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SUMMARY

Histone lysine acylation including acetylation and crotonylation plays a pivotal role in gene
transcription in health and diseases. However, our understanding of histone lysine acylation

has been limited to gene transcriptional activation. Here we report that histone H3 lysine 27
crotonylation (H3K27cr) directs gene transcriptional repression rather than activation. Specifically,
H3K27cr in chromatin is selectively recognized by the YEATS domain of GAS41 in complex
with SIN3A-HDAC1 co-repressors. Proto-oncogenic transcription factor MYC recruits GAS41/
SIN3A-HDAC1 complex to repress genes in chromatin including cell cycle inhibitor p27. GAS41
knockout or H3K27cr binding depletion results in p21 de-repression, cell cycle arrest and tumor
growth inhibition in mice, explaining a causal relationship between GAS41 and MYC gene
amplification and p27 down-regulation in colorectal cancer. We study suggests that H3K27
crotonylation signifies a previously unrecognized, distinct chromatin state for gene transcriptional
repression in contrast to H3K27 trimethylation for transcriptional silencing and H3K27 acetylation
for transcriptional activation.
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INTRODUCTION

Lysine crotonylation is closely related to acetylation in chemical structure and takes place
at major acetylation sites in histones.! Yet, histone lysine crotonylation is recognized by
structurally distinctive YEATS domain rather than the well-known acetyl-lysine binding
bromodomain, 23 suggesting different underlying histone biology concerning these distinct
lysine acylation states. Human genome encodes four YEATS domain proteins AF9, ENL,
YEATS2, and GAS41 (a.k.a. YEATS4), found in chromatin remodeling and histone
acetyltransferase complexes in regulation of chromatin structure, histone lysine acylation,
gene transcription, and DNA damage response.* AF9 participates in DOT1L-mediated
H3K79 methylation in gene transcription.>6 AF9 or ENL act as oncogenic drivers in acute
myeloid leukemia via YEATS domain/acetyl-lysine binding for active gene transcription.”:8
Mutations in the ENL YEATS domain favor clinical development of Wilms tumor.:10
Disruption of YEATS2 YEATS domain/histone binding reduces histone H3 lysine 9
acetylation at gene promoter by ATAC complex and down-regulates expression of ribosomal
protein genes critical for non-small cell lung cancer.1! Additionally, a yeast YEATS domain
protein Taf14 was reported to act in histone crotonylation-mediated metabolic flux through
transcriptional repression of energy-demanding gene expression.12

Distinct from AF9 and ENL, GAS41 that consists of the YEATS domain at the N-terminus
and the coiled-coil motif at the C-terminus (Figure 1A) has been reported for gene
transcriptional repression with a poorly understood mechanism.12 Originally identified in
glioblastoma multiforme cells in early glioma tumor development,1* GAS41 is known for
its gene amplification in colorectal cancer,1® gastric cancer,16 non-small cell lung cancer,’
glioblastomas,18 and pancreatic cancer.19 GAS41 was reportedly associated via unknown
mechanism with TIP6020 and SRCAP2! modeling complexes, as well as transcription
factors MYC, IN11,22 TFIIF2% and AP-2p,24 leukemia fusion protein MLL-AF10,25 and
cancer-related TACC1,2% and implicated in tumorigenesis?’ through inhibiting p53-p21
tumor suppression activity28 or activating Wnt/B-catenin signaling pathway.1® Recent
studies show that GAS41 co-localizes with lysine-acetylated histones for gene transcription,
and depletion of GAS41 association with histone variant H2A.Z results in suppression of
cancer cell growth and survival in non-small cell lung cancer cells.2%:30 In this study, we
report that histone H3 lysine 27 crotonylation (H3K27cr) acts to direct gene transcriptional
repression rather than activation through a previously unrecognized mechanism that entails
selective interaction with the YEATS domain of GAS41, which is recruited by MYC

to target genes in chromatin and works with the SIN3A-HDAC1 co-repressors for gene
transcriptional repression.

