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Minor Spliceosomal 65K/RNPC3 Interacts with ANKRD11
and Mediates HDAC3-Regulated Histone Deacetylation and
Transcription
Chen-Hui Li, Shao-Bo Liang, Qi-Wei Huang, Zhen-Zhen Zhou, Zhan Ding, Ni Long,
Kwang-Chon Wi, Liang Li, Xi-Ping Jiang, Yu-Jie Fan, and Yong-Zhen Xu*

RNA splicing is crucial in the multilayer regulatory networks for gene
expression, making functional interactions with DNA- and other
RNA-processing machineries in the nucleus. However, these established
couplings are all major spliceosome-related; whether the minor spliceosome
is involved remains unclear. Here, through affinity purification using
Drosophila lysates, an interaction is identified between the minor
spliceosomal 65K/RNPC3 and ANKRD11, a cofactor of histone deacetylase 3
(HDAC3). Using a CRISPR/Cas9 system, Deletion strains are constructed and
found that both Dm65K𝚫/𝚫 and Dmankrd11𝚫/𝚫 mutants have reduced histone
deacetylation at Lys9 of histone H3 (H3K9) and Lys5 of histone H4 (H4K5) in
their heads, exhibiting various neural-related defects. The 65K-ANKRD11
interaction is also conserved in human cells, and the HsANKRD11
middle-uncharacterized domain mediates Hs65K association with HDAC3.
Cleavage under targets and tagmentation (CUT&Tag) assays revealed that
HsANKRD11 is a bridging factor, which facilitates the synergistic common
chromatin-binding of HDAC3 and Hs65K. Knockdown (KD) of HsANKRD11
simultaneously decreased their common binding, resulting in reduced
deacetylation of nearby H3K9. Ultimately, this study demonstrates that
expression changes of many genes caused by HsANKRD11-KD are due to the
decreased common chromatin-binding of HDAC3 and Hs65K and
subsequently reduced deacetylation of H3K9, illustrating a novel and
conserved coupling mechanism that links the histone deacetylation with
minor spliceosome for the regulation of gene expression.
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1. Introduction

Catalyzed by the spliceosome, pre-mRNA
splicing removes intronic sequences from
precursor RNAs, which is critical for gene
expression and regulation.[1] The spliceo-
some is a macromolecular RNA-protein
machinery, consisting of five small nu-
clear RNAs (snRNAs) and dozens of pro-
teins, forming dynamic complexes during
the multiple stages of assembly, catalysis,
and disassembly.[2] Two distinct spliceo-
somes, the major and the minor spliceo-
somes, coexist in most metazoans and
a few unicellular organisms.[3] The ma-
jor spliceosome recognizes and removes
>99.5% of introns, named U2-type or ma-
jor introns; while the minor spliceosome
catalyzes fewer introns, named U12-type or
minor introns.[3,4] However, the function
and regulation of the minor spliceosome
and minor-intron-containing genes (MIGs)
are critical; mutations in the minor spliceo-
some or minor introns cause serious devel-
opmental defects and human diseases.[5]

In the composition of snRNAs, the two
spliceosomes only share U5; the major has
U1, U2, U4, and U6, and the minor has
U11, U12, U4atac, and U6actac snRNAs.[6]
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The two spliceosomes share many protein components but also
have their own specific ones.[3] For example, the human mi-
nor spliceosomal U11/U12 di-small nuclear ribonucleoproteins
(di-snRNP) subcomplex does not have U1-70K, U1-A, or U1C
from the U1 snRNP, or U2-A’, U2-B’, or SF3a subunits from
the U2 snRNP, but has the complete SF3b complex like the ma-
jor spliceosomal U2 snRNP. Instead, the U11/U12 di-snRNP
has 7 specific proteins, including 65K/RNPC3, 59K/PDCD7,
48K/SNRNP48, 35K/SNRNP35, 31K/ZCRB1, 25K/SNRNP25,
and 20K/ZMAT5.[7] In the human minor spliceosomal Bact com-
plex, five minor-specific proteins have been recently identified,
including SCNM1, RBM48, ARMC7, PPIL2, and CRIPT.[8] Most
of the minor-specific proteins have been identified in plants, fruit
fly, zebrafish, and mouse, displaying a high evolutionary conser-
vation across species; and their mutations cause deficient splic-
ing of minor introns and aberrant alternative splicing (AS).[9]

Eukaryotic RNA processing includes 5′-capping, splicing, 3′-
end polyadenylation, editing, and modifications on transcripts,
which are carried out co-transcriptionally in the nucleus.[10] Chro-
matin remodeling, DNA and histone modifications, transcrip-
tion, and RNA processing are also coupled with each other and
form regulatory networks for accurate gene expression.[11] RNA
splicing is a crucial step in eukaryotes; many major spliceosome
components have been found to interact with DNA- and RNA-
processing machineries. For example, the U2AF65-Prp19 com-
plex interacts with the C-terminal domain of RNA polymerase
II (CTD of RNAPII) to activate splicing;[12] the Prp5-U2 snRNP
complex is recruited by the transcriptional Spt-Ada-Gcn5 acetyl-
transferase (SAGA) complex to modulate splicing fidelity[13]; and
the assembly of the U2 snRNP, the splicing scaffold U5 snRNP
and PRPF8 is facilitated by Ser5-phosphorylated RNAPII.[14] The
chromatin remodeling factor CHD1 co-purifies the U2 snRNP
subcomplex SF3a, and the deficiency of CHD1 results in a
decreased splicing rate due to impaired SF3a recruitment[15];
the chromatin remodeling factor BRG1 interacts with hnRNPL,
hnRNPU, and SAM68 to modulate alternative splicing[16]; the
chromatin-binding protein HP1𝛼/𝛽 and the splicing factors
SRp20 and ASF/SF2 are interacting partners for trimethyla-
tions of H3K9[17]; and the DNA-binding protein UHRF1 regu-
lates alternative splicing by interacting with SF3B3 and U1/U2
snRNAs in an H3R2me-involved manner.[18] However, minor-
spliceosome-coupled events and their regulatory functions in
gene expression have not yet been investigated.

