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Epigenetic dysregulation of cell cycle is a hallmark of tumorigenesis in multiple cancers, including hepatocel-
lular carcinoma (HCC). Nonetheless, the epigenetic mechanisms underlying the aberrant cell cycle signaling and 
therapeutic response remain unclear. Here, we used an epigenetics-focused CRISPR interference screen and 
identified ACTR5 (actin-related protein 5), a component of the INO80 chromatin remodeling complex, to be es-
sential for HCC tumor progression. Suppression of ACTR5 activated CDKN2A expression, ablated CDK/E2F- 
driven cell cycle signaling, and attenuated HCC tumor growth. Furthermore, high-density CRISPR gene tiling 
scans revealed a distinct HCC-specific usage of ACTR5 and its interacting partner IES6 compared to the other 
INO80 complex members, suggesting an INO80-independent mechanism of ACTR5/IES6 in supporting the HCC 
proliferation. Last, our study revealed the synergism between ACTR5/IES6-targeting and pharmacological inhi-
bition of CDK in treating HCC. These results indicate that the dynamic interplay between epigenetic regulators, 
tumor suppressors, and cell cycle machinery could provide novel opportunities for combinational HCC therapy. 
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INTRODUCTION 
Liver cancer is one of the most frequently diagnosed cancer and the 
overall third leading cancer-related death with a stunning 0.83 
million people dying from liver cancer in 2020 (1). Among 
primary liver cancer, hepatocellular carcinoma (HCC) accounts 
for approximately 90% of all cases with a 5-year survival of 18% 
(2). While the early-stage HCC tumor might be curable via surgical 
interventions (liver resection, transplantation, and ablation) (3), pa-
tients with advanced HCC who depend on systemic treatments 
exhibit a poor prognosis of median survival of 6.5 to 10.7 months 
despite the use of targeted therapies (e.g., the multi-kinase inhibitor 
sorafenib) (4). The prevalence of these hepatic disorders and the 
lack of effective treatments highlight the critical need for more ef-
fective therapeutic strategies. 

Epigenetics represent heritable mechanisms of controlling gene 
functions without changes in the underlying DNA sequence, which 
are orchestrated by repertoires of nuclear proteins modulating 
DNA/histone modifications, nucleosome positioning, chromatin 
remodeling, etc. (5). Epigenetic dysregulation has been implicated 
in chronic liver disorders and HCC tumorigenesis (6, 7). Since liver 
is a highly regenerative organ, the robust proliferative capacity re-
quired for tissue homeostasis is often skewed by HCC to support 
aggressive cancer growth (8–10). Epigenetic lesions at cell cycle reg-
ulators and tumor suppressor genes such as the silencing of cyclin- 
dependent kinase inhibitor 2A (CDKN2A) locus are frequently 
found in patients with HCC (11–14). The impaired cell cycle check-
points in HCC could trigger cascades of molecular alternations, in-
cluding the activation of CDKs (e.g., CDK4/6) and E2F 

transcription factors (e.g., E2F1), driving an uncontrollable prolif-
eration of the HCC cells (15, 16). Therefore, the identification of 
critical epigenetic mechanisms required for the expansion/mainte-
nance of HCC represents an attractive research field for future ther-
apeutic development against liver malignancies. 

In this study, we performed a custom CRISPR interference 
(CRISPRi) (17) library screen in HCC cells that targets more than 
700 epigenetic regulator genes in the human genome. Distinct from 
the commonly used genome-wide CRISPR knockout (KO) screens, 
our epigenetic-focused CRISPRi screen acted through inhibition of 
target gene expression. As a result, our screen identified a previously 
unknown effector actin-related protein 5 (ACTR5; also known as 
ARP5) (18) in HCC, which was not revealed in the large-scale 
CRISPR-KO screen consortium databases (19, 20). Using transcrip-
tomics [RNA sequencing (RNA-seq)], epigenetics [chromatin im-
munoprecipitation sequencing (ChIP-seq)], and proteomics [liquid 
chromatography tandem mass spectrometry (LC-MS/MS)] profil-
ing followed by validation assays, our study collectively revealed 
that ACTR5 is required for CDKN2A silencing and CDK6/E2F1- 
mediated cell cycle progression in HCC. We also used a high- 
density CRISPR tiling screen approach (21–23) and identified the 
critical domains in ACTR5 for interacting with its partner IES6 
(also known as INO80 complex subunit C), which is crucial for sta-
bilizing ACTR5 protein and maintaining HCC proliferation. While 
the ACTR5/IES6 has been frequently described as a module of the 
INO80 chromatin remodeling complex (24, 25), our results revealed 
a distinct role of ACTR5/IES6 from the main INO80 subunits (e.g., 
INO80, MCRS1, ACTR8, and YY1). The selective dependency in 
HCC emphasizes an INO80-independent role of ACTR5/IES6 in 
HCC maintenance, cell cycle control, and therapeutic response. 
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RESULTS 
CRISPRi screen identifies ACTR5 as a novel vulnerability 
in HCC 
To characterize critical epigenetic mechanisms supporting the 
maintenance of HCC, we used a custom CRISPRi library containing 
a total of 3669 single guide RNAs for CRISPRi (sgiRNAs) targeting 
the transcription start site (TSS) of 728 epigenetic-related genes in 
the human genome (Fig. 1A, fig. S1, and data S1). We delivered this 
library into the HepG2 cells stably expressing an enzymatic-inacti-
vated Cas9 fusion with the transcription repressor Krab (i.e., 
HepG2-dCas9-Krab cells; fig. S2) using lentiviral transduction 
and compared the frequency change of each integrated single 
guide RNA (sgRNA) construct in these cells between days 0 and 
24 using high-throughput sequencing followed by the Model- 
based Analysis of Genome-wide CRISPR-Cas9 KO (MAGeCK) al-
gorithm (Fig. 1B and data S2) (26). In addition to the positive con-
trols (sgRNA targeting genes commonly essential to cancer cells; 
red dots), we observed six candidate essential genes in HCC from 
the screen (blue dots). Evaluation of the gene dependency score (z 

score) over 22 HCC cell line models in the genome-wide CRISPR 
screen database (DepMap; The Cancer Dependency Map Project, 
Broad Institute; data S3) (19, 20) revealed that five of these candidate 
genes (WDR5, SMC1A, DDX23, SF3A1, and EFTUD2) are crucial in 
HCC (Fig. 1C; median z score ≤ −1). One of the candidates hit from 
our screen, ACTR5 (green), was not recognized as an essential gene 
in HCC in the DepMap database. 

