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The INO80 chromatin remodeling complex has roles in 
many essential cellular processes, including DNA replication. 
However, the mechanisms that regulate INO80 in these 
processes remain largely unknown. We previously reported 
that the stability of Ino80, the catalytic ATPase subunit of 
INO80, is regulated by the ubiquitin proteasome system 
and that BRCA1-associated protein-1 (BAP1), a nuclear 
deubiquitinase with tumor suppressor activity, stabilizes 
Ino80 via deubiquitination and promotes replication 
fork progression. However, the E3 ubiquitin ligase that 
targets Ino80 for proteasomal degradation was unknown. 
Here, we identified the C-terminus of Hsp70-interacting 
protein (CHIP), the E3 ubiquitin ligase that functions in 
cooperation with Hsp70, as an Ino80-interacting protein. 
CHIP polyubiquitinates Ino80 in a manner dependent on 
Hsp70. Contrary to our expectation that CHIP degrades 
Ino80, CHIP instead stabilizes Ino80 by extending its half-
life. The data suggest that CHIP stabilizes Ino80 by inhibiting 
degradative ubiquitination. We also show that CHIP works 
together with BAP1 to enhance the stabilization of Ino80, 
leading to its chromatin binding. Interestingly, both depletion 
and overexpression of CHIP compromise replication fork 
progression with little effect on fork stalling, as similarly 
observed for BAP1 and Ino80, indicating that an optimal 
cellular level of Ino80 is important for replication fork speed 
but not for replication stress suppression. This work therefore 

idenitifes CHIP as an E3 ubiquitin ligase that stabilizes Ino80 
via nondegradative ubiquitination and suggests that CHIP 
and BAP1 act in concert to regulate Ino80 ubiquitination to 
fine-tune its stability for efficient DNA replication.
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INTRODUCTION

The INO80 complex is a member of the ATP-dependent chro-

matin remodeling complex family and consists of more than 

10	subunits,	 including	Ino80—the	catalytic	ATPase	subunit	

that is an integral component of the complex and is respon-

sible	for	chromatin	remodeling	activity—as	well	as	the	associ-

ated proteins that play regulatory roles (Jin et al., 2005; Shen 

et al., 2000). Similar to other chromatin remodelers, INO80 

functions in transcriptional regulation of a subset of cellular 

genes (Conaway and Conaway, 2009; Morrison and Shen, 

2009; Shen et al., 2003). A notable feature of INO80 is its 

direct involvement in a variety of nontranscriptional nuclear 

events, including replication fork progression, stress-induced 

stalled fork recovery (Hur et al., 2010; Lee et al., 2014; 2019; 

Papamichos-Chronakis and Peterson, 2008; Shimada et al., 
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2008; Vassileva et al., 2014; Vincent et al., 2008), DNA dam-

age repair and checkpoint responses (Downs et al., 2004; 

Morrison et al., 2004; 2007; Papamichos-Chronakis et al., 

2006; Park et al., 2010; Tsukuda et al., 2005), telomere rep-

lication and telomere length regulation (Min et al., 2013; Yu 

et al., 2007), centromere stability, spindle assembly and chro-

mosome segregation (Measday et al., 2005; Ogiwara et al., 

2007; Park et al., 2011).

 Consistent with the role of INO80 in chromosomal process-

es crucial for genome integrity, depletion of INO80 causes 

aneuploidy and chromosome structural abnormalities, which 

may potentially lead to the development of diseases, such 

as cancer (Chambers et al., 2012; Hur et al., 2010; Papam-

ichos-Chronakis et al., 2011; Wu et al., 2007). Emerging evi-

dence suggests that INO80 is associated with tumorigenesis. 

The tumor suppressor BRCA1-associated protein-1 (BAP1) 

stabilizes Ino80 via deubiquitination, thereby ensuring DNA 

replication and genome integrity (Lee et al., 2014). Ino80 is 

downregulated in BAP1-defective mesothelioma, owing to 

the lack of a BAP1-mediated Ino80 stabilization mechanism, 

thus raising the possibility of a tumorigenic role for INO80 

in this cancer (Lee et al., 2014). In addition, Ino80 haploin-

sufficiency shifts the tumor type from lymphoma to sarcoma 

in mice on a p53-null background, probably as a result of 

increased genomic instability (Min et al., 2013). However, 

recent reports have demonstrated that INO80 acts oncogeni-

cally in tumorigenesis in several human cancers, such as mel-

anoma, and colon, cervical and non-small cell lung cancers 

(Hu et al., 2016; Lee et al., 2017; Zhang et al., 2017; Zhou et 

al., 2016).

 The carboxyl terminus of Hsp70-interacting protein (CHIP, 

also called STUB1) is a specialized U box-containing E3 li-

gase that functions together with protein chaperones, such 

as Hsp70 and Hsp90 (Hatakeyama et al., 2001; Jiang et al., 

2001; Murata et al., 2001). CHIP has three tandem tetratrico-

peptide repeat (TPR) motifs through which it interacts with 

chaperones and ubiquitinates chaperone-bound substrates. 

Thus, CHIP serves as a molecular link between cellular protein 

folding and degradation by functioning as both a cochaper-

one and an E3 ubiquitin ligase (Connell et al., 2001; Hohfeld 

et al., 2001). CHIP plays a critical role in a wide range of 

biological functions by targeting various protein substrates, 

including those associated with tumorigenesis (Seo et al., 

2019; Wang et al., 2020).

 Although chromatin remodelers, including INO80, play crit-

ical roles in many essential biological processes, little is known 

about the mechanisms that regulate their protein stability. 

Our previous study reported Ino80 as the first identified chro-

matin remodeler regulated by the ubiquitin-proteasome deg-

radation pathway and identified BAP1 as a deubiquitinase for 

Ino80. Following up on this study, we initiated the present 

investigation to identify the E3 ubiquitin ligase that targets 

Ino80 for proteasomal degradation. We identified CHIP as an 

E3 ligase that interacts with and polyubiquitinates Ino80 in 

an Hsp70-dependent manner. Contrary to our expectation, 

CHIP stabilized Ino80 rather than leading to its degradation. 

We provide evidence that CHIP stabilizes Ino80 by inhibiting 

its degradative ubiquitination and works together with BAP1 

to regulate the ubiquitination and stability of Ino80 for effi-

cient DNA replication.

MATERIALS AND METHODS

Cells and antibodies
HEK 293T human embryonic kidney and HT29 human colon 

cancer cells were purchased from ATCC (USA), and cultured 

in Dulbecco’s Modified Eagle’s Medium (12800-082; Gib-

co, USA) and McCOY’s 5A modified medium, respectively, 

supplemented with 10% fetal bovine serum (HyClone, 

USA), 100 U/ml penicillin and 100 μg/ml streptomycin. The 

sources of the primary antibodies were as follows: anti-Actin 

(sc-8432; Santa Cruz Biotechnology, USA), anti-α-tubulin 

(ab18251; Abcam, UK), anti-BAP1 (sc-28383; Santa Cruz 

Biotechnology), anti-CHIP (2080; Cell Signaling Technology, 

USA), anti-Flag (F3165 and F7425; Sigma, USA), anti-GAP-

DH (LF-PA0212; AbFrontier, Korea), anti-H2A (07-146; Mil-

lipore, USA), anti-Ha (sc-7392; Santa Cruz Biotechnology), 

anti-Hsp70 (sc-32239; Santa Cruz Biotechnology), anti-Ino80 

(ab105451 and Bethyl, A303-371A; Abcam), anti-Myc (sc-

789 and sc-40; Santa Cruz Biotechnology).