Methylation and acetylation are the two dominant histone
post-translational modifications,[19] in which histone acetylation
surrounding the transcription start sites (TSSs) stabilizes the
binding of other chromatin remodeling factors and destabi-
lizes nucleosome structure, leading to decreased nucleosome
occupancy and enhanced transcription.[20] Histone deacetylases
(HDACs) are a group of enzymes that remove acetyl groups
from histone lysines, allowing histones to package the chromatin
more tightly, and thus silencing transcription.[21] Class I HDACs
(Rpd3-like proteins) consists of four enzymes, HDAC1, HDAC2,
HDAC3, and HDAC8, which are recruited to enhancers and pro-
moters to modulate the epigenetics of chromatin and nearby
gene expression.[22] Defective HDAC3 results in increased lev-
els of H3K9 acetylation (H3K9ac), H3K14 acetylation (H3K14ac),
H4K5 acetylation (H4K5ac), and H4K12 acetylation (H4K12ac)
in the late S phase of the cell cycle.[23] Interacting with HDAC3,

the ANKRD11 protein contains multiple regions called ankyrin
domains and functions as a co-factor of HDAC3, which shows
specificity in brain nerve cells and may regulate genes involved
in learning and memory.[24]

To identify minor-spliceosome-coupled events, we co-purified
Dm65K-associated proteins from Drosophila and found that
Dm65K interacts with DmANKRD11. Deletion of either Dm65K
or DmAnkrd11 leads to reduced deacetylation of H3K9 and H4K5
in the fly head. The 65K-ANKRD11 interaction is conserved in
human, and knockdown of the human Hs65K or HsANKRD11
also increased H3K9ac and H4K5ac. Co-immunoprecipitation
(co-IP) experiments revealed that HsANKRD11 mediates the
Hs65K-association with HDAC3, and CUT&Tag assays revealed
that Hs65K and HDAC3 have largely overlapping chromatin
binding and synergistically enhance each other’s binding, which
was weakened in the HsANKRD11 knockdown cells. Further-
more, this 65K-ANKRD11-HDAC3 interaction influences the
deacetylation of H3K9 surrounding TSS regions and gene expres-
sion, providing a novel regulatory strategy for gene expression
through an interaction between machineries of histone modifi-
cation and minor splicing.

2. Results

2.1. Identification of Dm65K-Associated Proteins

Since only two minor spliceosome-specific components,
65K/RNPC3 and 20K/ZMAT5, were experimentally confirmed
in Drosophila,[9d,25] we carried out a two-step affinity purification
using nuclear extract from the pupae of the FLAG-Tev-6×His
(FTH)-tagged Dm65K strain (Figure 1A left). The top identified
peptides of the associated proteins are from 11 Drosophila genes,
including Dm20K, Rm62, Bel, CG12204, CG34313, CG1896,
CG2233, and CG10984, as well as three Sm genes SmD2, SmG,
and SmE (Figure 1A,B; Table S1, Supporting Information). Us-
ing clustalw,[26] we identified CG12204, CG34313, and CG1896
as the homologs of human U11/U12-48K; −25, and −59K, re-
spectively; and Rm62, BEL, and CG10984 as homologs to human
DDX17, DDX3X, and ANKRD11, respectively; CG2233 is still
an uncharacterized gene with unknown homologs (Figure 1B;
Figure S1, Supporting Information).

Two sets of assays were then performed to distinguish the
functions of the co-purified proteins. First, their coding se-
quences with a FLAG-tag were expressed in Drosophila S2 cells.
Similar to Dm65K, the FLAG-tagged Dm59K, Dm48K, Dm25K,
and Dm20K co-IPed U11 and U12 snRNAs, as well as pre-
mRNAs with minor introns, but neither the major U1 snRNA
nor pre-mRNAs with major introns (Figure S2, Supporting In-
formation). In contrast, the FLAG-tagged Rm62, CG2233, BEL,
and DmANKRD11 co-IPed none of the minor RNAs. Secondly,
the splicing of minor introns was tested when those genes were
knocked down (KD) in S2 cells. As with the Dm65K-KD, KDs
of Dm59K, Dm48K, Dm25K, and Dm20K resulted in notable re-
tention of minor introns, whereas KDs of the other four genes
did not inhibit minor splicing (Figure S2C,D, Supporting Infor-
mation). These data demonstrate that CG12204, CG34313, and
CG1896 are homologs of the human U11/U12 di-snRNP com-
ponents in Drosophila, and thus we designate them as Dm48K,
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Figure 1. Dm65K interacts with the HDAC3-cofactor DmAnkrd11 in Drosophila. A) The Dm65K-associated proteins were co-purified from the lysate of
the FTH-Dm65K pupae through a two-step affinity purification and identified by mass spectrometry. Left, strategy for purification; right, silver staining
of SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel for the co-purified proteins. B) Information of the top identified proteins. C) FLAG-tagged
Dm65K effectively co-IPed Dm59K, but not other three minor spliceosomal proteins. D) FLAG-tagged Dm65K was effectively co-IPed by DmANKRD11,
but not by other three identified non-minor spliceosomal proteins. E) Dm59K and Dm48K were ineffectively co-IPed by DmANKRD11. F) The Dm65K-
DmANKRD11 interaction is DNA- and RNA-independent in S2 cells. DNase I and/or RNase A were added during the co-IPs. G) A proposed interaction
network based on data from this figure and Figure S3 (Supporting Information). Asterisks, non-specific bands.
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Dm25K, and Dm59K, respectively, while the other four proteins
are not directly involved in minor splicing.

2.2. Dm65K Interacts with the Histone Deacetylation Cofactor
DmANKRD11

To investigate protein-protein interactions, we performed co-IP
assays using two separately expressed FLAG- and V5-tagged pro-
teins in S2 cells. First, Dm65K efficiently co-IPed Dm59K, but
not Dm48K, Dm25K, or Dm20K (Figure 1C); Dm59K efficiently
co-IPed Dm48K and Dm20K, and slightly Dm25K; Dm48K did
not co-IP either Dm25K or Dm20K, and Dm25K did not co-
IP Dm20K (Figure S3A–C, Supporting Information). These re-
sults suggest that the interactions of Dm65K-Dm59K, Dm59K-
Dm48K, and Dm59K-Dm20K are direct or at least strong. These
interactions are independent of RNA, demonstrated by the ob-
servation of similar interactions remaining after treatment with
Ribonuclease A (RNase A) (Figure S3A–D, Supporting Informa-
tion). Second, Dm65K was efficiently co-IPed by DmANKRD11,
slightly by BEL and CG2233, and not detectably by Rm62
(Figure 1D), implying a strong Dm65K-DmANKRD11 interac-
tion. In contrast, DmANKRD11 slightly co-IPed Dm59K and
Dm48K but not others (Figure 1E), suggesting that interactions
between DmANKRD11 with the minor spliceosome are mostly
via Dm65K. The Dm65K-DmANKRD11 interaction is also inde-
pendent of both DNA and RNA (Figure 1F).