To validate our CRISPRi library screen results, we transduced the 
HepG2 cells with CRISPRi sgRNAs targeting ACTR5 (sgiACTR5). 
Using a red fluorescent protein (RFP; co-expressed with sgRNA) 
flow cytometric growth competition assay (fig. S3A), we found 
that cells expressing sgiACTR5 were selectively outcompeted com-
pared to cells transduced with nontargeting control sgRNAs 
(sgiNTC) (Fig. 1D). To examine the impact of ACTR5 depletion 
over diverse cell types, we CRISPR-targeted ACTR5 in two addition-
al HCC cell lines SNU182 and SNU475 and compared it to the non- 
HCC cancer cell types, including acute myeloid leukemia (MV4-11 
and MOLM13), breast cancer (MDA-231 and MCF7), and glioblas-
toma (U251 and U87) (Fig. 1E). Efficient CRISPR editing and cell 

Fig. 1. CRISPRi screen identifies the essential role of ACTR5 in HCC. (A) Schematic outline of an epigenetic-focused CRISPRi screen in HepG2-dCas9-Krab cells. (B) 
Volcano plot depicts the change of sgRNA abundance [x axis; log2 (fold change)] and significance [ y axis; −log10 (false discovery rate)] of each gene during the 24-day 
epigenetics CRISPRi screen. (C) Violin plot indicates the median (red lines) and quartiles (blue lines) of the gene dependency score (z score) over 22 HCC cell lines (dots) in 
the DepMap genome-wide CRISPR screen 20Q2 database. (D) Growth competition assay of HepG2-dCas9-Krab cells transduced with RFP-labeled nontargeting control 
(gray lines; n = 2 independent sgiNTC sequences) and ACTR5-targeting sgiRNAs (red lines; n = 4 independent sgiACTR5 sequences). (E) Box-whiskers plot of the growth 
competition assay in nine Cas9-expressing cancer cell models transduced with sgACTR5 (dots; n = 4 independent sgACTR5 sequences). (F) Survival curves of liver HCC 
patients with high versus low ACTR5 expression. Source: GEPIA database (http://gepia.cancer-pku.cn). (G) Profile plot of tumor volume (in cubic millimeters) and (H) box- 
whiskers plot of tumor weight (in grams) of the HCC xenograft tumors in NSG mice inoculated with sgiNTC and sgiACTR5-transduced HepG2-dCas9-Krab cells (n = 12 
tumor sites per group). Box-whiskers indicate the first and third quartiles (boxes) and the range (whiskers). *P < 0.01 by two-sided Student’s t test. 
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suppression were observed in these nine Cas9-expressing cell 
models, evidenced by robust depletion of the RFP-positive cells 
with sgRNA targeting the general cancer essential gene proliferating 
cell nuclear antigen (PCNA) (fig. S3B). In contrast, depletion of the 
RFP-positive cells in CRISPR-KO sgRNAs targeting ACTR5 
(sgACTR5)-transduced cultures was significantly more pronounced 
in HCC than in other cancer cell types (Fig. 1E). Clinically, we ob-
served an association of high ACTR5 expression level with poor sur-
vival prognosis in patients with liver HCC (Fig. 1F; source: Gene 
Expression Profiling Interactive Analysis) (27). Last, suppression 
of ACTR5 significantly retarded the in vivo HCC tumor progression 
(Fig. 1G) and reduced the tumor mass (Fig. 1H; 
sgiNTC = 0.537 ± 0.097 g; sgiACTR5 = 0.013 ± 0.006 g; data repre-
sent day 24 mean tumor weight ± SEM) in the HepG2 xenograft 
model, indicating the indispensable role of ACTR5 in HCC 
maintenance. 

ACTR5 maintains the E2F cell cycle program via inhibiting 
CDKN2A expression 
To elucidate the transcriptomic impact induced by knockdown of 
ACTR5, we performed RNA-seq and Gene Set Enrichment Analysis 
(GSEA) (28) in HepG2-dCas9-Krab cells transduced with sgiNTC 
versus sgiACTR5. We found that in HepG2 cells, the 

“E2F_Pathway” is among the most depleted GSEA hallmark gene 
sets upon ACTR5 knockdown (Fig. 2A and data S4). To identify 
genes directly regulated by ACTR5 in HCC, we captured genomic 
DNA associated with the Twin-Strep–tagged ACTR5 (ACTR5-TST) 
from HepG2 using the Strep-Tactin XT beads (29) for high- 
throughput sequencing (Fig. 2B) and then overlapped the 
ACTR5-bound targets (525 genes) with the E2F_Pathway genes 
(145 genes). Of the 13 overlapped candidates, we identified a sub-
stantial induction of CDKN2A mRNA (Fig. 2C and data S5) and 
protein (Fig. 2D) levels in the sgiACTR5-transduced HepG2 cells. 
Furthermore, the presence of ACTR5 at the CDKN2A promoter 
region was confirmed by TST-mediated ChIP-seq and ChIP–quan-
titative polymerase chain reaction (qPCR) (Fig. 2E). While the 
general histone modification landscapes at the ACTR5-bound 
genes remain comparable to those at the ACTR5 unbound genes 
(fig. S4) (30), we focused on the levels of two histone modifications, 
H3K9me2 and H3K27me3, which have been implicated in epige-
netic repression of CDKN2A (31, 32). Our results revealed a signifi-
cant reduction of H3K9me2 but not H3K27me3 at the CDKN2A 
TSS locus upon ACTR5 depletion (Fig. 2, F and G), indicating a 
role of ACTR5 in recruiting H3K9 epigenetic silencing of 
CDKN2A in HCC. Notably, the induction of CDKN2A expression 
by ACTR5 knockdown was not observed in the CDKN2A-null U87 