Plasmid vectors, siRNAs and transfection
The plasmid vectors for Flag-Ino80-Δ4 to Flag-Ino80-Δ9 were 

constructed by cloning polymerase chain reaction prod-

ucts from Flag-Ino80 into the Not1-EcoRV sites of 3xFlag-

CMV vector using the following primers: forward primers, 

Ino80-Δ4,	5′-gct	ggc	ggc	cgc	atg	cag	aga	tac	ctg	agg	aac	
aag; Ino80-Δ5,	5′-gct	ggc	ggc	cgc	atg	gca	gaa	tat	gaa	agg	
cga gtt; Ino80-Δ6,	5′-gct	ggc	ggc	cgc	atg	ctt	atc	tac	tcc	cag	
atg acc; Ino80-Δ7,	5′-gct	ggc	ggc	cgc	atg	cac	cgc	tta	ggg	
cag aca aag; Ino80-Δ8,	5′-gct	ggc	ggc	cgc	atg	cgg	atg	gtg	
att tca ggt ggg; Ino80-Δ9,	5′-gct	ggc	ggc	cgc	atg	cgg	cag	
gaa	gag	aaa	cgg	caa,	and	reverse	primers,	5′-gcc	gga	tat	cag	

ccg tcc tcc aga ggg gtt. The vectors for Flag-Ino80-Δ1, -Δ2, 

-Δ3 and -Δ10 were as previously described (Lee et al., 2014; 

Park et al., 2011). The expression vectors for Myc-CHIP and 

Myc-CHIP-ΔUbox were as previously described (Oh et al., 

2011). The BAP1 and BAP1(C91S) expression vectors were 

previously described (Lee et al., 2014). All plasmid transfec-

tions were performed with PEI (polyethylenimine, branched; 

408727; Sigma). The sequences of siRNA are as follows: si-

Ino80,	5′-uua	aga	gug	uga	uuu	cuc	a	and	5′-u	gag	aaa	uca	

cac	ucu	uaa;	si-CHIP,	5′-gga	gca	ggg	caa	ucg	ucu	g	and	5′-	

c	aga	cga	uug	ccc	ugc	ucc;	si-BAP1,	5′-cuc	cau	cag	acc	aau	

cca	a	and	5′-u	ugg	auu	ggu	cug	aug	gag.	The	siGENOME	

SMARTpool siRNAs for BAP1 (M-005791-00) and CHIP 

(M-007201-02) were also used. siRNA transfections were 

performed using Lipofectamine RNAiMax (Thermo Fisher 

Scientific, USA) and calcium phosphate methods.

Site-directed mutagenesis
Site-directed mutagenesis was performed with a QuikChange 

mutagenesis kit and Pfu turbo polymerase (Stratagene, USA). 

The following oligos were used: Ino80-Δ3-1	(R880),	5′-ctc	
tct	ttc	aca	gaa	ggg	gta	tta	atg	aag,	and	5′-ctt	cat	taa	tac	ccc	

ttc tgt gaa aga gag; Ino80-Δ3-2	(R921),	5′-gct	ctt	ttc	ctg	tct	
ctg	agg	gcc	tcc	tac	agg	ctc	c,	and	5′-gga	gcc	tgt	agg	agg	ccc	

tca gag aca gga aaa gag c; Ino80-Δ6-1	(R1141),	5′-tac	atg	
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gtt	tac	agg	agg	cat	acc	tac	atg,	and	5′-cat	gta	ggt	atg	cct	

cct gta aac cat gta; Ino80-Δ6-1	(R1152),	5′-gat	ggc	tca	tcc	
agg	atc	tcg	gag	agg,	and	5′-cct	ctc	cga	gat	cct	gga	tga	gcc	

atc; Ino80-Δ6-2	(R1217),	5′-tta	ggg	cag	aca	agg	cag	gtt	act	
gtg,	and	5′-cac	agt	aac	ctg	cct	tgt	ctg	ccc	taa;	Ino80-Δ6-2 

(R1227),	5′-cgg	ctc	atc	tgt	aga	ggc	acc	att	gaa	gaa	cgc,	and	

5′-gcg	ttc	ttc	aat	ggt	gcc	tct	aca	gat	gag	ccg;	Ino80-Δ6-2 

(R1239/1241),	5′-ctg	caa	aga	gcc	agg	gag	agg	agt	gag	att	

cag,	and	5′-ctg	aat	ctc	act	cct	ctc	cct	ggc	tct	ttg	cag;	CHIP-

K30A, 5-gcg cgc agg agc tcg cgg agc agg gca atc g, and 5

′-cga	ttg	ccc	tgc	tcc	gcg	agc	tcc	tgc	gcg	c;	CHIP-H260Q,	5′

-gga	cat	cga	gga	gca	gct	gca	gcg	tgt	ggg,	and	5′-ccc	aca	cgc	

tgc agc tgc tcc tcg atg tcc.

In vivo ubiquitination assay
293T cells were cotransfected with Flag-Ino80 and Ha-Ub 

vectors along with other expression vectors where indicat-

ed for 48 h. After treatment with MG132 at 10 μM for 4 h 

where indicated, cells were suspended in NETN buffer (20 

mM Tris-Cl pH 8.0, 150 mM NaCl, 1 mM EDTA pH 8.0, 0.5% 

NP-40, 10 mM NaF, and protease inhibitor cocktail contain-

ing 0.5 mM phenylmethylsulphonyl fluoride [PMSF], 50 μg/

ml pepstatin A, 5 μg/ml leupeptin, and 5 μg/ml aprotinin) 

and incubated on ice for 30 min. After clarification by cen-

trifugation at 15,000g at 4°C for 15 min, lysates were pre-

cleared by incubation with protein G Sepharose (16-266; Mil-

lipore) at 4°C for 2 h and further incubated with anti-Flag M2 

affinity gel (A2220; Sigma) at 4°C overnight. After washing 

several times with NETN buffer, the beads were suspended 

in sample loading buffer and boiled for 5 min before being 

subjected to SDS-PAGE and immunoblotting (IB).