In summary, these results suggest a protein-protein interac-
tion network of the co-purified proteins (Figure 1G). As the
core U11/U12 di-snRNP protein, Dm65K directly interacts with
Dm59K and a non-spliceosomal protein DmANKRD11, whose
homolog in mammals was identified as a cofactor of the histone
deacetylation enzyme HDAC3.[24a]

2.3. Histone Deacetylation is Reduced in the Head of 65k𝚫/𝚫 and
ankrd11𝚫/𝚫 Mutants

Using the CRISPR/Cas9-mediated system,[27] we generated two
deletion flies, 65kΔ/Δ, and ankrd11Δ/Δ (Figure S4A,B, Supporting
Information). Unlike the pupa-stage lethality caused by the dele-
tion of U12 or U6atac snRNA,[9d] the first generation of 65kΔ/Δ

(F1) was viable to mate and generate offspring; however, it ex-
hibited significant defects in pupation, eclosion, and fecundity
(Figure S4C–E, Supporting Information). The second generation
of 65kΔ/Δ (F2) was even more impaired, exhibiting more seri-
ous defects and no ability to cross (Figure S4C–F, Supporting
Information). These results demonstrate that Dm65K is a crit-
ical gene for the survival and development of Drosophila. Dele-
tion of Ankrd11 resulted in relatively milder developmental de-
fects (Figure S4C–F, Supporting Information). Importantly, both
the 65kΔ/Δ and ankrd11Δ/Δ flies showed milder spinal muscular
atrophy (SMA) associated phenotypes[9d] than the U12Δ/Δ did,
fewer boutons of the neuromuscular junctions (NMJ) and less
impaired larvae locomotion (Figure 2A,B), suggesting that the
two mutants have defects in the nerve systems.

Since the function of DmANKRD11 has not been ex-
perimentally investigated, we detected histone acetylation
levels in mutants, including H3K9ac, H3K14ac, H3K27ac,

H3K36ac, H4K5ac, K4K8ac, and H4K12ac that are substrates
of HDAC3.[24a,28] Compared to WT flies, neither 65kΔ/Δ nor
ankrd11Δ/Δ adults showed obvious changes in histone acety-
lation (Figure S5A, Supporting Information). Interestingly,
H3K9ac and H4K5ac were increased in the heads of the two
mutants, while other sites were not, except that H4K8ac was
decreased in 65kΔ/Δ and increased in ankrd11Δ/Δ (Figure 2C,D).
These results demonstrate that histone deacetylation is re-
duced in the Drosophila brain when Dm65K or DmANKRD11
is knocked out, and the data are consistent with findings in
mammals that ANKRD11 controls histone acetylation during
neural development.[24a]

We performed RNA-sequencing (RNA-seq) and identified
more changed AS events in 65kΔ/Δ than in ankrd11Δ/Δ

(Figure S5B,C and Table S2, Supporting Information). Nearly
all 19 Drosophila minor introns were retained in 65kΔ/Δ (18 in
head, 17 in adult), but only one was observed in ankrd11Δ/Δ

(Figure 2E; Figure S5D, Supporting Information). Defective mi-
nor splicing in 65kΔ/Δ was further validated by RT-PCR, showing
significantly increased retention of minor introns and decreased
mRNAs from BuGZ, Phb2, and Nhe3 genes (Figure 2F). Analyses
of the differentially-expressed genes (DEGs) showed that 269 and
145 genes were up-regulated and 131 and 161 genes were down-
regulated in the head of 65kΔ/Δ and ankrd11Δ/Δ, respectively
(Figure 2G; Figure S5E and Table S2, Supporting Information).
Including many neurodevelopment-related genes, 71 DEGs were
shared by the two mutants (Figure S5F, Supporting Information).
For example, the Acox57D-d was down-regulated and Drosocin
(Dro) was up-regulated in both mutants (Figure 2G,H). Acox57D-
d is an acyl-CoA oxidase involved in peroxisomal 𝛽-oxidation,
and disorders of peroxisome biogenesis result in neuronal dys-
function, muscle weakness, and locomotion problems.[29] Dro is
an antimicrobial peptide gene, Dro-overexpression in Drosophila
neurons leads to impaired locomotor activity.[30] Since 65kΔ/Δ

and ankrd11Δ/Δ mutants showed defective NMJ and locomotion
(Figure 2A,B), we performed RT-PCR and confirmed that the ex-
pression of Acox57D-d is down-regulated and Dro is up-regulated
in the heads of both mutants (Figure 2H). Up-regulation of
CG2065, an NADP-retinol dehydrogenase,[31] was also validated
by RT-PCR. In addition, the splicing changes caused by the dele-
tion of Dm-ankrd11 would be due to indirect effects. One of the
possibilities could be the transcriptional-coupled splicing, which
has been extensively reported.[10,11,32]

2.4. The 65K-ANKRD11 Interaction is Conserved in Human

Human ANKRD11 (HsANKRD11) has 2663 aa with four iden-
tified domains[33] and a long stretch of uncharacterized mid-
dle region (Figure 3A). Lacking an obvious AD domain, the
DmANKRD11 has three other domains and a much shorter mid-
dle region (Figure S1F, Supporting Information). To address the
65K-ANKRD11 interaction in human, we cloned the full-length
(FL) and six truncations (T1-T6) of HsANKRD11s and trans-
fected them into 293T cells (Figure 3A). The FL protein was
not detectably expressed due to its large size. Consistent with
a previous report,[34] the truncated HsANKRD11 with the C-
terminus (T3, T4, and T5) co-IPed HDAC3, while other truncated
HsANKRD11s did not (Figure 3B). Importantly, the truncated
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Figure 2. Both 65kΔ/Δ and ankrd11Δ/Δ mutants exhibit enhanced levels of H3K9ac and H4K5ac in the head. A) The NMJ boutons are reduced in the two
deletion strains, but less than the reduction in the U12-deletion strain. Quantitation of the NMJ boutons is shown on the right. B) The larva locomotion
is impaired in the two deletion strains. Quantitation of the relative mobility are shown on the right. C) H3K9ac and H4K5ac were enhanced in the head of
the two deletion strains. D) Quantitative analyses of the changed levels of histone acetylations. E) Retained intron events in the head of the two deletion
strains. Numbers in brackets are counting of minor introns. F) Validation of inhibited splicing of three minor introns in the two deletion mutants by
RT-PCR. Red lines, minor introns. G) Analyses of differentially expressed genes (DEGs) in the head of the two mutants. Numbers in brackets are counting
of MIGs. H) Validation of three DEGs in the two deletion mutants by RT-PCR. The length of PCR amplicons is indicated. Statistical data are shown as
mean ± SD. p values were calculated using two-sided unpaired t-test; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001; ns, no significance.
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Figure 3. The 65K-ANKRD11 interaction is conserved in human. A) Schematics for HsANKRD11-truncated proteins that were expressed with V5-tag in
human 293T cells. Borders and domains are indicated. ANK, ankyrin repeat domain; RD, transcription repression domain; AD, transcription activation
domain. B) Co-IPs by the truncated HsANKRD11s indicated that T6, covers aa 1160 to 1470 in the long uncharacterized region, is sufficient for interaction
with Hs65K. C) Hs65K was co-IPed by an HDAC3 antibody, but not by an HDAC1 or HDAC2 antibody. D) Knockdown of HsANKRD11 reduced the Hs65K
association with HDAC3. E) H3K9ac, H4K5ac, and H4K8ac were enhanced in both Hs65K-KD and HsANKRD11-KD cells. KDs were performed using
shRNAs, and the empty vector was used as a control. F) Quantitation of the histone acetylation levels in Hs65K-KD and HsANKRD11-KD cells. Statistical
data are shown as mean ± SD. p values were calculated using two-sided unpaired t-test; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001; ns, no
significance.