Fig. 2. ACTR5 mediates epigenetic silencing of CDKN2A in HCC. (A) RNA-seq and GSEA analyses showing changes in expression of the E2F_Pathway gene set in 
sgiNTC- versus sgiACTR5-transduced HepG2-dCas9-Krab cells. (Right) Each dot indicates one gene set from the GSEA HALLMARK Database. NES, normalized enrichment 
score. (B) Venn diagram revealed 13 ACTR5-bound target genes within the E2F_Pathway gene set (green). (C) RNA-seq expression change of the ACTR5-regulated E2F- 
Pathway genes (green dots) induced by sgiACTR5 in dCas9-Krab–expressing HepG2 ( y axis) versus U87 (x axis) cells. (D) Western blot of ACTR5, CDKN2A, and β-actin in 
dCas9-Krab–expressing HepG2 and U87 cells transduced with sgiNTC and sgiACTR5. (E) TST-mediated ChIP-seq and ChIP-qPCR of ACTR5 at the CDKN2A locus in HepG2 
cells. (F) Level of H3K9me2 and (G) H3K27me3 at the CDKN2A and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) loci detected by ChIP-qPCR. Data are presented as 
means ± SEM. *P < 0.01 by two-sided Student’s t test. n.s., not significant. 
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cells (Fig. 2, C and D), suggesting a requirement of CDKN2A ex-
pression in the ACTR5 dependency. 

CDKN2A is a cell cycle suppressor that controls the function of 
its downstream effectors, including CDK6, Rb (retinoblastoma 1), 
and E2F1 (33). With the induction of CDKN2A expression by 
sgiACTR5, immunoblotting revealed a drastic reduction of CDK6, 
phospho-S780 Rb (p-Rb), and E2F1 protein level in the ACTR5-de-
pendent HCC cells (Fig. 3A; HepG2 and SNU475). Consistently, we 
observed a significant reduction of cells in the S phase in the 
sgiACTR5-transduced HepG2 cell line (Fig. 3B). Gene ontology 
analyses using g:Profiler (34) also exhibited significant depletions 
of cell cycle–related genes (fig. S5) and E2F motif–containing 
genes (fig. S6) in the sgiACTR5-transduced HepG2 cells. In con-
trast, the expression of CDKN2A and CDK6 was not detected in 
the ACTR5-independent U251 and U87 cells (Fig. 3A; these glio-
blastoma cells harbor homozygous deletion at the CDKN2A 
locus) (35, 36). Consequently, the reduced p-Rb and E2F1 levels 
were not observed in these cell lines. Furthermore, ectopic expres-
sion of ACTR5-TST reversed the altered CDKN2A pathway 
(Fig. 3C) and rescued the proliferation (Fig. 3D) of sgiACTR5- 
transduced HepG2 cells. Together, our results nominated 
CDKN2A as the cell cycle checkpoint underlying the ACTR5 
network to control tumor progression (Fig. 3E). 

CRISPR gene tiling scans revealed an INO80-independent 
role of ACTR5 in HCC 
To investigate whether ACTR5 contains gene regions selectively es-
sential to HCC, we used the high-density CRISPR gene body scan 
that enables identification of functional elements within a protein 
by saturation mutagenesis achieved through CRISPR-mediated 

genome editing (Fig. 4A) (22, 23). First, we developed a pooled 
library composed of 284 sgRNAs that target every “NGG” proto-
spacer adjacent motifs within the ACTR5-coding exons [targeting 
density 6.4 base pairs (bp) per sgRNA or 2.1 amino acids per 
sgRNA]. We then screened this ACTR5 scan library in the Cas9-ex-
pressing HepG2 and U87 cells and mapped the results to the 
ACTR5 peptide position (data S6). Using local smoothened model-
ing (37), this high-resolution genetic screen approach revealed the 
dependency of HepG2 on multiple regions within the N- and C-ter-
minal actin-fold domains (Fig. 4B, red). The U87 cells were not sen-
sitive to the entire ACTR5 scanning CRISPR library (blue), restating 
the cell type–specific role of ACTR5 in HCC. Since ACTR5 has been 
frequently described as a member of the INO80 chromatin remod-
eling complex (24, 25), we extended the high-density CRISPR gene 
body scan to examine other vital components of the INO80 
complex, including INO80, MCRS1, ACTR8, and YY1 (Fig. 4, C 
to F, and data S7 to S10). Unexpectedly, none of these INO80 
members exhibited a HepG2-selective essential domain, suggesting 
a distinct usage of ACTR5 in HCC that is unconventional to the 
INO80 complex. 

Comparing the ACTR5 gene body scans in HepG2 and U87 re-
vealed six CRISPR-hypersensitive elements [normalized CRISPR 
score (NCS) ≤ −1.0] in HepG2 cells (designated A1 to A6; 
Fig. 4B and fig. S7). Modeling of the ACTR5 three-dimensional 
structure by AlphaFold (38) revealed that five of the six CRISPR 
scan hit regions were involved in the structural backbone of 
ACTR5 [Fig. 4G; including A1 (D114-D129), A2 (P159-Y172), 
A3 (L246-H261), A4 (I449-Q465), and A6 (I552-C569)]. On the 
other hand, one CRISPR-hypersensitive region, A5 (G502-S519; 
located within the C-terminal actin-fold domain), was predicted 