 For in vivo ubiquitination assays under denaturing condi-

tions, cells were suspended in lysis buffer containing 25 mM 

Tris-Cl pH 7.5, 1% SDS, 10 mM NaF, and protease inhibitor 

cocktail (0.5 mM PMSF, 50 μg/ml pepstatin A, 5 μg/ml leu-

peptin, and 5 μg/ml aprotinin) and incubated at room tem-

perature (RT) for 30 min. Lysates were sonicated at 30% am-

plitude using a Cole-Parmer Ultrasonic Homogenizer (three 

times, 10 s each; Cole-Parmer, USA) and clarified by centrifu-

gation at 15,000g at 4°C for 15 min. The supernatants were 

dissolved in EB300 high salt buffer (50 mM Tris-Cl pH7.5, 300 

mM NaCl, 1% NP-40, 10 mM β-mercaptoethanol, protease 

inhibitor cocktail containing 0.5 mM PMSF, 50 μg/ml pep-

statin A, 5 μg/ml leupeptin, and 5 μg/ml aprotinin) to dilute 

SDS concentration to 0.1% and then incubated with primary 

antibodies and protein G Sepharose at 4°C overnight. After 

washing several times with EB300 buffer, the beads were 

suspended in sample loading buffer and boiled for 5 min be-

fore being subjected to SDS-PAGE and IB.

Mass spectrometry analysis
Cells were suspended in lysis buffer (2 mM EDTA pH 8.0, 150 

mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM 

Tris-Cl pH 8.0, and 1% NP-40) and incubated on ice for 30 

min. After clarification by centrifugation, lysates were pre-

cleared by incubation with protein G Sepharose at 4°C for 

2 h and incubated with 10 μl of anti-Flag M2 affinity gel at 

4°C overnight. After centrifugation, the pellet was washed 

four times with lysis buffer and suspended in sample loading 

buffer and boiled for 5 min. Protein samples were run on 7% 

SDS gel, which was silver stained using a kit (17-1150-01; GE 

Healthcare, USA). The protein bands of interest were excised 

and subjected to mass spectrometry analysis using NanoLC-

ESI-q-TOF tandem MS.

Immunoprecipitation (IP) and IB
IP was performed as previously described (Lee et al., 2014). 

In brief, cell lysates in NETN buffer were pre-cleared by in-

cubation with protein G Sepharose and further incubated 

with primary antibodies and then with protein G Sepharose. 

After washing with NETN buffer several times, the pellet was 

suspended in sample loading buffer and boiled before being 

subjected to SDS-PAGE and IB. For IB for whole cell lysates, 

cells were suspended in lysis buffer containing 25 mM Tris-Cl 

pH 7.5, 1% SDS, 10 mM NaF and protease inhibitor cocktail 

(0.5 mM PMSF, 50 μg/ml pepstatin A, 5 μg/ml leupeptin, and 

5 μg/ml aprotinin) and incubated at RT for 30 min. Lysates 

were then sonicated at 30% amplitude using Branson Sonifi-

er 450 Sonicator (10 s pulses for 2 min, 10 s pause between 

pulses). Where indicated, cells were suspended in RIPA buffer 

(50 mM Tris-Cl pH 8.0, 0.1% SDS, 150 mM NaCl, 1% NP-40, 

and 0.5% deoxycholic acid) and incubated on ice for 30 min. 

Lysates were dissolved in sample loading buffer and boiled 

for 5 min.

Proximity ligation assay (PLA)
PLA was performed according to the manufacture’s protocol 

(Sigma). The cells grown on glass cover slides were treated 

with Leptomycin B (L2913; Sigma) at 20 nM for 1 h where 

indicated and then fixed with 3.7% paraformaldehyde for 15 

min. Samples were washed three times with phosphate-buff-

ered saline (PBS) for 5 min each time, and blocked with 5% 

bovine serum albumin (BSA) in PBS containing 0.3% Triton 

X-100 at RT for 1 h. The slides were then incubated with 

primary antibodies in a humidity chamber at 4°C overnight 

and blocked in the Duolink blocking buffer at 37°C for 1 h. 

After washing twice with the Duolink wash buffer A at RT 

for 5 min each time, the slides were incubated with the PLUS 

and MINUS PLA probes for 37°C for 1.5 h. The slides were 

washed twice with the Doulink wash buffer A for 5 min each 

time and incubated with the Duolink ligation stock at 37°C 

for 1 h. After washing twice with the wash buffer A for 5 

min each time, the slides were incubated with the Duolink 

polymerase in amplification stock at 37°C for 2 h. The slides 

were finally washed twice with the Duolink wash buffer B 

for 5 min each time, counterstained with DAPI for 5 min and 

mounted using Vectashield mounting medium. Confocal im-

ages were captured using a Zeiss LSM 880 microscope (Zeiss, 

Germany).

Chromatin fractionation
The salt gradient chromatin fractionation was performed 

as previously described (Park et al., 2020). Briefly, cells were 

lysed in CEBN buffer (10 mM HEPES [pH 7.8], 10 mM KCl, 

1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 0.2% NP-40, 

protease inhibitors as described above) and centrifuged to 

separate supernatant (cytoplasmic fraction) from pellet. The 

pellet was suspended in soluble nuclear buffer (3 mM EDTA, 
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0.2 mM EGTA, protease inhibitors as described above) and 

centrifuged to separate supernatant (soluble nuclear frac-

tion) from pellet. The resulting pellet was then subjected to 

gradient salt extraction with salt buffers with increasing NaCl 

concentration (50 mM Tris [pH 8.0], 0.05% NP-40, NaCl as 

indicated, protease inhibitors as described above). The one-

step detergent fractionation was performed as previously 

described (Lee et al., 2019; Park et al., 2006). Briefly, 2 × 105 

cells were suspended in 100 μl of the fractionation III buffer 

(50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% 

NP-40, protease inhibitor cocktail [0.5 mM PMSF, 50 μg/

ml pepstatin A, 5 μg/ml leupeptin, and 5 μg/ml aprotinin], 

and 10 mM NaF) for 60 min on ice and then centrifuged at 

16,000g for 20 min to separate supernatant (cytoplasmic and 

chromatin-unbound or loosely bound proteins) from pellet 

(insoluble chromatin-bound proteins).

DNA fiber assay
The DNA fiber assay was performed as previously described 

(Lee et al., 2014; Merrick et al., 2004). Briefly, cells were 

treated sequentially with IdU for 10 min and CldU for 30 

min and then incubated in spreading buffer (0.5% SDS, 200 

mM Tris-Cl pH 7.4, and 50 mM EDTA) on a Silane-Prep Slide 

(S4651; Sigma-Aldrich). DNA fibers were then extended by 

tilting the slide and were fixed with 3:1 methanol/acetic acid. 

After treatment with 2.5 N HCl for 30 min, each slide was 

incubated with mouse anti-BrdU (for IdU detection) and rat 

anti-BrdU (for CldU detection). After wash with PBS, the slide 

was incubated with a mixture of secondary antibodies (Alexa 

Fluor® 568 rabbit anti-mouse IgG [A11061; Invitrogen] and 

Alexa Fluor®488 chicken anti-rat IgG [A21470; Invitrogen]) at 

RT for 30 min followed by another mixture of secondary anti-

bodies (Alexa Fluor®568 goat anti-rabbit IgG [A11011; Invit-

rogen] and Alexa Fluor®488 goat anti-chicken IgG [A11039; 

Invitrogen]) after 15 min of blocking. The slides were mount-

ed using Vectashield mounting medium and fluorescence 

microscopy images were captured using a Carl Zeiss LSM880 

scanning laser confocal microscope (Fluorescence Core Imag-

ing Center at Ewha Womans University). Tract length of fork 

progression was determined and converted to fork speed on 

the basis of 1-μm DNA being equivalent to approximately 2.8 

kb.