HsANKRD11 with the middle region (T2, T3, T4, and T6) co-
IPed different levels of Hs65K, in which T6, covering a shorter
middle region (aa 1160-1470), was sufficiently to co-IP Hs65K.
Taken together, we conclude that the 65K-ANKRD11 interaction
is also conserved in human, which relies on the stretched middle
region of ANKRD11.

Using antibodies against HDACs, we found that Hs65K could
be co-IPed by HDAC3, but not by HDAC1 or HDAC2, the

other two Class I HDAC enzymes (Figure 3C). Furthermore,
fewer Hs65K was co-IPed by HDAC3 when HsANKRD11 was
knocked down by shRNA (Figure 3D), but T6 and T2 still co-IPed
similar amounts of Hs65K when HDAC3 was knocked down
(Figure S6A, Supporting Information). These results suggest that
HsANKRD11 mediates the Hs65K association with HDAC3. Im-
portantly, H3K9ac and H4K5ac in 293T cells were also increased
when Hs65K or HsANKRD11 was knocked down (Figure 3E,F).
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Figure 4. Hs65K and HDAC3 synergistically promote each other’s chromatin binding. A) Analyses of chromatin-binding sites of Hs65K and HDAC3 in
293T cells using CUT&Tag data. The majority of Hs65K-binding sites overlap with HDAC3-binding sites from the view of both peaks (left) and genes
with peaks (right). B) Density distribution of Hs65K- and HDAC3-binding signals on gene bodies. Peak-containing genes are grouped as common-, all-,
and only-binding. TSS, transcription start site; TES, transcription end site. C) The chromatin-bindings near the TSS region of Hs65K and HDAC3 were
significantly decreased when HsANKRD11 was knocked down by shRNA. 11-KD, HsANKRD11-KD; ctrl, control. D) Peak signals of Hs65K and HDAC3 at
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Similarly, as in the two deletion flies, other histone acetylation
sites were not changed except H4K8ac. The same changes of hi-
stone acetylation caused by deficiency of 65K and ANKRD11 in
both human cells and Drosophila suggest a conserved regulatory
manner for histone deacetylation, which is mediated by the 65K-
ANKRD11 interaction.

To address whether the 65K-ANKRD11-HDAC3 interaction is
involved with other epigenetic factors, we performed additional
co-immunoprecipitations using an antibody against Hs65K. We
found that Hs65K did not co-IP SRC1, TIF2, or RAC3, three key
components from the p160 coactivators/nuclear receptor com-
plex, which has interaction with ANKRD11 (Figure S6B, Support-
ing Information).[35] However, Hs65K strongly co-IPed NOCR1,
a component from the nuclear receptor corepressor & silencing
mediator of retinoid and thyroid receptors complex, which has in-
teraction with HDAC3 (Figure S6C, Supporting Information).[36]

2.5. ANKRD11 Mediates the Synergistic Chromatin Binding of
65K and HDAC3

To address whether Hs65K binds on chromatin along with
HsANKRD11 and HDAC3, we carried out CUT&Tag assays[37] to
identify their chromatin binding sites. Antibodies against Hs65K
and HDAC3 efficiently co-IPed chromatin DNAs; unfortunately,
the HsANKRD11-antibody failed after multiple trials, showing
no detectable DNA signal, similar to the IgG control (Figure S6D,
Supporting Information). In total, we obtained 7030 and 11492
chromatin-binding peaks of Hs65K and HDAC3, respectively.
Their common peaks belong to 7318 genes, occupying ∼90%
of the Hs65K-binding genes and ∼62% of the HDAC3-binding
genes (Figure 4A; Table S3, Supporting Information), indicating
that most chromatin-binding of Hs65K are along with HDAC3.
Density analyses revealed that both the Hs65K- and HDAC3-
binding peaks were enriched surrounding TSSs (Figure 4B).
Interestingly, Hs65K- and HDAC3-peaks from the common-
binding genes were significantly higher, and peaks from the
Hs65K-only or HDAC3-only binding genes were significantly
lower (Figure 4B). These results suggest that Hs65K and HDAC3
promote each other’s binding on chromatin, showing a synergis-
tic enhancement effect.

Furthermore, the chromatin-binding of Hs65K and HDAC3
near the TSS region were both dramatically decreased in the
HsANKRD11-KD (11-KD) cells (Figure 4C; Figure S6E, Support-
ing Information), in which signals from the common-binding
were more decreased than signals from their respective only-
binding (Figure 4D). Individually, both Hs65K- and HDAC3-
signals from ∼90% of the common-binding were simultaneously
decreased in the 11-KD cells, in which 2410 were significantly
dropped (Figure 4E), demonstrating that ANKRD11 is a bridg-
ing factor for maintaining the synergistic chromatin-binding of
Hs65K and HDAC3. In addition, the knockdown of HDAC3 also
significantly decreases the chromatin-binding of Hs65K, sug-

gesting that the binding of Hs65K is also dependent on HDAC3
(Figure S6E, right, Supporting Information).

To validate, we inspected four genes by PCRs after co-IPs.
Consistent with the above analyses, Hs65K and HDAC3 effi-
ciently co-IPed DNAs from the peak regions but not or signif-
icantly less from the non-peak regions of the common-binding
genes TRIM59 and CREB3L4 (Figure 4F,G, upper gels). Simi-
larly, Hs65K co-IPed the peak region DNA from the Hs65K-only
binding gene RP1-29K1.6 and HDAC3 co-IPed the peak region
DNA from the HDAC3-only binding gene ARID1A (Figure 4H,I,
upper gels). Importantly, those co-IPed signals were decreased in
the 11-KD cells (Figure 4F–I, lower gels). These results demon-
strate that the 65K-ANKRD11 interaction promotes Hs65K-
binding on chromatin along with HDAC3 and synergistically en-
hances HDAC3-binding at the same chromatin domains.

