents at least three independent experiments 1068 
(±SD). * P < 0.05, ** P < 0.01, *** P < 0.001, n. s. means not significant, measured by the t-test. (B) S9.6 ChIP 1069 
and endogenous RNase H1 ChIP were used to detect the R-loop and RNase H1 occupancy at rDNA in HeLa cells 1070 
after the same treatment as shown in figure 6A. Relative values were normalized to the input. The x-axis indicated 1071 
the region H4- of rDNA amplicons. The result represents at least three independent experiments (±SD). * P < 0.05, 1072 
** P < 0.01, *** P < 0.001, n. s. means not significant, measured by the t-test. (C) RT-qPCR was used to detect 1073 
the incomplete 5'ETS transcripts (45S-pre-rRNA-b) and the mature rRNA expressions (18S, 5.8S and 28S) in 1074 
HeLa cells after treatment with 10 μM EX 527 or transfection with pLKO.1-shSirt1-#3 (shSirt1-#3) for 48 h. The 1075 
pLKO.1 empty vector was used as the negative control and was added to maintain equal amounts of total 1076 
transfected DNA. The same proportion of DMSO as the 10 μM EX 527 group were added to the rest of the non-1077 
inhibitor treatment group which were used as the solvent control. (D) RT-qPCR was used to detect the RNase H1, 1078 
CHCHD2 and Sirt1 expression in HeLa cells after the same treatment as shown in figure 6C. Expression values 1079 
were normalized to the gene GAPDH. The relative expression ratio of each sample was compared with untreated 1080 
cells, expression value of which was assigned as 1. The error bars represent 2 −ΔΔCT ± the SD of three independent 1081 
experiments and each experiment was repeated three times. The above results are expressed as * P < 0.05, ** P < 1082 
0.01, *** P < 0.001, and n. s. means no significance, measured by the t-test. (E) Western blot analysis of RNase 1083 



H1, CHCHD2 and Sirt1 expression in HeLa cells after transfection with Sirt1 short-interfering RNA (siSirt1) and 1084 
pLKO.1-shSirt1-#3 (shSirt1-#3) for 48 h. The HeLa cells were used as the control group after transfection with 1085 
negative control RNA oligo (NC) and the pLKO.1 empty vector. RNase H1, CHCHD2 and Sirt1 levels were 1086 
quantified to the level of α-tubulin. (F) Western blot analysis of RNase H1, CHCHD2 and Sirt1 expression in 1087 
stable shSirt1 HeLa cells and shcon HeLa cells after transfection with OESirt1 (0.375, 0.5 and 0.625 μg) for 48 h. 1088 
The pcDNA3.1-3flag empty vector was added to as the control group. RNase H1, CHCHD2 and Sirt1 levels were 1089 
quantified to the level of α-tubulin. In the above groups, the relative mean gray value of RNase H1 and CHCHD2 1090 
were shown in the lower panel. Each experiment was repeated three times, and the average value and SD are 1091 
shown. Data are expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, and n. s. means no significance, measured by 1092 
the t-test. (G) Stable shSirt1 HeLa cells were co-transfected with the pGL3- RNase H1 promoter, OESirt1, along 1093 
with the phRL-TK. Twenty-four hours after transfection, Sirt1 rescued HeLa cells were treated with EX 527(10 1094 
μM) for 24 h. The pcDNA3.1-3flag empty vector was used as the negative control and was added to maintain 1095 
equal amounts of total transfected DNA. The same proportion of DMSO as the 10 μM EX 527 group were added 1096 
to the rest of the non-inhibitor treatment group which were used as the solvent control. Cell extracts were assayed 1097 
for luciferase activity. Firefly luciferase activity levels were normalized to those of the Renilla luciferases. Sirt1 1098 
overexpression or knockdown was confirmed by western blot analysis. Each P-value represents the mean of three 1099 
replicates from a single assay. All data are representative of at least three independent experiments and are 1100 
presented as means ±SD. t-test is performed, * P < 0.05, ** P < 0.01 and *** P < 0.001, n. s. means not 1101 
significant. (H) Western blot analyses showed the relative expression levels of RNase H1, CHCHD2 and Sirt1 in 1102 
shcon HeLa cells, stable shSirt1 HeLa cells and Sirt1 rescued shSirt1 HeLa cells after transfection with 1103 
OECHCHD2-2 for 48 h. The pcDNA3.1-3flag empty vector was used as the negative control and was added to 1104 
maintain equal amounts of total transfected DNA. All the protein levels were quantified and normalized to the 1105 
level of α-tubulin. The relative mean gray value of RNase H1 and CHCHD2 were shown in the lower panel. The 1106 
experiment was repeated three times, and the average value and SD are shown. Data are expressed as * P < 0.05, 1107 
** P < 0.01, *** P < 0.001, and n. s. means no significance, measured by the t-test.  1108 