Statistical analysis
DNA fiber assay was analyzed by Welch’s two tailed t-test 

using GraphPad Prism 5.01 (GraphPad Software, USA) and 

Student’s t-test using Microsoft Excel 2016 (Microsoft, USA). 

Data are mean ± SD. P values less than 0.05 were considered 

statistically significant. Uncropped gels are shown in Supple-

mentary Material.

RESULTS

Identification of potential E3 ligase binding sites in Ino80
In an effort to find the E3 ubiquitin ligase for Ino80, we con-

structed a set of plasmid vectors expressing serial N-terminal 

deletion mutants of Flag-tagged Ino80 (Fig. 1A) and per-

formed an in vivo ubiquitination assay with these constructs. 

Deletion of the amino acid sequence between positions 851 

and 941 greatly reduced Ino80 ubiquitination (Figs. 1B and 

1C;	compare	∆3	and	∆4).	Additional	deletion	of	the	se-

quence between 1121 and 1211, the HelicC domain, almost 

completely abolished Ino80 ubiquitination (Figs. 1C and 1D; 

compare	∆6	and ∆7).	Thus,	these	two	subregions	of	Ino80	

likely provide either E3 ligase binding sites or ubiquitination 

sites. We tested the possibility that they provide ubiquitina-

tion sites. The N-terminal subregion contains two Lys residues 

(Fig. 1E), and mutation of these residues to Arg (nonubiquiti-

natable)	either	individually	or	simultaneously	(∆3-1	to	∆3-3)	

had no effect on Ino80 ubiquitination (Fig. 1F). There are two 

Lys residues within the HelicC domain and four in its down-

stream flanking sequence between positions 1211 and 1246 

(Fig. 1E). Mutation of these six Lys residues to Arg residues 

in	various	combinations	(∆6-1	to	∆6-3)	showed	no	effect	

on Ino80 ubiquitination (Fig. 1G). Therefore, we concluded 

that these two subregions of Ino80 provide E3 ligase binding 

sites rather than ubiquitination sites. We ensured that the 

expression levels of Flag-Ino80 comparable with those of en-

dogenous Ino80 to prevent possible artifactual effects caused 

by overexpression of the transfected gene (Supplementary 

Fig. S1). We note that all the N-terminal deletion mutants of 

Flag-Ino80 showed higher expression levels with a tendency 

to degrade compared to full-length Ino80.

CHIP and Hsp70 interact with Ino80
The above results prompted us to identify the cellular pro-

teins that bind to the two subregions of Ino80. In this study, 

we focused on the HelicC domain. We observed in IP experi-

ments with Flag-Ino80 and its deletion mutants that a group 

of proteins migrating to approximately 70 kDa were asso-

ciated	with	full-length	Ino80,	Ino80-∆5	and	Ino80-∆6	but	

were	barely	associated	with	Ino80-∆7	and	Ino80-∆10	(Fig. 

2A), indicating that the HelicC domain was important for 

their binding to Ino80. These proteins were not general puri-

fication contaminant, as they were not present in the vector 

samples or associated with the chromatin remodeler BRG1 

or p53 (Fig. 2A, Supplementary Fig. S2A). Mass spectrometry 

analysis identified these proteins as Hsp70 and Hsc70, mem-

bers of the heat shock protein 70 family (Fig. 2B, Supplemen-

tary Fig. S2B). Actin-related protein 8 (Arp8), a subunit of the 

INO80 complex, was also identified to associate with Ino80 

(Supplementary Fig. S2B). Using an anti-Hsp70 antibody, we 

confirmed that Hsp70 binds to Ino80 in a manner dependent 

on the HelicC domain (Fig. 2C) and is not a purification con-

taminant (Supplementary Fig. S2C). We further verified the 

binding of Hsp70 to Ino80 by IP using Myc-tagged Hsp70 

(Fig. 2D).

 Since CHIP functions as a complex with Hsp70, we per-

formed co-IP to determine whether CHIP interacts with 

Ino80. When Flag-tagged proteins were immunoprecipitated 

from cells expressing Flag-Ino80, CHIP and Hsp70 were co-

precipitated (Fig. 2E). IP of Flag-tagged proteins from cells 

expressing Flag-Hsp70 resulted in coprecipitation of Ino80 

and CHIP (Fig. 2F). In addition, Ino80 and Hsp70 coprecipi-

tated when Myc-tagged proteins were immunoprecipitated 

from cells expressing Myc-CHIP (Fig. 2G). These results indi-

cated that both CHIP and Hsp70 were associated with Ino80 

within the cells. Consistent with these results, CHIP interacted 
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with Ino80 in a HelicC domain-dependent manner, similar to 

Hsp70 (Fig. 2H).

 Next, we performed an in situ PLA, which not only directly 

detects protein-protein interactions at the single-molecule 

level in cells but also allows visualization of the actual in-

tracellular sites of the interactions (Soderberg et al., 2006). 

Incubation of cells with anti-Ino80 and anti-CHIP antibodies 

produced clear PLA signals, which were not detected after 

Ino80 knockdown (Figs. 2I and 2J), demonstrating that Ino80 

and CHIP interact directly with each other intracellularly. Sim-

ilar experiments using anti-Ino80 and anti-Hsp70 antibodies 

verified the interaction between Ino80 and Hsp70 (Figs. 2I 

and 2J). Although Ino80 is a nuclear protein, the PLA signals 

indicated that the interactions of Ino80 with CHIP and Hsp70 

occur in both the nucleus and cytoplasm. Interestingly, after 

treatment of the cells with leptomycin B, a potent nuclear ex-

port inhibitor, the majority of the PLA signals were detected 

in the nucleus (Figs. 2K and 2L). Ino80 may function as a nu-

cleocytoplasmic shuttling protein and this possibility remains 

to be investigated in future studies.

Fig. 1. Identification of potential E3 ligase binding sites in Ino80. (A) Map of the full-length (FL) and serial N-terminal deletion mutants 

of Flag-tagged Ino80 was shown along with predicted molecular weight (MW) and the relative ubiquitination level for each construct. 