2.6. 65K-ANKRD11 Interaction Modulates H3K9 Acetylation and
Gene Expression

We then performed ChIP-seq of acetylated H3K9 and H4K5. In
total, we obtained 13910, 13367, and 12006 H3K9ac-peaks in high
quality from the control, Hs65K-KD, and 11-KD cells, respec-
tively (Figure 5A; Table S4, Supporting Information), whereas the
H4K5ac signals were of low quality and could not be further an-
alyzed. The H3K9ac signals near the TSS region on the Hs65K-
and HDAC3-binding genes, especially on their common-binding
genes, were obviously increased in the two KD cells, but not on
their non-binding genes in the Hs65K-KD cells (Figure 5B). In-
dividually, 1502 and 4446 H3K9ac signals were significantly in-
creased in the two KD cells respectively, about two-fold to the
decreased signals (Figure 5C). Composition analyses of the four
H3K9ac-signal changed groups (two directions in two KD cells
in Figure 5C) revealed that the H3K9ac-peaks colocalized with
the common-binding peaks of Hs65K and HDAC3 (i.e., colo-
calized triple-peaks) were enriched in the increased groups (579
in Hs65-KD and 1405 in HsANKRD11-KD), while the H3K9ac-
peaks colocalized with the only-binding peaks were not en-
riched (Figure 5D). Importantly, 77% of the increased H3K9ac-
signals from the colocalized triple-peaks in Hs65K-KD (445 out
of 579) overlapped with their counterparts in HsANKRD11-KD,
whereas the ratio is only 34% between the two decreased groups
(Figure 5E; Table S5, Supporting Information). Further analysis
revealed that the binding of Hs65K and HDAC3 in 11-KD cells
were simultaneously decreased on 392 out of the 445 colocalized
triple-peaks where H3K9ac-signals were increased (Figure 5F).
Taken together, these data indicate that the chromatin domain
with common-binding of Hs65K and HDAC3 displays a higher
frequency of deacetylation of nearby H3K9 than the chromatin
domain with HDAC3-only binding. Knockdown of ANKRD11
severely disrupts the accessibilities of both 65K and HDAC3
to chromatin domains and results in reduced deacetylation of
nearby H3K9 sites.

the common-binding sites were more seriously decreased than at the only-binding sites in the HsANKRD11-KD cells. p values were calculated using the
Wilcoxon test; ***, p value < = 0.001. E) A large portion of the 65K- and HDAC3-signals at the common-binding sites were simultaneously decreased in
the HsANKRD11-KD cells. F–I) Experimental validation of the CUT&Tag analyses for chromatin-binding of Hs65K and HDAC3 by individual PCRs. Four
genes were selected for testing, including two common-binding genes F) TRIM59 and G) CREB3L4, H) an Hs65K-only binding gene RP1-29K1.6, and I)
an HDAC3-only binding gene ARID1A. The location of protein-binding peaks and PCR amplification regions for peaks and non-peaks are indicated.
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Figure 5. The 65K-ANKRD11 interaction modulates H3K9 acetylation and gene expression. A) Statistics of H3K9ac ChIP-peaks and peak-containing
genes in three human cells. The overlapping between the three cells is analyzed. 11-KD, HsANKRD11-KD; ctrl, control. B) Density distribution of H3K9ac-
signals surrounding TSSs in human cells. All genes are divided into four groups according to their binding with Hs65K and HDAC3: Hs65K-only binding,
HDAC3-only binding, common-binding, and non-binding. C) Fold changes of H3K9ac-signals after knockdown of Hs65K (left) and HsANKRD11 (right).
D) Composition of the changed H3K9ac-signals in the two KD cells. The H3K9ac-signals are analyzed in four groups, each of them containing four
parts according to the location relationship between the H3K9ac peaks and Hs65K, HDAC3 peaks. The numbers of decreased and increased H3K9ac-
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Sequencing of mRNAs was then performed to find genes
whose expression is regulated by the 65K-ANKRD11 interac-
tion. First, expressions of 798 and 3446 genes were significantly
changed in Hs65K-KD and HsANKRD11-KD (11-KD in panels)
cells, respectively (Figure S7A and Table S6, Supporting Infor-
mation). Secondly, the splicing of many minor introns was sig-
nificantly altered in Hs65K-KD cells but was not in 11-KD cells
(Figure S7B and Table S6, Supporting Information). These two
lines of data are consistent with the fact that 65K is a splicing fac-
tor and ANKRD11 is a cofactor of HDAC3. Thirdly, we focused
on the colocalized triple-peaks containing genes that have de-
creased binding of 65K and/or HDAC3 and increased H3K9ac
signals in 11-KD cells and found that 124 were up-regulated
and 310 were down-regulated (Figure S7C, Supporting Infor-
mation). In Hs65K-KD cells, 44 of the 124 genes were also up-
regulated (Figure 5G), and 70 of the 310 genes were also down-
regulated (Figure S7D, Supporting Information), providing reli-
able evidence that expression changes of those 114 (44+70) genes
are due to disruption of the 65K-ANKRD11 interaction. We fur-
ther analyzed the H3K9ac-signal changes and found that in both
KD cells, the commonly up-regulated genes exhibited more re-
duced deacetylation of H3K9 than the commonly down-regulated
genes (Figure 5H,I), implying that effects of the changed H3K9ac
caused by disruption of the 65K-ANKRD11 interaction is to up-
regulate gene expression, whereas the down-regulation of gene
expression could be due to acetylation changes of other histone
sites.

Further experimental confirmation was carried out for three
commonly up-regulated genes, UBXN11, SPATA2, and GTF2A2.
Quantitative PCRs using CUT&Tag samples confirmed that com-
mon chromatin-binding of Hs65K and HDAC3 surrounding TSS
regions of these three genes were significantly decreased in 11-
KD cells, quantitative PCRs using ChIP samples confirmed that
the acetylation levels of their nearby H3K9s were increased in
both the Hs65K-KD and 11-KD cells, and quantitative RT-PCRs
using RNA samples confirmed that their expressions were up-
regulated in both KD cells (Figure 6A–C).

3. Discussion

Studies on the regulatory mechanisms of pre-mRNA splicing
have been mostly focused on the major spliceosome, major
introns, and major-intron-containing genes in the past four
decades. Couplings between the histone acetylation machinery
and the major spliceosome have been previously identified. For
example, Gcn5 is a histone acetyltransferase in the SAGA com-
plex associated with the acetylated H3, which interacts and re-
cruits the U2 snRNP components to the exon,[32,38] and MRG15 is
a subunit of the NuA4/TIP60 histone acetyltransferase complex,
which recruits the PPyT-binding protein PTB to H3K36me3 sites

and represses inclusion of alternative exons.[39] Recently, more at-
tention has been paid to minor splicing due to the essentialness
of minor-intron-containing genes[40] and the development of
techniques, including next-generation sequencing, genome edit-
ing, and cryo-electron microscopy.[3,8,9d] Distinct from the previ-
ously identified couplings, our finding of the 65K-ANKRD11 in-
teraction first reveals a coupling between the minor spliceosome
and histone modification, which provides significant regulatory
effects on the levels of H3K9ac and H4K5ac and subsequently on
gene expression.