Fig. 3. ACTR5 controls the CDKN2A and CDK6 cell cycle signaling in HCC. (A and C) Western blot of ACTR5, CDKN2A, CDK6, Rb, p-Rb, E2F1, and β-actin in (A) dCas9- 
Krab–expressing HCC (HepG2 and SNU475) and glioblastoma (U251 and U87) cells, and (C) vector versus ACTR5-TST–expressing HepG2-dCas9-Krab cells transduced with 
sgiNTC and sgiACTR5. (B) Cell cycle monitored by 5-Ethynyl-2′-deoxyuridine incorporation in HepG2-dCas9-Krab cells transduced with sgiNTC and sgiACTR5 (n = 3). (D) 
Growth competition assay of vector versus ACTR5-TST–expressing HepG2-dCas9-Krab cells transduced with RFP-labeled sgiNTC and sgiACTR5 (n = 3 each group). (E) 
Effect of targeting ACTR5 on CDKN2A- and CDK6-triggered cell cycle signaling. Data are presented as means ± SEM. *P < 0.01 by two-sided Student’s t test. 
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to be exposed on the ACTR5 protein surface (Fig. 4G). Further-
more, the deletion of the A5 region blocked the capacity of 
ACTR5 to maintain HepG2 proliferation (Fig. 4H), indicating an 
indispensable role of this surface area of ACTR5 in HCC. To inves-
tigate the mechanisms of the A5 region in HCC, we expressed the 
TST-tagged wild-type (WT) and A5-deleted (ΔA5) ACTR5 in 
HepG2 cells and captured the ACTR5-containing complexes by 
Strep-Tactin XT beads. Characterization of the ACTR5-associated 
proteins using MS (LC-MS/MS) revealed a unique loss of interac-
tion between ΔA5-ACTR5 and IES6 in HepG2 cells (Fig. 4I and data 
S11), which was readily confirmed by coimmunoprecipitation and 
Western blotting (Fig. 4J). 

Stabilization of ACTR5 via interacting with IES6 modulates 
CDK inhibitory therapy 
To examine the role of IES6 in HCC, we transduced the HepG2 cells 
with CRISPRi sgRNAs targeting IES6 (sgiIES6) and found that cells 
expressing sgiIES6 were outcompeted compared to cells transduced 
with sgiNTC (Fig. 5A). We then sought to characterize the domains 
in IES6 that mediate the interaction with ACTR5. Similar to the 
ACTR5 gene body scan (shown in Fig. 4, A and B), we developed 
an IES6 CRISPR gene body scan library and screened in Cas9-ex-
pressing HepG2 and U87 cells. These parallel gene body scans re-
vealed two HCC-selective essential regions, I1 (D124-P138) and I2 
(T163-V187) in IES6 (Fig. 5B and data S12). AlphaFold modeling of 
IES6 indicated a structured C terminus, which contains the I2 
element (Fig. 5C). On the other hand, the I1 region was predicted 
as an unfolded linker. Expression of the TST-tagged WT-, ΔI1-, and 

ΔI2-IES6 in HepG2 cells revealed loss of interaction to ACTR5 only 
in the ΔI2-IES6 condition (Fig. 5D). Furthermore, the deletion of 
the I2 region blocked the capacity of IES6 to maintain the HepG2 
proliferation (Fig. 5E). Additionally, we found that CRISPRi deple-
tion of IES6 reduced the protein level of ACTR5 (Fig. 5F). This phe-
nomenon was also observed in the cells transduced with ΔI2-IES6 
(Fig. 5D), indicating the role of IES6 in stabilizing the ACTR5 
protein via protein-protein interaction. CRISPRi of IES6 also 
induced CDKN2A expression and inhibited the CDK6/p-Rb/ 
E2F1 axis (Fig. 5F), recapitulating the cell cycle blockade triggered 
by the loss of ACTR5 (Fig. 3A). Therefore, our results point to a 
collaborative mechanism between ACTR5 and IES6 in supporting 
the cell cycle progression and cell proliferation in HCC. These ob-
servations also suggested that further inhibition of the CDK6 activ-
ity might exert a more pronounced cellular suppression in the 
ACTR5 (or IES6)–depleted HCC. Simultaneously targeting 
ACTR5/IES6 (by CRISPRi) and CDK6 (by ribociclib, a U.S. Food 
and Drug Administration–approved CDK4/6 inhibitor also 
known as LEE011 and KISQALI) (39) synergistically suppressed 
the HepG2 cell growth (Fig. 5, G and H), highlighting the possible 
combinatorial targeting of the ACTR5/IES6 and CDK6 axis for ad-
vanced HCC treatment (Fig. 5I). 

DISCUSSION 
HCC is one of the leading causes of cancer-related mortality world-
wide (1, 2). In this study, we performed multiomics analyses, in-
cluding functional genomics (i.e., CRISPRi and high-density 

Fig. 4. CRISPR gene tiling scans of INO80 complex members in HCC. (A) Schematic outline of high-density CRISPR gene body scan in Cas9-expressing HepG2 and U87 
cells. (B to F) Two-dimensional annotation of CRISPR gene tiling scans for (B) ACTR5, (C) INO80, (D) MCRS1, (E) ACTR8, and (F) YY1. The solid lines indicate the smoothened 
model of the CRISPR scan score derived from individual sgRNAs (dots) screened in HepG2 (red) and U87 (blue) cells. The median CRISPR scan scores of the positive control 
(dotted line; defined as −1.0) and negative control (defined as 0.0) sgRNAs are designated. (G) Three-dimensional annotation of ACTR5 CRISPR scan score relative to the 
AlphaFold structural model of ACTR5 (ID, Q9H9F9). (H) Effect of wild-type (WT)- and ΔA5-ACTR5 expression on the growth competition assay of HepG2-dCas9-Krab cells 
transduced with sgiACTR5 (n = 3 each group). (I) Silver stain of the TST-purified WT- and ΔA5-ACTR5 protein complexes. The top candidate of each protein band was 
suggested by LC-MS/MS. (J) Western blot of ACTR5 and IES6 in the TST-purified WT- and ΔA5-ACTR5 protein complexes. *P < 0.01 two-sided Student’s t test. 
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CRISPR gene body screens), transcriptomics (RNA-seq), epigenet-
ics (ChIP-seq), and proteomics (MS) in the HCC cells. Using these 
systems biological approaches, we identified a critical role of the 
ACTR5 in HCC disease progression. We further demonstrate that 
ACTR5 contributes to cell cycle progression via suppressing 
CDKN2A, which can be exploited to enhance the efficacy of 
CDK6-targeted therapies. 