The ATPase domain of Ino80 splits into the Snf2N and HelicC domains. HSA, helicase-SANT-associated domain; Snf2N, Snf2 family N 

terminus; HelicC, helicase superfamily C terminus. (B-D) Results of in vivo ubiquitination assay for FL and the deletion mutants of Flag-

Ino80. A representative of three to five independent experiments showing similar results is presented for each set. SE, short exposure; LE, 

long	exposure.	(E)	Map	of	the	mutant	forms	of	Ino80-∆3	and	Ino80-∆6,	in	each	of	which	the	indicated	Lys	residues	were	changed	to	

Arg. (F and G) Results of in vivo	ubiquitination	assay	for	the	mutant	sets	of	Flag-Ino80-∆3	and	Flag-Ino80-∆6.	A	representative	of	three	

independent experiments showing similar results is presented for each set.
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Fig. 2. CHIP and Hsp70 interact with Ino80. (A) After transfection of 293T cells with the indicated expression vectors, Flag-tagged 

proteins were immunoprecipitated and separated on an SDS gel before silver staining. The bracket indicates the group of proteins that 

bind to Ino80 dependently of the HelicC domain. Arrowheads, Flag-tagged proteins. FL, full-length. (B) The peptides identified to match 

Hsp70 and Hsc70 in mass spectrometry analysis. (C) Co-IP results showing the HelicC domain-dependent Hsp70 binding to Ino80. (D) 

Confirmation of the interaction between Ino80 and Hsp70 by co-IP using Myc-tagged Hsp70. (E-G) Co-IP results demonstrating the 

interactions among Flag-Ino80, Hsp70, and CHIP (E); Flag-Hsp70, Ino80, and CHIP (F); and Myc-CHIP, Ino80, and Hsp70 (G). (H) Co-IP 

results showing that both CHIP and Hsp70 bind to Ino80 in a HelicC domain-dependent manner. (I) siRNA knockdown of Ino80 for in situ 

PLA. Asterisk, Ino80 band. (J) Results of the in situ PLA demonstrating direct interactions between Ino80 and CHIP and between Ino80 

and Hsp70 in HT29 cells. Each spot of red fluorescence represents a single interaction. Ino80 knockdown shows the specificity of the PLA 

signals. (K) Results of the in situ PLA with HT29 cells after leptomycin B treatment (LMB). Scale bars = 10 μm (J and K). (L) The average 

number of PLA foci in the nucleus and cytoplasm per cell before and after leptomycin B treatment was calculated and depicted as graph. 

Counted cell number: Ino80/CHIP–LMB, 22; Ino80/CHIP+LMB, 18; Ino80/Hsp70–LMB, 23; Ino80/Hsp70+LMB, 32.
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Fig. 3. CHIP polyubiquitinates Ino80 in a manner dependent on Hsp70. (A and B) In vivo ubiquitination assay under denaturing 

condition demonstrates the covalent conjugation of ubiquitin to Ino80. 293T cells were cotransfected with Flag-Ino80 and Ha-Ub vectors 

and treated with MG132. Flag-tagged (A) and Ha-tagged proteins (B) were immunoprecipitated from cell lysates and analyzed for Ha-Ub 

and Flag-Ino80 by IB, respectively. (C) After cotransfection with Flag-Ino80 and/or Myc-CHIP plus Ha-Ub, 293T cells were left untreated 

or treated with MG132 before being subjected to in vivo denaturing ubiquitination assay. (D) After cotransfection with Flag-Ino80 and 

Ha-Ub plus nonspecific or CHIP-specific siRNAs, 293T cells were left untreated or treated with MG132 before being subjected to in vivo 

denaturing ubiquitination assay. LE, long exposure; SE, short exposure. (E and F) After cotransfection with Flag-Ino80 and Ha-Ub plus 

Myc-CHIP in the forms of wild type or various mutants, 293T cells were left untreated (E) or treated with MG132 before being subjected 

to in vivo denaturing ubiquitination assay (F). (G and H) 293T cells were cotransfected with Flag-Ino80 plus Myc-CHIP in the forms of wild 

type,	K30A,	H260Q	(G),	or	∆Ubox	mutants	(H),	and	subjected	to	co-IP	and	IB.	(I)	293T	cells	were	cotransfected	with	tFlag-Ino80	plus	

control or CHIP-specific siRNAs, and subjected to co-IP and IB.
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CHIP polyubiquitinates Ino80 in a manner dependent on 
Hsp70
Before pursuing further investigation, we clarified whether 

the ubiquitination signals detected in our previous assay are 

attributed to Ino80 or to unrelated, associated proteins since 

the NETN lysis buffer used in that assay does not completely 

disrupt noncovalent interaction. After cotransfection with 

Flag-Ino80 and Ha-tagged ubiquitin (Ha-Ub), cells were treat-

ed with MG132 and lysed under denaturing conditions to 

remove any associated proteins from Flag-Ino80. When Flag-

Ino80 was immunoprecipitated, polyubiquitination signals 

were detected (Fig. 3A). Conversely, in a similar experiment, 

IP of Ha-Ub resulted in detection of signals representing poly-

ubiquitinated Ino80 (Fig. 3B). The results of these reciprocal 

denaturing ubiquitination assays demonstrated that Ino80 

contains covalently conjugated ubiquitin molecules.

 Then, by an in vivo ubiquitination assay under denaturing 

conditions (hereafter, all in vivo ubiquitination assays were 

carried out under denaturing conditions), we determined 

whether CHIP ubiquitinates Ino80. Ino80 ubiquitination was 

readily detected under normal conditions (without MG132), 

and this ubiquitination was increased by MG132 treatment 

(Fig. 3C, lanes 3 and 4). CHIP overexpression increased Ino80 

ubiquitination (Fig. 3C, compares lanes 3 and 4 with lanes 5 

and 6), and CHIP knockdown decreased Ino80 ubiquitination 

independent of MG132 treatment (Fig. 3D, compares lanes 

3 and 4 with lanes 5 and 6), showing that CHIP ubiquitinates 

Ino80 intracellularly. Notably, the effects of CHIP overexpres-

sion and knockdown on Ino80 ubiquitination were much 

more prominent under untreated conditions than under 

treatment with MG132, apparently due to the increased 

basal levels of Ino80 in the presence of MG132 (Figs. 3C and 

3D).

 The U box domain contains the catalytic active site and is 

essential for CHIP dimerization and substrate binding (Cyr et 

al., 2002; Jiang et al., 2001). The TPR motif of CHIP mediates 

its interaction with Hsp70 (Zhang et al., 2005). The catalytic 

mutant CHIP-H260Q, in which the critical His residue in the 

active	site	was	changed	to	Gln,	and	the	CHIP-∆Ubox	mu-

tant, which lacks the entire U box, did not increase Ino80 

ubiquitination regardless of MG132 treatment (Figs. 3E and 

3F), showing that the activity of CHIP towards Ino80 is spe-

cific. The CHIP-K30A mutant, which cannot bind to Hsp70 

owing to mutation of the critical Lys residue in the TPR motif, 

was not able to increase Ino80 ubiquitination regardless of 

MG132 treatment (Figs. 3E and 3F), suggesting that Hsp70 

is essential for the Ino80-ubiquitinating activity of CHIP. 

Both CHIP-H260Q and CHIP-K30A normally bound to Ino80 

(Fig. 3G), indicating that neither the catalytic activity nor the 

Hsp70 binding ability of CHIP is necessary for its binding to 

Ino80. While CHIP overexpression increased Hsp70 binding 

to Ino80 (Figs. 3G and 3H),	CHIP-∆Ubox	was	unable	to	bind	

to Ino80 and did not increase Hsp70 binding to Ino80 (Fig. 