In this study, we have identified an interaction between the
minor spliceosomal 65K/RNPC3 and the histone deacetylation
co-factor ANKRD11 for the first time, which is conserved in both
Drosophila and human cells. As a bridging factor, ANKRD11 in-
teracts with 65K through its middle uncharacterized domain and
mediates the association of 65K with HDAC3. Importantly, thou-
sands of common chromatin-binding sites of HDAC3 and 65K
are synergistically enhanced due to this bridging, which facili-
tates the deacetylation of nearby histones (Figure 7 left). A defi-
ciency of 65K or ANKRD11 causes a decreased 65K-ANKRD11-
HDAC3 interaction and results in decreased chromatin binding
of HDAC3, leading to reduced deacetylation at the nearby H3K9
and H4K5 sites and changed gene expression (Figure 7 right).

Histone acetylation weakens the histone-DNA interaction, in
which acetylations of H3K9, H3K14, H3K18, H3K27, and H4K16
are involved in transcriptional activation. Acetylation of H3K9
and H3K27 are often associated with the enhancers and pro-
moters of active genes, allowing the binding of transcription
factors to enhance gene expression[41]; however, acetylation of
H4K5, H4K8, and H4K12 exhibit minor effects on transcription
due to their lower presence at the promoter regions.[42] Depend-
ing on cell types, HDAC3 has variable abilities to deacetylate
H3K9ac, H3K18ac, H3K27ac, H4K5ac, H4K8ac, H4K12ac, and
H4K16ac.[43] Colocalization analyses indicate that about 27.4%
of the Hs65K signal are colocalized with HDAC3, ≈6.5% of the
Hs65K signal are colocalized with HDAC3 & H3K9ac together,
significantly higher than its co-localization with H3K27ac (3.6%)
(Figure S8A–C, Supporting Information); this is consistent with
the previous Hs65K-KD results by western blotting (Figure 3E,F).
This study demonstrates that the 65K-ANKRD11 interaction fa-
cilitates HDAC3-regulated deacetylation on H3K9 and H4K5 and
that the modification of H3K9 regulates the expression of many
genes.

In this study, we show in vivo evidence that the 65K-ANKRD11
interaction is physiologically important in the brain and nervous
systems in Drosophila, exhibiting reduced deacetylation of H3K9
and H4K5 in the heads of mutant animals. We retrieved the
RNA-seq data from the FlyBase and found that the expression
of ANKRD11 is significantly higher in the brain and nervous sys-
tems, but the expression of 65K and HDAC3 are not obviously

signals at the chromatin domains with colocalized triple-peaks are shown in red and blue, respectively. E) Overlapping of the changed H3K9ac-signals
at chromatin domains with the colocalized triple-peaks between the two knockdown cells. The significantly increased H3K9ac-signals show a larger
overlapping between the two KD cells than the decreased H3K9ac-signals. F) Most of the chromatin domains with colocalized triple-peaks and increased
H3K9ac-signals in both two KD cells exhibit simultaneously decreased binding of Hs65K and HDAC3 in the HsANKRD11-KD cells. G) Forty-four genes
are up-regulated in both knockdown cells due to the decreased binding of Hs65K and HDAC3 and reduced deacetylation of H3K9 at their chromatin
domains with the colocalized triple-peaks. Three genes for further experimental validation are indicated. H,I) Compared with both down-regulated 70
genes, both up-regulated 44 genes have significantly more reduced deacetylation of H3K9 in both the Hs65K-KD and HsANKRD11-KD cells (H). p values
were calculated using the Wilcoxon test; *, p value <0.05, ***p value <0.001. The paired boxplot of increased H3K9ac sites and expression changes (I).

Adv. Sci. 2024, 11, 2307804 2307804 (10 of 15) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 6. Experimental validation of three genes whose expressions are regulated by the 65K-ANKRD11-HDAC3 interaction. Chromatin domains of the
three genes, A) UBXN11, B) SPATA2, and C) GTF2A2, have common-bindings of Hs65K and HDAC3 and H3K9ac-signals. These three genes are up-
regulated in both the Hs65K-KD and HsANKRD11-KD cells. Changes in the Hs65K and HDAC3 binding, and the H3K9ac-signals were validated by co-IPs
and quantitative PCRs, gene expressions were validated by quantitative RT-PCRs. Statistical data are shown as mean ± SD. p values were calculated
using two-sided unpaired t-test; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001.
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Figure 7. Minor spliceosomal component 65K interacts with ANKRD11 and facilitates HDAC3-regulated histone deacetylation and gene expression.
(Left) In the WT condition, HDAC3 deacetylates the histone proteins H3 and H4, which is facilitated by its cofactor ANKRD11. The interaction between
ANKRD11 and the minor spliceosome-specific protein 65K/RNPC3 enhances the chromatin-binding of HDAC3 to further facilitate the deacetylation of
histones, especially on H3K9 and H4K5, and results in regulated gene expression. (Right) Caused by the deficiency of 65K or ANKRD11, the defective
65K-ANKRD11 interaction weakens the chromatin-binding of HDAC3 and decreases the deacetylation activity, resulting in changed gene expression.
This regulatory mechanism is conserved in both Drosophila and human cells.

tissue-specific (Figure S8D, Supporting Information). In mam-
mals, it has been reported that maintenance of adequate amounts
of ANKRD11 and 65K/RNPC3 are both essential for the devel-
opment of the brain and bone. The heterozygous mutation of
mouse ANKRD11 caused a decreased cortical precursor prolifer-
ation and perturbed genesis of neurons, leading to the increase of
HDAC3-regulated H4K5ac, H4K8ac, H3K9ac, and H4K16ac.[24a]

The phenotype of biallelic 65K/RNPC3 variants is mainly asso-
ciated with growth hormone deficiency, delayed bone, intellec-
tual disability, and brain anomalies.[44] We also searched human
cancer data (GEPIA2 database), and found that the expression of
Hs65K, HsANKRD11, and HDAC3 is significantly changed in
tumors versus normal tissues (Figure S8E, Supporting Informa-
tion).

In this study, there are 145 up-regulated DEGs in the head of
ankrd11Δ/Δ, of which 21 are the central nervous system (CNS)
related genes, and 6 of them are also up-regulated in the head
of 65kΔ/Δ (Figure S8F, Supporting Information). Mutations in
these genes are connected with brain diseases, including mem-
ory impairment, infantile muscular hypotonia, and cognitive
impairment.[45] Those shared CNS-related DEGs and similar de-
fective phenotypes from the ankrd11Δ/Δ and 65kΔ/Δ animals sug-
gest that the physiological functions of ANKRD11 and 65K in ner-
vous systems are due to the 65K-ANKRD11 interaction, a com-
mon molecular basis for the regulation of gene expression.