RESULTS

GAS41 Represses p21 Transcriptional Expression

To better understand GAS41 function in tumorigenesis, we analyzed and found that mMRNA
transcript levels of GAS41 and MY Cin human colorectal cancer tissues are significantly
higher than 21 paired adjacent non-cancerous tissues, while cell cycle inhibitor p21

showed consistently reduced mRNA expression in the cancer tissues than non-cancer tissues
(Figures 1B, S1A and S1B). Close analysis revealed that 16 out of the 21 paired samples
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(76.2%) showed higher expression of GAS41, and 11 of the 16 samples (68.8%) showed
decreased p21 (Figure S1A). The inverse correlation of GAS41 and p21 in transcriptional
expression agrees with a previous report that GAS41 down-regulates p21 expression.13

To determine the role of GAS41 in p21 regulation, we generated GAS41 knockout (KO)
cell lines from HCT116 and HEK293T cells using CRISPR/Cas9 with a designed guide
RNA that targets the sequence following the GAS41 start codon (Figures 1C and S1C).
Clones obtained from gene editing with non-homologous end joining carried two- or one-
base insertion in HCT116 and HEK293T cells, respectively, resulting in premature stop
codon and disruption of GAS41 translation. The GAS41 KO cells showed increased p21
expression, which was reinstated with ectopic expression of Flag-GAS41 (Figures 1D and
S1D). In contrast, a YEATS domain deletion mutant (Flag-GAS41A71-75), designed to
disrupt YEATS/acyl-lysine binding,3! was deficient in p21 repression in HCT116 cells
(Figure 1E), implicating the importance of YEATS domain for GAS41 function in p21
regulation.

The GASA41 depletion caused cell growth reduction and cell cycle arrest at G1/S phase

in HCT116 or HEK293T cells (Figures 1F and S1E), confirming GAS41’s role for cell
proliferation. NOD/SCID mice injected with GAS41 KO HCT116 colorectal cancer cells
produced much smaller tumors in size and weight than the control group mice injected
with wild-type (wt) HCT116 cells (Figure 1G). The former group mice showed higher p21
expression in tumors than the latter (Figure 1H), corroborating GAS41 as an oncogene,
responsible for repressing p21 expression.

GAS41 Binds Crotonylated-H3K27 for p21 Transcriptional Repression

Distinct from AF9 and ENL YEATS domains,?7:32 we found that Flag-GAS41,

ectopically expressed in HCT116 cells, prefers binding to biotinylated peptide of H3K27cr
immobilized on streptavidin-magnetic beads over other peptides containing acetylated-
H3K27 (H3K27ac), H3K9cr/ac, H3K14cr/ac, or H3K18cr/ac, as shown by Western blot
analysis (Figure 2A), and this binding is abolished by point mutation of two key residues
Y74 and W93 at the acyl-lysine binding pocket to Ala (Figure S2A; also see below). GAS41
YEATS domain binding preference for H3K27cr was confirmed by isothermal titration
calorimetry (Figure S2B) and NMR 2D 1H-15N HSQC (heteronuclear single quantum
coherence) spectroscopy (Figure S2C), showing that GAS41 favors H3K27cr over H3K27ac
by about 2-fold in affinity (K of 22.9 uM vs. 51.5 uM). To further assess the binding
preference for H3K27cr on the nucleosome, we performed microscale thermophoresis
(MST) assay using nucleosome core particles (NCPs) with or without H3K27cr or H3K27ac
modification. The affinity of GAS41 YEATS domain binding to NCPs is much higher

than to the histone peptides with corresponding modifications (Figure S2D vs. Figure

S2B), which agrees with the recent study of AF9 YEATS domain binding to NCPs vs.
histone peptides.33 /mportantly, the binding preference of the GAS41 YEATS domain to
H3K27cr over H3K27ac is well retained with Ky = 158 nM for H3K27cr-NCP vs. Ky =

229 nM for H3K27ac-NCP and Ky = 913 nM for the unmodified NCP (Figure S2D). Our
nucleosome binding study further illustrated that a H3K27cr peptide effectively blocked
Flag-GAS41 binding to nucleosomal histone H3K27cr or H3K27ac in HEK293T cell lysate
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in a dose-dependent manner, whereas a H3K27ac peptide showed the inhibition only at
higher concentrations (Figures 2B and S2E).