3H). CHIP knockdown decreased Hsp70 binding to Ino80 

(Fig. 3I). Therefore, it appears that Hsp70 binds to Ino80 via 

CHIP and it promotes Ino80 ubiquitination by mechanisms 

other than mediating the binding of CHIP to Ino80.

CHIP stabilizes Ino80 and most of the CHIP-stabilized 
Ino80 binds to chromatin
During the course of our study, we repeatedly observed that 

CHIP overexpression resulted in an increase in Ino80 in the 

lysates prepared for the denaturing ubiquitination assay, 

whereas it decreased Ino80 in the lysates prepared for the IP 

experiment (compare the input lysates in Figs. 3E and 3G, for 

example), suggesting that the cell lysis conditions could result 

in this difference. Indeed, the lysis conditions for denaturing 

ubiquitination (lysis in 1% SDS and sonication) permitted 

complete extraction of Ino80, whereas the NETN buffer used 

for IP (data not shown) and the standard RIPA buffer only 

partially extracted Ino80, resulting in a reduction of Ino80 

in the supernatant, with a concomitant increase of Ino80 in 

the pellet, upon CHIP overexpression (Supplementary Fig. 

S3). These results suggested that contrary to our expectation 

that CHIP degrades Ino80, CHIP stabilizes Ino80. Indeed, we 

observed by using denaturing lysis conditions that increas-

ing CHIP expression resulted in dose-dependent increases 

in endogenous Ino80 (Fig. 4A) and transfected Flag-Ino80 

(Fig. 4E, whole-cell lysate), and inversely, CHIP knockdown 

decreased both endogenous Ino80 (Fig. 4B) and transfected 

Flag-Ino80 (Fig. 4C).

 Chromatin fractionation with a salt gradient showed that 

a vast majority of Ino80, even after a large increase in the 

abundance via CHIP overexpression, was extracted with 

0.3- and 0.45-M NaCl, with essentially no protein present in 

the nuclear unbound fractions, indicating that most of the 

CHIP-stabilized Ino80 bound to chromatin (Fig. 4D). We con-

firmed this finding for transfected Flag-Ino80 by the one-step 

detergent extraction separating chromatin-bound proteins 

from proteins unbound or loosely bound to chromatin. Flag-

Ino80 increased proportionally after expression of increasing 

amounts of CHIP, and most of the increased Ino80 was 

present in the chromatin-bound fractions (Fig. 4E), indicating 

that most CHIP-stabilized Ino80 bound to chromatin. This ac-

tivity of CHIP was specific, as none of the three CHIP mutants 

fully promoted Ino80 stabilization and chromatin binding 

although CHIP-H260Q exhibited some significant effects (Fig. 

4F).

 Interestingly, MG132 treatment increased Ino80 as previ-

ously shown and this effect of MG132 occurred even when 

CHIP was depleted (Fig. 4G). These results, together with the 

finding that the decrease in Ino80 ubiquitination mediated by 

CHIP knockdown was reversed by MG132 (Fig. 3D), suggest 

that CHIP antagonizes another E3 ligase that triggers prote-

asomal degradation, possibly by targeting the same sites on 

Ino80. In support of this hypothesis, while CHIP ubiquitinated 

Ino80 via Lys-48 and Lys-63 linkages, which typically trigger 

protein degradation and nondegradative signaling, respec-

tively, neither linkage led to Ino80 degradation, independent 

of MG132 treatment (Figs. 4H and 4I).

CHIP and BAP1 act in concert to increase Ino80 stability 
and chromatin binding
Since BAP1 deubiquitinates and stabilizes Ino80 (Lee et al., 

2014), we investigated the relationship between CHIP and 

BAP1 in Ino80 ubiquitination. In the absence of MG132, indi-

vidual expression of CHIP and BAP1 increased and decreased 
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Ino80 ubiquitination, respectively, as expected. Notably, 

compared to expression of CHIP only, coexpression of CHIP 

with	BAP1—but	not	coexpression	with	the	BAP1(C91S)	cata-

lytic	mutant—decreased	Ino80	ubiquitination,	indicating	that	

BAP1 counteracted CHIP-mediated Ino80 ubiquitination (Fig. 

5A). Similar experiments in the presence of MG132 showed 

virtually the same results (Fig. 5B). Expression of increasing 

amounts of BAP1 diminished CHIP-mediated Ino80 ubiquiti-

nation in a dose-dependent manner independent of MG132 

treatment (Figs. 5C and 5D), showing the specificity of BAP1 

activity. BAP1 overexpression also abolished basal Ino80 

ubiquitination (Figs. 5C and 5D, rightmost lanes).

 Next, we sought to determine whether CHIP and BAP1 

have a combined effect on Ino80 stability. While individual 

expression of CHIP and BAP1 increased Ino80, as expect-

ed, coexpression of these proteins increased endogenous 

Ino80 (Fig. 5E) and transfected Flag-Ino80 beyond the levels 

achieved by individual expression of either protein (Fig. 5F). 

Fig. 4. CHIP stabilizes Ino80, and most of the CHIP-stabilized Ino80 binds to chromatin. (A and B) Immunoblot analysis for 293T cells 

after transfection with increasing Myc-CHIP expression vector (A) or CHIP-specific siRNAs (B). (C) Immunoblot analysis showing the 

decrease of Flag-Ino80 by CHIP siRNA knockdown. (D) After transfection with an empty or Myc-CHIP vectors, 293T cells were subjected 

to salt gradient chromatin fractionation. A representative of two similar results is shown. Arrows, Ino80 band. (E) After cotransfection 

with Flag-Ino80 and increasing Myc-CHIP, 293T cells were divided into two for the one-step detergent fractionation and for preparation 

of whole cell lysate (WCL) before being subjected to IB. H2A was used as a marker for insoluble chromatin-bound fraction and GAPDH 

for soluble unbound fraction. LE, long exposure; SE, short exposure. (F) After cotransfection with Flag-Ino80 plus Myc-CHIP or various 

mutant Myc-CHIPs, 293T cells were subjected to one-step detergent fractionation as per (E). (G) After cotransfection with Flag-Ino80 

plus control or CHIP-specific siRNAs, 293T cells were left untreated or treated with MG132 before immunoblot analysis. (H and I) 293T 

cells were cotransfected with Flag-Ino80 and Ha-Ub in the forms of wild type, K48 (all Lys residues except Lys-48 mutated to Arg) or K63 

mutants (all Lys residues except Lys-63 mutated to Arg), plus control or CHIP-specific siRNAs. Cells were then left untreated (H) or treated 

with MG132 before being subjected to in vivo denaturing ubiquitination assay (I).
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Fig. 5. CHIP and BAP1 act in concert to increase Ino80 stability and chromatin binding. (A and B) BAP1 reduces CHIP-mediated Ino80 

ubiquitination. After cotransfection with Flag-Ino80 and Ha-Ub plus Myc-CHIP and/or wild-type or C91S mutant forms of Myc-BAP1, 