Genome-wide CRISPR-KO screens have been performed in 
more than 1000 cell lines (DepMap Project; including 22 HCC 
lines) (19, 20) and identified numerous insights underlying the 
liver malignancies (40–42). Unexpectedly, these large-scale screen 
efforts did not reveal the essential role of ACTR5 in HCC 
(Fig. 1C). To this end, we aligned the targeting positions of 
sgACTR5 used in the DepMap genome-wide CRISPR library to 
our ACTR5 gene tiling scan (fig. S8A; blue dots). We noted that 
three of the four sgACTR5 in the DepMap screens indeed missed 
the CRISPR-sensitive regions (NCS < −1.0) of ACTR5, causing a 
false-negative assessment of this HCC essential gene within the 

consortium databases (a similar issue was also noted for IES6 in 
the DepMap database; fig. S8B). In contrast, our epigenetic- 
focused CRISPRi library screen acted through suppression of 
target gene expression successfully captured the loss-of-function 
phenotype in the ACTR5-depleted HCC cells (Fig. 1, A and B). Fur-
thermore, our CRISPR gene tiling approach that used all possible 
sgRNAs (i.e., 254 sgRNAs tiling ACTR5) to probe the gene 
coding regions provided an additional layer of domain resolution 
(Fig. 4, A and B). Collectively, our study demonstrated the utility 
of serial and focused CRISPR genetic screens in finding additional 
cancer essential genes over the conventional genome-wide 
CRISPR screens. 

ACTR5 is commonly considered a core component of the 
INO80 chromatin remodeling complex, which has been implicated 
in adenosine triphosphate (ATP)–dependent nucleosome remodel-
ing, DNA repair, and transcriptional regulation (43–46). The 
INO80 complex members are highly conserved from primitive eu-
karyotic organisms to mammals, highlighting its crucial roles in 
fundamental chromatin biology (47). Structural-based analysis re-
vealed that the ACTR5/IES6 module is vital for optimizing the nu-
cleosome binding of the INO80 complex (24, 25, 48, 49). Our 
parallel gene body scan of the critical components of the INO80 
complex revealed a unique HepG2-specific CRISPR sensitivity in 
the ACTR5/IES6 coding regions (i.e., A1 to A6 and I1 and I2 
regions observed in Figs. 4B and 5B) as compared to the other 
INO80 members (Fig. 4, C to F; no HepG2-specific area was ob-
served in INO80, MCRS1, ACTR8, and YY1). Furthermore, we de-
tected a clear interaction between ACTR5 and IES6 via MS and 
coimmunoprecipitation immunoblotting (Fig. 4, I and J); 
however, the other components of the INO80 complex were not 
readily observed in the ACTR5-associated protein pool (data S11). 
These results support the hypothesis that ACTR5 and IES6 predom-
inantly assembled as an independent subcomplex with a distinct 
function from the conventional INO80 complex. Our epigenomic 
data revealed that 21.1% (111 of 525) of ACTR5-targeted genes 
was not recognized by the canonical INO80 complex (fig. S9; in-
cluding CDKN2A) (50). Furthermore, 27.0% of these ACTR5-spe-
cific target genes exerted increased mRNA levels upon CRISPRi of 
ACTR5, which is twofold more than in the INO80-bound genes 
(14.5%), highlighting a repressive role of ACTR5 on the target 
gene transcription (data S13). To this end, we found that ACTR5 
modulates the level of H3K9me2 at the CDKN2A TSS locus in 
HCC (Fig. 2F and fig. S10A). Last, our correlation study suggests 
that the expression level of CDKN2A is associated with the cellular 
response to ACTR5 depletion (fig. S11A), supporting a central role 
of the ACTR5-CDKN2A axis in regulating the cell cycle and tumor 
progression. Of note, the derepression of CDKN2A (fig. S10B) and 
the inactivation of CDK6/p-Rb/E2F1 (fig. S10C) were also observed 
in MV411 cells (AML cells exhibited similar sensitivity to ACTR5 
depletion as SNU475 cells in Fig. 1E), indicating that the ACTR5- 
directed regulation of CDKN2A may exist across multiple cancer 
types, extending the impact of the current study beyond HCC. 

CDKN2A (also known as P14ARF or P16INK4A) is a G1-S cell 
cycle regulator and tumor repressor, the loss-of-function mutations 
and epigenetic inactivation of which have been observed in various 
cancer types, including HCC (8, 9). CDKN2A inhibits CDK4/6 to 
prevent Rb phosphorylation, thus maintaining Rb’s ability to block 
the E2F-driven cell cycle program (15, 16). Given that CDKN2A si-
lencing and CDK overexpression have been frequently observed in 