We next sought to define how GAS41 targets p21 in chromatin. We detected enrichment of
endogenous GAS41 and ectopic Flag-GAS41 at p21 locus in HEK293T cells by chromatin
immunoprecipitation (ChIP) (Figures 2C and S3A). Both H3K27cr and H3K27ac are
present at p27 locus in contrast to an extremely low level of H3K27me3 (Figures 2C

and S2B). Consistent with its role in activating p21 transcription,34 transcription factor p53
was found markedly enriched at the p21 locus in HEK293T cells upon activation by DNA-
damaging agent doxorubicin (Dox) that resulted in increased p53 Serl15-phosphorylation
(Figures S3C and S3D). ChIP analysis revealed GAS41 displacement along with H3K27cr
decrease and H3K27ac increase at the p21 locus upon p21 activation induced by Dox
treatment in HEK293T and HCT116 cells (Figures 2D, 2E, and S3E-S3G). Similar effects
on transcriptional de-repression of p21 were observed with p53 activation using Dox
analog Idarubicin, or MDM2 inhibitor Nutlin3a in HEK293T and HCT116 cells (Figures
S3H-S3K). Further, we observed a marked reduction of p27 mRNA level in HEK293T cells
after 24-hour treatment of crotonyl-CoA (Figure 2F) that was accompanied with increased
H3K27cr and GAS41 occupancy, but almost no change of H3K27ac at the p27 locus
(Figure 2G). The latter agrees with the reported crotonyl-CoA stimulation of H3K18cr
without significantly altering H3K18ac levels in cells.3® Collectively, these results indicate
that GAS41 controls p21 transcriptional repression through its YEATS domain binding of
H3K27cr.

GAS41 Works with MYC and SIN3A-HDAC1 Co-repressors for p21 Repression

To understand how GAS41 targets p27 in chromatin for transcriptional repression, we
sought to determine its functional context that would require transcription factors and
repressor proteins. Using reciprocal protein immunoprecipitation (IP) and western blotting
analysis, we detected endogenous GAS41 association with MYC, and SIN3A-HDAC1,2 co-
repressor complex proteins including SIN3A, HDAC1/2, RbAP48, and RBP1 in HEK293T
cells (Figure 3A). IP study of Flag-GAS41 transfected HEK293T cells indicated GAS41
association with SIN3A-HDAC1,2 complex 36:37 to be selective, as no interaction was
detected with NCoR, CHD3, or MBD2/3, key component proteins of the other known
Mi-2/NuRD38 and NCoR3? co-repressor complexes (Figure S4A). The formation of
GAS41/MYC/SIN3A-HDAC1 complex in cells was further supported by size exclusion
chromatography analysis of HCT116 cell lysates (Figure S4B), and Flag-GAS41 co-
localization with MYC, SIN3A, HDAC1, H3K27cr and H3K27ac at p21 locus observed

in a sequential ChIP assay (Figure S4C). Note that Flag-GAS41 association with MYC/
SIN3A-HDAC1 complex is likely to be functional as its expression level is similar to that
of endogenous GAS41 and both are present in the complex as shown by co-IP (Figure
S4D). Moreover, transfection of HEK293T cells with Flag-GAS41 and Flag-MYC reduced
p21 protein level (Figure SAE), whereas knockdown of GAS41 or MYC increased p21
expression (Figure S4F), supporting the notion that GAS41 and MY C likely work together
for p21 repression.
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To delineate the role of MYC/SIN3A-HDAC1 complex in GAS41 mediated p21 regulation,
we generated HEK293T MYC, SIN3A, or HDAC1 KO cell lines using CRISPR/Cas9.
Ablation of MYC, SIN3A, or HDAC1 all resulted in p27 induction, whereas in the
CRISPR control cells, a three-base deletion in 5> UTR (upstream of ATG) of MYC gene
locus showed no effect on the expression of GAS41, MYC, HDAC1, SIN3A or p21 as
compared to HEK293T cells (Figures S4G-S4J). Notably, co-transfection of Flag-GAS41
and Flag-MYC, not individually, was able to restore p21 repression in MYC or GAS41

KO cells, respectively (Figures 3B and S4K), confirming that both GAS41 and MYC are
indispensable for p27 repression. Further, co-transfection of Flag-GAS41 with myc-SIN3A
and GFP-HDACL, respectively in HEK293T SIN3A or HDAC1 KO cells showed that
SIN3A and HDAC1 were required for GAS41 function on p21 repression (Figure 3C). Our
additional transfection studies of Flag-GAS41, Flag-MYC, GFP-HDAC1, or myc-SIN3A
with HEK293T MYC, SIN3A, or HDACL1 KO cells established that p27 repression was
compromised when any of these co-factors was missing (Figure S5A). Their functional
interdependence was further confirmed by co-transfection of Flag-GAS41, myc-MYC, myc-
SIN3A, and Flag-HDAC1 in HCT116 cells that yielded the most profound repression of
p21 as compared to transfections lacking one or two factors (Figure 3D). Collectively, these
results demonstrated the synergistic activities of GAS41 with MYC and SIN3A-HDAC1
co-repressors for transcriptional repression of p21.