293T cells were left untreated (A) or treated with MG132 before being subjected to in vivo denaturing ubiquitination assay (B). (C and 

D) BAP1 diminishes CHIP-mediated Ino80 ubiquitination in dose-dependent manner. After cotransfection with Flag-Ino80 and Ha-Ub 

plus Myc-CHIP and increasing Myc-BAP1, 293T cells were left untreated (C) or treated with MG132 before being subjected to in vivo 

denaturing ubiquitination assay (D). (E) After 293T cells were transfected with Myc-CHIP and/or Myc-BAP1, lysates were prepared for 

IB. Ino80 fold increase is shown. Asterisk (*), nonspecific band. (F) Results of the similar experiments as in (E) for Flag-Ino80. (G) After 

293T cells were transfected with CHIP- and/or BAP1-specific siRNAs, lysates were prepared for IB. Ino80 fold decrease is shown. Asterisk 

(*), onspecific band. (H) Results of the similar experiments as in (G) for Flag-Ino80. (I and J) (Top) After cotransfection with Flag-Ino80 

and Myc-BAP1 (I), or Myc-CHIP or Myc-CHIP plus Myc-BAP1 (J), 293T cells were treated with cycloheximide and harvested at various 

times for IB. (Bottom) Flag-Ino80 bands were quantitated by densitometer, and after normalization to α-tubulin bands, relative Ino80 

levels were plotted as a graph by setting the first lane of each experimental condition as 1. CHX, cycloheximide. (K) After cotransfection 

with Flag-Ino80 plus Myc-CHIP and/or Myc-BAP1 vectors, 293T cells were subjected to the one-step detergent fractionation as per Fig. 

4E. LE, long exposure; SE, short exposure. (L) After cotransfection with Flag-Ino80 plus Myc-CHIP and increasing Myc-BAP1, 293T cells 

were subjected to the one-step detergent fractionation as per Fig. 4E. (M) After cotransfection with Flag-Ino80 plus CHIP- and/or BAP1-

specific siRNAs, 293T cells were subjected to the one-step detergent fractionation as per Fig. 4E.
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Conversely, siRNA knockdown of both proteins decreased 

endogenous Ino80 (Fig. 5G) and transfected Flag-Ino80 

below the levels achieved by individual knockdown of either 

protein (Fig. 5H). Cycloheximide chase assays showed that in 

the absence of de novo protein synthesis, Ino80 decayed with 

a half-life ranging between 3 h and 5 h, which was extended 

to longer than 12 h by BAP1 overexpression, as previously 

shown (Fig. 5I). The Ino80 half-life was also extended to lon-

Fig. 6. CHIP and BAP1 work together to regulate replication fork progression. (A-E) After transfection with the expression vectors 

and/or siRNAs as indicated, 293T cells were subjected to DNA fiber assay. DNA fibers with approximately 2 < CldU/IdU ratio < 4 were 

counted and depicted as scatter plot. Mean fork speed (kb min-1) is indicated. (A) Representative DNA fibers from the cells transfected 

with the indicated siRNAs. Scale bars = 5 μm. (B) Scored fibers: si-Ctrl = 613; si-CHIP = 1037; si-BAP1 = 866; si-CHIP + si-BAP1 = 1020; si-

Ino80 = 824. The results of immunoblot analysis of siRNA knockdown for DNA fiber assay were shown on the right. (C) Scored fibers: si-

Ctrl	=	252;	si-CHIP	=	164;	si-CHIP	+	CHIP	=	297;	si-CHIP	+	K30A	=	319;	si-CHIP	+	H260Q	=	281;	si-CHIP	+	∆Ubox	=	324.	The	results	of	

immunoblot analysis of reexpression of wild-type or various mutants CHIPs in CHIP knockdown cells were shown on the right. Note that 

degraded	Myc-CHIP	comigrates	with	endogenous	CHIP.	Asterisk	(*),	Myc-∆Ubox	band.	(D)	Scored	fibers:	Vector	=	200;	CHIP	=	200;	

K30A	=	200;	H260Q	=	200;	∆Ubox	=	200.	(E)	Scored	fibers:	Vector	=	513;	CHIP	=	638;	Ino80	=	695;	BAP1	=	692.	(F	and	G)	Using	the	

data from (B) and (E), CldU/IdU ratio was calculated and depicted as scatter plot. Mean CldU/IdU ratios is indicated. (F) Scored fibers: si-

Ctrl = 286; si-CHIP = 314; si-Ino80 = 237; si-BAP1 = 245. (G) Scored fibers: Vector = 417; CHIP = 269; Ino80 = 350; BAP1 = 237. Data 

are mean ± SD. For statistics and reproducibility, see accompanying Supplementary Material (source data).
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ger than 12 h by CHIP overexpression, and simultaneous ex-

pression of CHIP and BAP1 further increased the half-life (Fig. 

5J). Therefore, CHIP, like BAP1, stabilizes Ino80 by prolonging 

its half-life, and the combined effect of CHIP and BAP1 on 

Ino80 stabilization is likely attributed to a combination effect 

on half-life extension.

 We then determined the effects of CHIP and BAP1 on 

chromatin binding of Ino80 by detergent extraction. A ma-

jority of the increased amount of Ino80 after simultaneous 

expression of CHIP and BAP1 bound to chromatin (Fig. 5K). 

Expression of increasing amounts of BAP1 enhanced CHIP-in-

duced Ino80 stabilization in a dose-dependent manner, with 

a concomitant increase in chromatin binding of Ino80 (Fig. 

5L). Conversely, knockdown of CHIP, BAP1, or both de-

creased Ino80 preferentially in the chromatin fractions (Fig. 

5M). The results obtained thus far collectively suggest that 

CHIP and BAP1 work together, presumably by promoting 

nondegradative ubiquitination and removing degradative 

ubiquitin conjugates, respectively, to augment Ino80 sta-

bilization and chromatin binding. CHIP appears to stabilize 

Ino80 mainly by inhibiting degradative ubiquitination since 

BAP1 abolishes both basal and CHIP-mediated ubiquitination 

and still promotes Ino80 stabilization.

CHIP and BAP1 work together to regulate replication fork 
progression
Next, we determined the effects of CHIP and BAP1 on rep-

lication fork progression by a DNA fiber assay. Individual 

knockdown of CHIP and BAP1 decreased replication fork 

progression to an extent similar to the effects achieved by 

Ino80 knockdown, as evaluated by track length of IdU/CldU 

incorporation. Simultaneous knockdown of CHIP and BAP1 

did not decrease fork progression beyond the levels achieved 

by individual knockdown of either protein (Figs. 6A and 6B). 