Fig. 5. IES6 stabilizes ACTR5 to support CDK6 signaling in HCC. (A) Growth 
competition assay of HepG2-dCas9-Krab cells transduced with RFP-labeled nontar-
geting control (gray lines; n = 2 independent sgiNTC sequences) and IES6-target-
ing sgiRNAs (blue lines; n = 4 independent sgiIES6 sequences). (B) Two- 
dimensional annotation of CRISPR gene tiling scans for IES6 in HepG2 (red) and 
U87 (blue) cells. The solid lines indicate the smoothened model of the CRISPR 
scan score derived from individual sgRNAs (dots). The median CRISPR scan 
scores of the positive control (dotted line; defined as −1.0) and negative control 
(defined as 0.0) sgRNAs are designated. (C) Three-dimensional annotation of IES6 
CRISPR scan score relative to the AlphaFold structural model of IES6 (ID, Q6PI98). 
(D) Western blot of IES6 and ACTR5 in the TST-purified WT-, ΔI1-, and ΔI2-IES6 
protein complexes. (E) Effect of WT- and ΔI2-IES6 expression on the growth com-
petition assay of HepG2-dCas9-Krab cells transduced with sgiIES6 (n = 3 each 
group). (F) Western blot of IES6, ACTR5, CDKN2A, CDK6, Rb, p-Rb, E2F1, and β- 
actin in HepG2-dCas9-Krab cells transduced with sgiNTC and sgiIES6. (G and H) 
CellTiter-Glo analysis of the (G) sgiACTR5- and (H) sgiIES6-transduced HepG2- 
dCas9-Krab cells incubated with dimethyl sulfoxide (DMSO) or ribociclib (n = 4 
each group). (I) Model of the ACTR5/IES6 complex supporting CDK6-driven cell 
proliferation. Data are presented as means ± SEM. *P < 0.01 by two-sided Student’s 
t test. 
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patients with HCC, CDK inhibitors appear to be an attractive strat-
egy for HCC treatment (16, 39, 51, 52). We found that ACTR5 acts 
as the suppressor of CDKN2A, thereby supporting CDK6 signaling 
and cell proliferation. Consistently, our data revealed that a stronger 
ACTR5 dependency could be predicted by a shorter doubling time 
within the tested HCC cells (fig. S11B), suggesting that inhibiting 
ACTR5 may provide a more potent suppression of the fast prolifer-
ating (i.e., more malignant) cells. Targeting ACTR5 (and its 
complex partner IES6) thus represent viable therapeutic approaches 
for HCC treatment. Furthermore, the synergistic effect between 
ACTR5/IES6 suppression and CDK4/6 inhibition on HCC prolifer-
ation opens a possibility of combinational therapy against HCC 
(Fig. 5, G to I). Given that ribociclib (also known as LEE011 or 
KISQALI) is currently undergoing phase 1 and 2 clinical trials in 
patients with advanced HCC (NCT02524119) (39), our study pro-
vides an additional layer of mechanism and therapeutic opportunity 
to further improve the CDK-targeted therapy in HCC and beyond. 

In summary, our study highlighted that ACTR5 is required for 
HCC proliferation via suppressing CDKN2A expression, which is 
independent of the conventional INO80 complex activity. Disrup-
tion of ACTR5 (or its complex partner IES6) synergizes with phar-
macological targeting of CDK4/6, providing critical rationales 
toward a more effective combinatorial therapy against HCC and 
beyond. Furthermore, the insights into the roles of ACTR5/IES6 
domain interactions may prompt future efforts to discover novel 
classes of molecules targeting this interface. Although the cell 
cycle regulator pathways are recognized to play pivotal roles in mul-
tiple cancer types, studies on CDK-targeted therapy have focused 
primarily on inhibiting a single kinase to suppress cell proliferation. 
The dynamic interplays between the CDK activation network and 
the therapeutic outcome are just beginning to gain recognition. This 
study thus represents one of the emerging research fields that 
explore how the epigenetic effectors coordinate in a broad spectrum 
of biological processes, such as gene transcription, cell cycle signal-
ing, and therapeutic efficacy. 

MATERIALS AND METHODS 
Cell culture 
HepG2 [HB-8065, American Type Culture Collection (ATCC)], 
U87 (HTB-14, ATCC), U251, MDA-MB-231 (CRM-HTB-26, 
ATCC), MCF7 (HTB-22, ATCC), and human embryonic kidney 
(HEK) 293 (CRL-1573, ATCC) cells were cultured in Dulbecco’s 
modified Eagle’s medium (Gibco) supplemented with 10% fetal 
bovine serum (FBS) (Omega Scientific). MV4-11 (CRL-9591, 
ATCC), MOLM13, SNU182 (CRL-2235, ATCC), and SNU475 
(CRL-2236, ATCC) were cultured in RPMI 1640 (Gibco) with 
10% FBS. Penicillin-streptomycin (Gibco) and plasmocin (0.5 μg/ 
ml; Invitrogen) were added to all media. All cells were cultured in 
a 37°C incubator with 5% CO2. Cells stably expressing the Cas9 or 
dCas9-Krab were established via transduction of LentiCas9-blast 
(52962, Addgene) or LentidCas9-Krab-blast (89567, Addgene) len-
tivirus and selected by blasticidin (20 μg/ml; Gibco), single-cell 
cloning, and CRISPR efficiency test (fig. S2). The response of 
sgiNTC-, sgiACTR5-, and sgiIES6-transduced HepG2-dCas9- 
Krab cells to ribociclib (HY-15777, Medchemexpress) was mea-
sured by CellTiter-Glo 2.0 reagent (G9242, Promega). 

Lentiviral CRISPR library and cDNA construction 
For the epigenetics-focused CRISPRi library, 3669 sgiRNA se-
quences targeting the TSS of 729 epigenetic-related genes were de-
signed using the human genome-wide CRISPRi-v2 (53). For the 
INO80 complex member gene body scan CRISPR libraries, 
sgRNA sequences targeting the coding exons of the select genes 
(ACTR5, IES6, INO80, MCRS1, ACTR8, and YY1) were designed 
using the Genetic Perturbation Platform (Broad Institute) (54). 
Briefly, guide RNA oligos were synthesized by microarray (Custom-
Array) and cloned into the ipUSEPR lentiviral sgRNA vector (hU6- 
driven sgRNA coexpressed with EF-1a–driven RFP and puromycin- 
resistance gene) using the Bsm BI (NEB) restriction sites (22, 23, 55) 
(fig. S1A). Individual sgRNAs selected for validation experiments 
are listed in tables S1 and S2. The cDNA of WT ACTR5 and IES6 
that fused with a TST were designed using the CLC Main Work-
bench (Qiagen), synthesized by gBlock gene fragments (IDT), and 
cloned into the lentiviral pLVN vector (EF-1a–driven transgene 
coexpressed with neomycin-resistance gene) using the NEBuilder 
HiFi DNA assembly cloning kit (NEB). The final plasmids were val-
idated via Sanger sequencing (Eton Bioscience). All molecular 
cloning was performed using the NEB 5-alpha Competent Escher-
ichia coli (C2987H; NEB). Lentivirus was produced in HEK293 cells 
(CRL-1573, ATCC) by cotransfecting ipUSEPR or pLVN vectors 
with the packaging plasmids pPAX2 (12260, Addgene) and 
pMD2.G (12259, Addgene). For lentiviral infection, target cells 
were mixed with the viral solution and polybrene (8 μg/ml; 
TR1003G, Millipore Sigma) and incubated overnight. 