Remarkably, Flag-GAS41 occupancy at p21 locus was significantly higher with its co-
transfection with GFP-MYC than it alone (Figures 3E and S5B). MYC binding on p21
locus was not affected in GAS41 KO cells, whereas GAS41 binding on p27 locus was

lost in MYC KO cells compared to wt cells (Figures 3F and 3G). Similarly, GAS41
association at p21 locus markedly decreased in MYC knockdown HCT116 cells (Figure
S5C). Further, SIN3A and HDAC1 were found along with GAS41 at p21 locus, and

their presence was reduced upon p21 de-repression after Dox, Ida, or Nutlin3a treatment
(Figures 3H, S5D, S3F and S3H), or conversely increased upon p21 further repression

with crotonyl-CoA treatment (Figure 31). Importantly, SIN3A and HDAC1 occupancy at
p21 locus was decreased in MYC or GAS41 KO cells (Figures 3J and 3K). These results
confirmed that MYC is the transcription factor responsible for recruiting GAS41 to the

p21 locus in chromatin, and that GAS41 and MY C work with SIN3A-HDAC1 co-repressor
complex for p21 repression. Notably, this p21 transcriptional repression by MYC/GASA41/
SIN3A-HDACL is different from the reported MYC/MIZ1 function for p21 suppression by
displacing transcription co-activators at the p21 promoter,041 as we found that MIZ1 is not
present in the GAS41/MYC complex (Figures S5E-S51). These results suggest that the effect
of MIZ1 on p21 transcription is likely influenced by its associating effector proteins.

GAS41 YEATS Domain Interacts with MYC and H3K27cr for p21 Repression

Despite being arguably one of the most recognized proto-oncogenes in tumorigenesis,

the current mechanistic understanding of MYC function as transcription factor is largely
limited to the DNA binding of its C-terminal basic/helix-loop-helix (bHLH) and leucine
zipper (LZ) domains.*2 To determine the molecular basis of the coordinated transcriptional
activity of MYC and GAS41 in H3K27cr-mediated p27 repression, we mapped GAS41
and MY C interaction region using co-transfection of deletion constructs of Flag-GAS41
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and GFP-MYC and IP assay. We found that the YEATS domain of GAS41 binds to the
N-terminal MYC box II-111 (MBII+111) region of MYC (residues 73-289) (Figures 4A, 4B,
S6A and S6B). We validated this result in a hydrogen-deuterium exchange (HDX) study

of MYC (residues 73-289) in the absence or presence of GAS41 YEATS domain (residues
11-150) followed by mass spectrometry (MS) analysis. The HDX-MS data showed that
MYC residues 124-144, and to a lesser extent residues 260-266 exhibited a major reduction
in the HDX rate in the presence of GAS41 as compared to the free MY C (Figures S6C

and S6D, and Table S1), indicating that GAS41 YEATS domain binds primarily to MYC
MBII and MBIIIb regions. Surprisingly, our NMR binding study revealed that MYC/GAS41
binding was competed off by a H3K27cr peptide, as MY C binding-induced line-broadening
of amide resonances of 1°N-GAS41 YEATS domain in the HSQC spectra was reversed upon
addition of increasing amounts of H3K27cr peptide (Figures 4C and S6E).

To determine how GAS41 works with H3K27cr and MYC for p21 repression, we

tested a notion of GAS41 dimerization and found that Flag-GAS41 was indeed
co-immunoprecipitated with GFP-GAS41, co-transfected in HEK293T cells, and this
interaction was mapped primarily to the N-terminal YEATS domain rather than the C-
terminal coiled-coil domain of GAS41 (Figure 4D), even though the latter was suggested
to contribute to GAS41 dimerization.*3 Co-IP study showed that Flag-GAS41 is associated
with H3K27cr and endogenous MYC or GFP-MYC MBII+111 in HEK293T cells, and a
H3K27cr peptide, but not a H3K27ac peptide at the same concentrations, can dissociate
this MY C/Flag-GAS41/H3K27cr complex (Figure 4E). The latter highlights the specificity
of GAS41 YEATS domain binding to H3K27cr over H3K27ac in a cellular context. From
these results, we concluded that GASA41 likely through its N-terminal YEATS domain forms
a dimer, and that the YEATS domain of each protomer interacts with H3K27cr or MYC,
thereby forming the MYC/GAS41/H3K27cr complex that works with the SIN3A-HDAC1
co-repressors for p21 transcriptional repression in chromatin.