One reason for this could be that the simultaneous knock-

down of CHIP and BAP1 decreased Ino80 only marginally 

compared to the individual knockdown, which is likely due 

to a limitation of siRNA knockdown. Contrary to our expec-

tation that reexpression of CHIP would rescue the replication 

defect in CHIP-depleted cells, CHIP expression instead exac-

erbated the replication defect in a manner dependent on its 

catalytic and Hsp70-binding activities (Fig. 6C). Surprisingly, 

overexpression of CHIP specifically decreased replication fork 

progression (Fig. 6D). Moreover, overexpression of Ino80 

or BAP1 also decreased fork progression (Fig. 6E). Then, we 

analyzed fork symmetry to determine the effects of CHIP 

and BAP1 on replication stress. CHIP knockdown showed no 

effect on fork symmetry (CldU/IdU ratio) (Fig. 6F) and CHIP 

overexpression reduced it only marginally (Fig. 6G), indicat-

ing that the aberrant CHIP levels did not significantly trigger 

replication stress. Overexpression and knockdown of BAP1 

and Ino80 showed little effect on fork symmetry (Figs. 6F and 

6G), suggesting that these proteins do not have a significant 

role in suppressing replication stress during normal DNA 

synthesis although they are important for stalled fork restart 

during stress condition (Lee et al., 2019; Vassileva et al., 

2014). These results collectively suggest that the stability of 

Ino80 is critical for DNA replication, meaning that an aberrant 

level of Ino80, whether deficient or excessive, can compro-

mise fork progression by reducing fork speed rather than by 

triggering replication stress, and that CHIP, acting together 

with BAP1, ensures efficient fork progression by optimizing 

the cellular levels of Ino80.

DISCUSSION

Here, we identified CHIP as an E3 ubiquitin ligase for Ino80 

that interacts with, ubiquitinates and stabilizes Ino80 by 

prolonging its half-life. Our data suggest that CHIP stabilizes 

Ino80 by inhibiting its degradative ubiquitination. BAP1 abol-

ished both basal and CHIP-mediated Ino80 ubiquitination and 

still promoted stabilization of Ino80, suggesting that CHIP 

exerts its Ino80 stabilization activity mostly via inhibition of 

degradative ubiquitination. Most CHIP- and BAP1-stabilized 

Ino80 bound to chromatin. Both depletion and overexpres-

sion of CHIP compromised replication fork progression with 

little effect on fork stalling, as observed for BAP1 and Ino80, 

indicating that an optimal cellular level of Ino80 is important 

for the speed of replication fork progression but not for sup-

pression of replication stress. These results suggest that CHIP 

and BAP1 act in concert to regulate Ino80 ubiquitination to 

fine-tune the stability of Ino80 for efficient DNA replication.

 Owing to their ubiquitous expression and important roles 

in many essential cellular processes, the protein stability of 

chromatin remodelers were generally thought to be static. 

However, our previous work showed that the stability of 

Ino80 is regulated by the ubiquitin-proteasome system and 

that BAP1 functions as a deubiquitinase that stabilizes Ino80 

and thus promotes DNA replication (Lee et al., 2014). In the 

present work, we aimed to identify the E3 ligase that targets 

Ino80 for proteasomal degradation and thus functions as an 

antagonizer of BAP1. Contrary to our expectation, however, 

CHIP was identified to be an E3 ligase that stabilizes Ino80. 

Therefore, the Ino80-degrading E3 ubiquitin ligase remains 

to be discovered. One promising approach to identify this 

E3 ligase could be to identify the cellular factors that bind 

Ino80 depending on the subregion between positions 851 

and 941. A recent study using co-IP and polyubiquitin affinity 

pull-down approaches combined with mass spectrometry has 

identified TRIM3 as a potential E3 ubiquitin ligase for Ino80 

functioning in hippocampal synaptic plasticity (Schreiber et 

al., 2015). Another recent study reported that TRIM3 levels 

correlate positively with Ino80 polyubiquitination and nega-

tively with Ino80 protein levels during prolonged abstinence 

from drug exposure (Werner et al., 2019). Thus, it is also 

worth investigating the possibility that TRIM3 functions as 

the E3 ubiquitin ligase for Ino80 degradation.

 Our data showed that CHIP overexpression leads to a large 

increase in Ino80 ubiquitination in the absence of MG132, 

a condition allowing for proteasomal degradation. In addi-

tion, CHIP depletion decreased Ino80 ubiquitination, and this 

effects was reversed by MG132 treatment. Consistent with 

these results, the decrease in the Ino80 level is reversed by 

MG132 in CHIP-depleted cells. Based on these results, we 

propose that CHIP stabilizes Ino80 by competing with the 

yet-to-be identified Ino80-degrading E3 ligase for ubiquiti-

nation, possibly by targeting the same sites. In support of 

this hypothesis, studies have shown that CHIP ubiquitinates 
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several proteins via noncanonical ubiquitin linkages, such as 

K-6 and K-63 linkages, to provide nondegradative signals 

(McDonough et al., 2009; Ronnebaum et al., 2013; Seo et 

al., 2018; Yang et al., 2011; Zhu et al., 2014). In this scenar-

io, BAP1 may remove both degradative and CHIP-mediated 

nondegradative ubiquitin conjugates from Ino80 to ensure 

maximal protein stability.

 As a chaperone-dependent E3 ligase, CHIP works together 

with Hsp70 or Hsp90 for ubiquitination of its target proteins. 

Both the K30A mutation and TPR deletion abolish the sub-

strate binding and ubiquitination activities of CHIP towards 

many target proteins, such as ErbB2, LRRK2, hTERT, Foxp3 

and Runx2, showing that CHIP requires chaperones for both 

substrate binding and its E3 ligase activity towards the sub-

strate (Chen et al., 2013; Ko et al., 2009; Lee et al., 2010; Li 

et al., 2008; Xu et al., 2002). In contrast, for some targets, 

such as BACE and E47, CHIP requires chaperones for sub-

strate ubiquitination but not for substrate binding (Huang et 

al., 2004; Singh and Pati, 2015). Similarly, our results showed 

that CHIP requires Hsp70 for Ino80 ubiquitination but not 

for Ino80 binding, thus providing more examples of the dif-

ferential chaperone requirements of CHIP target proteins for 

substrate binding and ubiquitination. Therefore, although a 

chaperone is essential for the E3 ligase activity of CHIP, the 

role of the chaperone in the binding of CHIP to the substrate 

is not likely to be absolute but rather to depend on the type 

of target protein.

 Given our results that CHIP and BAP1 regulate the stability 

of Ino80, it is possible that these regulators play roles in other 

INO80-mediated processes, such as DNA repair and genome 

stability. A number of studies have suggested that CHIP func-

tions as a tumor suppressor and as an oncogene by triggering 

ubiquitin-mediated degradation of several tumor suppressors 

and oncogenic proteins, including p53, PTEN, c-Myc, ErbB2 

and SRC-3 (Ahmed et al., 2012; Esser et al., 2005; Kajiro et 

al., 2009; Paul et al., 2013; Seo et al., 2019; Xu et al., 2002). 

Recent studies suggested that INO80 can also function as 

both a tumor suppressor and tumor promoter, possibly de-

pending on the cancer type as well as genetic background. In 

this context, one of the mechanisms by which CHIP contrib-

utes to tumorigenesis could be through its activity to control 

the stability of Ino80 in cooperation with BAP1.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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