CRISPR library screen and analysis 
The epigenetic-focused CRISPR library was delivered into HepG2- 
dCas9-Krab cells (for CRISPRi), and the INO80 complex member 
gene scan CRISPR library was delivered into HepG2-Cas9 and U87- 
Cas9 cells (for CRISPR KO) (fig. S2). Briefly, cells were infected 
with the CRISPR library at ~15% infection (monitored by flow cy-
tometry for RFP expression; three replicates each screen) and select-
ed by puromycin (2 μg/ml; Gibco). The library-transduced cells 
were subcultured every 4 days for a total of 24 days. At the start 
(day 0) and end (day 24) time points, 4 million cells from each 
screen culture were collected. The integrated sgRNA in each 
sample was PCR-amplified (NEBNext Ultra II Q5, NEB) using 
primers DCF01 5′-CTTGTGGAAAGGACGAAACACCG-3′ and 
DCR03 5′-CCTAGGAACAGCGGTTTAAAAAAGC-3′ for high- 
throughput sequencing (NextSeq550, Illumina). To quantify 
sgRNA reads, 20-nucleotide sequences that matched the sgRNA 
backbone structure (5′-CACCG and GTTT-3′) were extracted and 
mapped to the library sgRNA sequences using Bowtie2. The fre-
quency for individual sgRNAs was calculated as the read counts 
of each sgRNA divided by the total read counts matched to the 
library. For the epigenetics-focused CRISPRi screen, the top essen-
tial candidate genes were analyzed using the MAGeCK algorithm 
(26). For the INO80 complex member gene scan, the NCS was 
defined as a log10-fold change in the frequency of individual 
sgRNAs between the start (day 0) and end (day 24) of the screened 
samples and normalized by the median score of the negative control 
sgRNA (defined as 0.0; sgRNA targeting nonessential sequences) 
and the median score of the positive control sgRNA (defined as 
−1.0; sgRNA targeting MYC, BRD4, RPA3, PCNA, etc.) within 
the screen data. The underrepresented sgRNAs (less than 5% of 
the average frequency) in the library were excluded from the 
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analysis. The NCS of individual sgRNA was processed by Gaussian 
kernel smoothing in R, and the average score over the trinucleotide 
codons was calculated for each peptide position. Next, three-dimen-
sional structural models of ACTR5 (Q9H9F9) and IES6 (Q6PI98) 
were obtained from the AlphaFold database (38). Subsequently, 
the smoothened NCSs were mapped onto three-dimensional struc-
tures using the “Defined Attribute” and “Render by Attribute” func-
tionalities in UCSF Chimera 1.15. 

Flow cytometric assays 
For competition cell culture assays, Cas9- or dCas9-Krab–express-
ing cells were transduced with the ipUSEPR sgRNA (RFP-positive) 
constructs in 96-well plates at ~50% infection. The cell viability and 
the percentage of RFP-positive were obtained by high-throughput 
flow cytometry and 4′,6-diamidino-2-phenylindole (Invitrogen) 
dye exclusion. Cell cycle was monitored by Click-iT Plus EdU 
Alexa Fluor 647 assay kits (C10634, Invitrogen). Data were obtained 
by high-throughput flow cytometry using an Attune NxT flow cy-
tometer with an autosampler (Thermo Fisher Scientific). 

Western blotting 
Cells were harvested and lysed in lithium dodecyl sulfate sample 
buffer (Invitrogen) at 5 × 106 cells/ml, separated electrophoretically 
using Bolt 4 to 12% bis-tris plus gels (Invitrogen), and transferred 
onto polyvinylidene difluoride (PVDF) membranes (0.2 μm pore 
size) using PVDF Mini Stacks and iBlot 2 (Invitrogen). Membranes 
were immersed in 5% nonfat milk then probed with rabbit antibod-
ies against ACTR5 (sc-376364, Santa Cruz Biotechnology; 1:1000), 
IES6 (PA5-61869, Thermo Fisher Scientific; 1:1000), CDKN2A 
(ab108349, Abcam; 1:1000), CDK6 (ab124821, Abcam; 1:1000), 
E2F1 (3742S, Cell Signaling Technology; 1:1000), Rb (ab181616, 
Abcam; 1:1000), phospho-S780 Rb (ab173289, Abcam; 1:1000), 
and β-actin (4970S, Cell Signaling Technology; 1:1000) at 4°C over-
night. After washing, the membranes were incubated with horse-
radish peroxidase–linked goat anti-rabbit immunoglobulin G 
antibody (31460, Invitrogen; 1: 200,000) at room temperature for 
1 hour. Chemiluminescent signals were developed using the Super-
Signal West Femto Substrate (Thermo Fisher Scientific) and detect-
ed using a ChemiDoc imaging system (Bio-Rad). 

Mass spectrometry 
The cell lysates harvested from pLVN-vector and pLVN-ACTR5- 
TST (WT and ΔA5)–transduced HepG2 cells were incubated with 
MagStrep “type3” XT Beads (2-4090-002, IBA; 1:1000) at 4°C for 
30 min. The beads were washed three times in 1× Buffer W (2- 
1003-100, IBA), and the TST-captured proteins were eluted by 1× 
Buffer BXT (2-1042-025, IBA; containing biotin). For silver stain, 
the TST-captured proteins were first separated by a Bolt 4 to 12% 
bis-tris plus gels (Invitrogen). The electrophoresis gels were fixed in 
0.02% formaldehyde (Sigma-Aldrich) and stained with 0.1% silver 
nitrate (Sigma-Aldrich). The signals were developed with 6% 
sodium carbonate (Thermo Fisher Scientific). Once desired inten-
sity was obtained, the reaction was stopped by incubating with 12% 
acetic acid (Thermo Fisher Scientific). Silver staining was detected 
using a ChemiDoc imaging system (Bio-Rad). For MS, the gel 
regions containing the indicated protein bands were destained 
with potassium ferricyanide and sodium thiosulfate, reduced with 
10 mM dithiothreitol, alkylated with 55 mM iodoacetamide, and di-
gested with trypsin/LysC (56). The digested peptides were extracted 