 1109 

Figure 7 CHCHD2 transcriptional regulation mediated by G9a and Sirt1. 1110 
(A) Schematic representation of the different lengths of the CHCHD2 promoters, constructed to form the pGL3 1111 
luciferase vector. The “+1” represents the transcription start site. (B) CHCHD2 promoter activity analysis in 1112 
luciferase reporter assays. (C) Stable shG9a HeLa cells were co-transfected with the pGL3-CHCHD2-pro1-luc, 1113 
pGL3- CHCHD2-pro2-luc, pGL3- CHCHD2-pro3-luc, G9a WT and G9a ΔSET, along with the phRL-TK. The 1114 
pEGFP-N1 empty vector was used as the negative control and was added to maintain equal amounts of total 1115 
transfected DNA. Cell extracts were assayed for luciferase activity. G9a overexpression or knockdown was 1116 
confirmed by western blot analysis in the lower panel. (D) Stable shSirt1 HeLa cells were co-transfected with the 1117 
pGL3-CHCHD2-pro2-luc, pcDNA3.1-3flag- Sirt1 (OESirt1), along with the phRL-TK. The pcDNA3.1-3flag empty 1118 
vector was used as the negative control and was added to maintain equal amounts of total transfected DNA. Cell 1119 
extracts were assayed for luciferase activity. Firefly luciferase activity levels were normalized to those of the Renilla 1120 
luciferases. Sirt1 overexpression or knockdown was confirmed by western blot analysis. Each P-value represents 1121 
the mean of three replicates from a single assay. All data are representative of at least three independent experiments 1122 
and are presented as means ±SD. All the results are expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, and n. s. 1123 
means no significance, measured by the t-test. 1124 



 1125 

Figure 8 G9a prevents Sirt1 and CHCHD2 from being recruited to the RNase H1 1126 
promoter. 1127 
(A) Schematic diagram of primer pairs in ChIP analysis. Arrows indicate the primers used for real-time PCR 1128 
amplification. (B) Stable shG9a HeLa cells were transfected with G9a WT. The shcon HeLa cells and stable shG9a 1129 
HeLa cells which transfect with pEGFP-N1 were used as the control group. ChIP analysis was performed using anti-1130 
Sirt1, anti-G9a, anti-CHCHD2, anti-H3, anti-H3K9ac and anti-H3K9me2 antibodies, and the results were confirmed 1131 
by real-time PCR. Recruitment of Sirt1, G9a and CHCHD2 to the RNase H1 promoter was normalized by input. 1132 



Relative values of H3K9ac and H3K9me2 were normalized to those of the total H3. (C) Stable shSirt1 HeLa cells 1133 
were transfected with OESirt1. The shcon HeLa cells and stable shSirt1 HeLa cells which transfect with pcDNA3.1-1134 
3flag were used as the control group. ChIP analysis was performed using anti-Sirt1, anti-G9a, anti-CHCHD2, anti-1135 
H3, anti-H3K9ac and anti-H3K9me2 antibodies, and the results were confirmed by real-time PCR. Recruitment of 1136 
Sirt1, G9a and CHCHD2 to the RNase H1 promoter was normalized by input. Relative values of H3K9ac and 1137 
H3K9me2 were normalized to those of the total H3. All results represent at least three independent experiments 1138 
(±SD). * P < 0.05, ** P < 0.01, *** P < 0.001, n. s. means not significant, measured by the t-test.  1139 

1140 



 1141 
Figure 9 A model representing mechanistic link between the regulation of RNase H1 by 1142 
G9a/CHCHD2/Sirt1 module and R-loop formation. 1143 
The transient R-loops formed in the active rRNA transcriptional process are degraded by RNase H1. 1144 
The loss of RNase H1 function leads to the R-loop accumulation and rRNA transcriptional 1145 
repression, further resulting in structurally disorganized nucleolus. G9a prevents CHCHD2 from 1146 
accessing the RNase H1 promoter to induce its expression, which inhibits R-loop formation. 1147 
CHCHD2 acts as a repressive transcription factor to promote R-loop enrichment at the rDNA locus 1148 
by negatively regulating RNase H1. In addition, Sirt1 functions in down-regulating RNase H1 1149 
expression and increasing R-loop accumulation. CHCHD2 interacts with both G9a and Sirt1. When 1150 
the function of G9a is lost, more CHCHD2 and Sirt1 are recruited to the RNase H1 promoter, and 1151 
CHCHD2 tends to co-inhibit the RNase H1 expression with Sirt1. CHCHD2, G9a and Sirt1 function 1152 
with each other and precisely regulate the expression of RNase H1 to maintain the steady-state 1153 
balance of R-loops. 1154 
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