Post-translational modifications may affect the binding
strength of the 65K-ANKRD11 interaction. It has been found that
65K has one site with O-linked glycan and three phosphorylated
serine residues (21, 108, and 381) in human cancer cell lines,[46]

and ANKRD11 has many modifications in its 65K-interacting
domain (aa1160-1470), including the SUMOylated K1446,[47]

N-glycosylated T1425,[48] phosphorylated T1120, S1296, and
T1419.[49] Therefore, whether these modifications could affect
the 65K-ANKRD11 interaction and consequentially change their
DNA-binding strength is worth further investigation.

4. Experimental Section
Fruitfly strains, Drosophila and Human Cell Lines: All Drosophila strains

were maintained and cultured on a standard cornmeal agar medium. The
WT was a w1118 isogenic strain (BDSC 5905) and deletion strains were
constructed using a CRISPR/Cas9-medicated system.[9d] Briefly, target se-
quences of two sgRNAs for each deletion were selected, and donor plas-
mid on the pMD18-T vector was constructed with the insertion of the dele-
tion region and the adjacent 2-kb sequences as homologous arms. The gR-
NAs and donor plasmid were then co-injected into embryos of a transgenic
line nanos-Cas9 by UniHuaii Technology Company. Specific primers were
used for genomic PCRs to screen for the desired alleles, which were fur-
ther validated by sequencing. The obtained lines were then crossed for at
least five generations with the WT to eliminate potential off-target events.
All the used primers and oligos are listed in Table S7 (Supporting Informa-
tion). Drosophila S2 and human 293T cells were cultured with Schneider’s
insect medium (Sigma, S9895) and Dulbecco’s modified Eagle’s medium
(Gibco, 11 965 118), respectively.

Purification and Identification of Dm65K-Associated Proteins: Ten grams
of the Day_3 pupae from the WT and 65K-FTH strains[9d] were collected
and squished by a dounce with a loose pestle (Sigma, D9063). The ob-
tained cells were washed with 1x PBS until the grease was removed, and
their nuclear extract (NE) was prepared similarly as described.[50] Briefly,
pupae cells were resuspended and gently pipetted in three volumes of the
hypotonic Buffer A [10 mm Tris-HCl (pH 7.9), 10 mm KCl, 1.5 mm MgCl2,
0.5 mm Dithiothreitol, 0.5 mm Phenylmethanesulfonyl fluoride (PMSF),
and 1x proteinase inhibitor cocktail (Roche, 04693159001)]. The swollen
cells were transferred to a glass dounce homogenizer with a Type-B pestle
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(Sigma, D9063) to rupture the cell membrane followed by centrifugation
at 3,000 g. The nuclear pellets were resuspended in 0.5x volume of the
low-salt extraction Buffer B [20 mm Tris-HCl (pH 7.9), 20 mm KCl, 1.5 mm
MgCl2, 0.2 mm EDTA, 25% glycerol, 0.5 mm PMSF, and RNase and pro-
teinase inhibitors], and then homogenized by a 15 mL dounce. Another
0.5x volume of the high-salt extraction Buffer C (Buffer B with 1.2 m KCl)
was added dropwise. The mixture was further homogenized using a glass
dounce with a Type-B pestle and tumbled for 30 min, followed by centrifu-
gation at 18,000 g for 30 min. The supernatant was carefully transferred
to a clean tube, and 1x volume of Buffer B was added to obtain the NE.
For co-purification, 4 mL of the NE was mixed with 100 μL of pre-balanced
ANTI-FLAG M2 affinity gel (Sigma, A2220). After tumbling, the beads were
rinsed by WB150 buffer [20 mm Tris-HCl (pH 7.4), 150 mm NaCl, 0.1% CA-
630)] and the bound proteins were eluted with 150 ng mL−1 of 3x FLAG
peptide (Sigma, F4799) three times. The combined elution was then mixed
with Ni-NTA beads (Merck, 70 666) in WB150 buffer with 20 mm imidazole
for 2 h. The beads were then rinsed three times, and the associated pro-
teins were eluted by 25 μL of WB150 buffer with 160 mm imidazole twice
and applied for mass spectrometry by Q Exactive Focus (Thermo Scien-
tific).

Knockdown and Overexpression in Drosophila and Human Cells: Double-
stranded RNAs (dsRNAs) were constructed by the T7 Ribo-MAX Express
RNAi system (Promega, P1700) and absorbed by S2 cells to knock down
the expression of Drosophila genes.[51] Small hairpin RNAs (shRNAs) were
designed by online software from Sigma and loaded into lentiviral vector
pLKO.1 to knock down the expression of human genes in 293T cells.[52]

For expression of proteins with FLAG or V5 tags, coding sequence
(CDS) of Drosophila genes were cloned into a pIZT-V5 vector and trans-
fected using Effectene reagent (Qiagen, 301 425) into S2 cells, and CDS of
human genes or their truncated sequences were cloned into a pcDNA3.0
vector and transfected using Attractene (Qiagen, 301 005) into 293T cells.

RT-PCR and RNA-seq: Total RNAs from the Drosophila and human
cells and fruitfly samples were isolated by TRIzol (Sigma, T9424). For RT-
PCR, reverse transcription was performed using PrimeScript RT reagent
Kit with gDNA Eraser (TaKaRa, RR047A), and the obtained cDNA was am-
plified by 2×Hieff PCR Master Mix (Yeasen, 10102ES03). For mRNA-seq,
the construction of cDNA libraries and sequencing were performed using
Illumina Novaseq 6000-PE150 by Novogene.

Western Blotting and Antibodies: Drosophila samples, S2 cells, and
293T cells were collected and lysed using RIPA buffer for western blot-
ting, in which total protein concentrations were determined by Enhanced
BCA Protein Assay Kit (Beyotime, P0010). Western blot signals were visu-
alized by antibodies against H3 (ab176842), H3K9ac (ab4441), H3K14ac
(ab52946), H3K27ac (ab177178), H3K9me3 (ab8898), H4 (ab177840),
H4K5ac (ab51997), H4K8ac (ab45166) and H4K12ac (ab177793) from Ab-
cam; against Tubulin (AC030) and NCOR1 (A7046) from ABclonal; and
against HDAC1 (10197-1-AP), HDAC2 (12922-3-AP), HDAC3 (10255-1-
AP), and NCOR2 (29952-1-AP) from Proteintech. The immunofluores-
cence antibodies for 65K, HDAC3, H3K9ac, and H3K27ac were purchased
from ThermoFisher Scientific (PA5-65724), Abcam (ab32369), Active mo-
tif, (91 103), and Active motif (39 685) respectively. The anti-HRP primary
antibody and anti-discs large primary antibody were purchased from Jack-
son Immuno Research (123-545-021), and Developmental Studies Hy-
bridoma Bank (4F3) respectively. The secondary antibodies of immunoflu-
orescence were purchased from Abcam; Goat Anti-Rabbit IgG H&L (Alexa
Fluor® 488), ab150077; Goat Anti-Rabbit IgG H&L (Alexa Fluor® 405),
ab175652; Goat Anti-Mouse IgG H&L (Alexa Fluor® 594), ab150116.