from the gel, dried, and resuspended in water with 2% acetonitrile 
and 0.1% formic acid. Peptides were then desalted using ZipTips 
(EMD Millipore) and resuspended in 2% acetonitrile with 0.1% 
formic acid. Each digest was analyzed by LC-MS/MS on an Orbitrap 
Lumos mass spectrometer at the Integrated Mass Spectrometry 
Shared Resource of the City of Hope Comprehensive Cancer 
Center. Among the top 20 abundant peptides observed at each 
protein band area, the protein that exhibits the highest enrichment 
ratio between the ACTR5-TST (WT) and vector samples was anno-
tated (Fig. 4I and data S11). 

ACTR5-associated genomic DNA sequencing 
For detecting the ACTR5-targeted genomic regions, HepG2 cells 
expressing pLVN vector or pLVN-ACTR5-TST were incubated 
with 1% (v/v) formaldehyde at room temperature for 10 min, fol-
lowed by the addition of 125 mM glycine to quench the excessive 
formaldehyde. The fixed cells were lysed in ChIP SDS lysis buffer 
[1% SDS, 10 mM EDTA, and 50 mM tris-HCl ( pH 8.0)] supple-
mented with Halt Protease Inhibitor Cocktail (78430, Thermo 
Fisher Scientific), and the chromatin was fragmented by Bioruptor 
sonication (Diagenode). The sheared chromatin sample was then 
incubated with the MagStrep “type3” XT Beads (2-4090-002, IBA) 
and washed with a low-salt buffer [0.1% SDS, 1% Triton X-100, 2 
mM EDTA, 150 mM NaCl, and 20 mM tris-HCl (pH 8.0)], followed 
by a high-salt buffer [0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 
mM NaCl, and 20 mM tris-HCl (pH 8.0)], a LiCl wash buffer [250 
mM LiCl, 1% IGEPAL-CA630, 1% deoxycholic acid, 1 mM EDTA, 
and 10 mM tris-HCl (pH 8.0)], and the TE buffer [1 mM EDTA and 
10 mM tris-HCl (pH 8.0)]. The washed beads were then incubated 
with reverse cross-linking buffer (1.1% SDS and 110 mM sodium 
bicarbonate) at 65°C overnight, followed by GeneJET DNA purifi-
cation (K0702, Thermo Fisher Scientific), and the enriched 
genomic DNA was submitted for library prep and NovaSeq6000 se-
quencing (Novogene). The raw sequence reads were quality checked 
using the FASTQC software (version 0.11.8) and aligned against the 
human genome hg38 using Burrows-Wheeler Aligner (version 
0.7.17). The aligned reads were then sorted by Samtools (version 
1.10), and the duplicated reads were removed by Picard MarkDupli-
cates (version 2.21.1). Peak-calling analysis to identify antibody- 
binding regions was performed using MACS2 (version 2.1.1), and 
the SPMR option was used to generate normalized pileup files for 
downstream analysis. ChIP-seq signals were calculated from the 
pileup files around TSS ± 1-kb regions and visualized in plots 
using deepTools (version 3.3.0). The sequencing results were vali-
dated by real-time qPCR ( primers listed in table S3) using the 
PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) 
and a QuantStudio 3 Real-Time PCR System (Applied Biosystems). 

Transcriptomic analysis 
For RNA-seq, total RNA was extracted using the RNeasy Mini Kit 
(74104, QIAGEN) and submitted for mRNA library prep and 
NovaSeq6000 sequencing (Novogene). Raw sequence reads were 
mapped to the human genome (GRCh38) using STAR v2.5.3 and 
calculated using featureCounts v1.5.1. The raw counts were then 
normalized using the trimmed mean of M values method and com-
pared using the Bioconductor package “edgeR.” Genes with a 
minimum average of one read per kilobase per million were selected 
for analysis. GSEA was performed using the GSEA v4.1.0 (Univer-
sity of California, San Diego and Broad Institute). 
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HepG2 xenograft modeling 
NSG (NOD scid gamma; NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice 
were housed at the animal core facility of City of Hope and used 
to generate the HepG2 xenograft model. NSG mice (6 to 8 weeks 
old) were randomly assigned to experimental groups. One million 
HepG2 cells transduced with sgiNTC or sgiACTR5 were resuspend-
ed in 100 μl of phosphate-buffered saline and mixed at a 1:1 ratio 
with Matrigel matrix (356237, Corning) for subcutaneous injection 
in the NSG mice (four tumor sites per mouse). Mice were eutha-
nized at 24 days after transplantation, and the tumor tissues were 
collected. All the mouse experiments were approved by the Institu-
tional Animal Care and Use Committee at City of Hope Compre-
hensive Cancer Center. 

Code availability 
The computational codes/tool packages used in this study include 
Genetic Perturbation Platform (Broad Institute), Bowtie2 (Johns 
Hopkins University), MAGeCK (Dana-Farber Cancer Institute), 
UCSF Chimera 1.15 (University of California, San Francisco), 
Attune NxT v3.1.2 (Thermo Fisher Scientific), GSEA v4.1.0 (Uni-
versity of California, San Diego and Broad Institute), FASTQC 
v0.11.8, MACS2 v2.1.1, STAR v2.5.3, featureCounts v1.5.1, edgeR, 
IGV 2.11.0 (Broad Institute), BioRender (https://biorender.com), 
QuantStudio Design and Analysis Software v1.5.1 (Applied Biosys-
tems), Bio-Rad ChemiDoc MP (Bio-Rad), and DAVID (https:// 
david.ncifcrf.gov/). Two-sided Student’s t tests were carried out 
using Prism 9 (GraphPad) to determine the statistical significance 
of difference between variables. 
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Figs. S1 to S11 
Tables S1 to S3 
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Suppl excel data table  
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