Drosophila Developmental Assays: The fecundity of Drosophila WT and
mutants was measured as described.[53] Briefly, ten individual mated fe-
males (adult 24–28_hr) from each strain were passed to new vials, and
their laid eggs per vial were counted each day until Day_10. For hatching
rates, 100 eggs from each mated strain were collected and the hatched
eggs were counted under standard conditions. After hatching, thirty lar-
vae of each strain were collected into new vials with standard food for
detection of the pupation and eclosion rates, respectively. All the above
tests were performed in triplets and counted in regular intervals.[54] The
statistical analyses were performed using GraphPad Prism 7 (San Diego)
and the statistical differences were determined by t-tests.

Immunoprecipitation and Co-Immunoprecipitation: Cell lysates were
prepared from a 6-well plate culture using 1 mL of IP buffer [20 mm Tris-
HCl (pH 8.0), 150 mm NaCl, 0.5% NP40, 1% Triton X-100, 1 mm PMSF,
and 1x proteinase inhibitor cocktail]. After removing debris, the lysates
were first pre-cleared by 25 μL of Protein A magnetic beads (Thermo,
88 846) for overnight incubation, and then applied to FLAG magnetic
beads (Sigma, M8823) or V5 agarose beads (GNI, 4510-V5) or pre-
conjugated 65K antibody (Proteintech, 25820-1-AP) with protein A-G mag-
netic beads (Beyotime, P2108) for IP and co-IP; Protein A magnetic beads
were used as negative controls. For nuclease treatments, 20 U DNase I
(Takara, 2270A) and/or 7 μL RNase A (Thermo, R1253) were added to
the washed beads-bound complexes in WB150 buffer, and the tubes were
placed on a nutator at 28 °C for 30 min. The beads-bound complexes were
washed by WB150 buffer. The co-purified proteins were separated on SDS-
PAGE and visualized by western blotting.

CUT&Tag-seq and ChIP-seq: The CUT&Tag assay was performed as
described.[37] Briefly, the 293T cells were fixed and permeated by 0.1%
formaldehyde and 0.05% digitonin, respectively. The target protein was
sequentially bound with its primary antibody, secondary antibody Goat
Anti-Rabbit IgG (H+L) (ABclonal, AS070), and protein A/G Tn5 (ABclonal,
RK20264). The purified DNAs were then tagmentationed and amplified for
sequencing by Wuhan Biobank. Antibodies against 65K/RNPC3 (Protein-
tech, 25820-1-AP), HsANKRD11 (ThermoFisher Scientific, PA5-65561),
and HDAC3 (Proteintech, 10255-1-AP) were used in this assay.

The ChIP assay was performed as described.[55] Briefly, the 293T cells
were cross-linked by 1% formaldehyde for 10 min and then the cell lysate
was prepared by removing cytoplasm followed by sonication-based chro-
matin fragmentation. Antibodies against H3K9ac (ab4441) and H4K5ac
(ab51997) from Abcam were used for IP. The co-IPed DNAs were applied
for library construction by the Scale ssDNA-seq Lib Prep Kit for Illumina
V2 (ABclonal, RK20228) according to the manufacturer’s instructions and
then sequenced by Wuhan Biobank.

Immunofluorescence Microscopy: 293T cells were cultured on glass
coverslips, washed with PBS, fixed with 4% paraformaldehyde, and perme-
abilized and blocked with 0.3% Triton X-100, 5% goat serum in PBS. Cells
were then incubated with primary antibody at 4 °C overnight. After wash-
ing with PBS, cells were incubated with the secondary antibody at 25 °C
for 1 h. For colocalization, repeat the steps with other primary antibodies
and secondary antibodies. Immunofluorescence images were captured by
a structure illumination microscopy (CSR Biotech, P-104WT).

For immunofluorescence of NMJ, the wandering stage larvae were dis-
sected and stained. Neurons, postsynaptic, and presynaptic membrane
were labeled with the indicated antibody. Immunofluorescence images
were captured under a confocal laser scanning microscope (Leica SP8).

Bioinformatic Analyses: Raw reads were cleaned with trim-galore
(v0.6.10) and mapped to the Drosophila melanogaster genome (dm6, Fly-
Base) and Homo sapiens genome (hg38, Ensembl) using STAR (v2.7.9a)
for mRNA sequencing and Bowtie2 (v2.3.5, –no-discordant –no-mixed -I
50 -X 600) for sequencing of CUT&Tag and ChIP assays.

For mRNA sequencing, the reads at the gene level were summarized by
featureCounts (v2.0.1), followed by DESeq2 R package (1.30.1) for analysis
of differential expression,[56] and by rMATS (v4.1.2) for analysis of alterna-
tive splicing. Differentially-expressed genes were identified when padj <
0.05 and foldchange > = 2. For CUT&Tag and ChIP sequencing, duplicate
reads were removed by picard (v2.25), and peaks were called using MACS2
(v2.2.7) with parameters (-f BAMPE -q 0.001 –min-length 200). Overlap-
ping and colocalization between peaks were defined by BEDTools (v2.30.0,
gene/peak: intersectBed –a genes (extended 3Kb laterally) –b peaks –F
0.2; peak/peak: windowBed –w 200). Differential peaks were analyzed by
DiffBind (v3.0.15), the difference was considered significant when p-value
< 0.05.[57] Data visualization was performed by Deeptools (3.5.0) for meta
gene/region profile plots[58] and by IGV (Integrative Genomics Viewer) for
track plots, and R (v4.0.5) for the generation of other plots.

Quantification and Statistical Analysis: For quantification of Western
blot, ImageJ software was used to measure the relative intensity of each
band, and the relative protein levels were normalized to levels of load-
ing controls. Data were presented as the means ± SD from three inde-
pendent experiments, and the differences between any two groups were
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compared by unpaired t-test. For quantification of the boutons of NMJ,
Types Ib and Is boutons at muscles 1 and 9 regions in abdominal segment
A3 were counted. Data were presented as the means ± SD from three in-
dependent experiments, and the differences between any two groups were
compared by unpaired t-test. For quantification of the relative mobility,
the larva locomotion paths were tracked as described.[9d] For each strain,
Data were presented as the means ± SD from five independent experi-
ments. For quantification of the qPCR, data were presented as the means
± SD from three independent experiments, and the differences between
any two groups were compared by unpaired t-test. For quantification of
the colocalization of the Hs65K/HDAC3 and the H3K9ac/H3K27ac sig-
nals, ImageJ software was used to measure the amount of protein, and
then the colocalized amount of protein was compared to the total amount
of 65K or HDAC3 as the relative colocalization. For each group, data were
presented as the means ± SD from six independent counts.

Accession numbers: All NGS data have been deposited to the Gene Ex-
pression Omnibus (accession number GSE243715).
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