Structural Basis of GAS41 YEATS Domain Recognition of H3K27cr and MYC

We next sought to determine the detailed molecular basis of GAS41 YEATS domain
recognition of H3K27cr and MYC through protein structural analysis. However, the highly
dynamic nature of protein-protein interactions prevented us from determining 3D structure
of GAS41 YEATS domain in complex with MYC. Instead, we solved a 2.30A resolution
crystal structure of the complex of GAS41 YEATS domain bound to a H3K27cr peptide
(Figures 5A and S7A, and Table S2). This crystal contains two molecules (A and B) per
asymmetric unit, and their overall structures are nearly the same with a root-mean-square
deviation of 0.75A for the Ca atoms excluding a short helix (a2, residues 123-128) (Figures
S7B and S7C). This short helix is missing in nearly all reported structures of the GAS41
YEATS domain solved in different forms possibly due to the high structural flexibility of
this region.30 We noticed the possibility that the GAS41 YEATS domain forms a tetramer
structure as a dimer of dimer that is related by crystallographic 2-fold symmetry axis (Figure
S7B). We obtained experimental evidence in solution for only a dimeric form, but not a
tetrameric form of the GAS41 YEATS domain. Future study is needed to investigate GAS41
oligomeric state in a functional context.
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Our crystal structure shows that crotonyl-lysine is engaged in a t—m—m sandwich binding
mechanism established between H3K27cr and aromatic side chains of His43, Tyr74 and
Trp93 (Figure 5A), similar to the AF9 632 or Taf14 44 YEATS domain recognition of
H3K9cr and H3K18cr. The crotonyl-lysine recognition by GAS41 is bolstered by a 2.7A
hydrogen bond (molecule A) formed between side-chain hydroxyl oxygen of Ser73 and
amide nitrogen of the crotonyl-lysine. While it can also form a hydrogen bond to Ser73, an
acetyl-lysine lacks the electron-rich double bond moiety of crotonyl-lysine, and likely has
reduced aromatic and hydrophobic interactions with Tyr74 and Trp93. Further, because of
its shorter side chain than that of crotonyl-lysine, acetyl-lysine may not interact with the
imidazole of His43 located at the far end of the aromatic cage, explaining lower affinity of
H3K27ac than H3K27cr to the GAS41 YEATS domain.30 Our structure also illuminated the
selectivity of the GAS41 YEATS domain for H3K27cr over H3K9cr or H3K18cr, which is
likely due to recognition of Pro30 in the H3K27cr peptide by a small hydrophobic/aromatic
concave surface formed by Leul120 and Phel21 (Figure 5A). The latter Phe121 is unique in
GAS41 and not conserved among the YEATS domain proteins (Figure S7A).

To define MYC binding site in GAS41, we obtained NMR backbone resonance assignment
of its YEATS domain using 3D triple-resonance NMR methods.*> Based on MY C binding-
induced NMR resonance perturbation of the YEATS domain, we mapped MY C binding in
GAS41 to the H3K27cr binding region (Figure S8A). The MY C binding site of GAS41 was
confirmed by IP and mutation analysis of H3K27cr-binding residues Tyr74 and Trp93 whose
substitution to Ala, alone or in combination, markedly reduced GAS41 binding to MYC,
and almost completely abolished binding to H3K27cr, SIN3A and HDAC1 (Figure 5B).
The Y74A/W93A mutation did not compromise the YEATS domain structure, as shown

by the NMR HSQC spectra (Figure S8B). Single or double mutation of Y74A and W93A
in Flag-GAS41 diminished its ability for p27 repression in HEK293T cells (Figure 5C).

To fully determine the importance of GAS41/H3K27cr binding for p21 repression in cells,
we established the wt and Y74A/W93A mutant GFP-Flag-GAS41 stable cell lines from
HCT116 GAS41 KO cells (Figure S8C). As compared to the GAS41 wt, Y74A/W93A
mutant was not able to reinstall p27 repression in HCT116 GAS41 KO cells, thus failed

to restore the cell growth (Figures 5D and S8D), and showed much lower occupancy at

the p21 promoter (Figure S8E), confirming the critical role of GAS41/H3K27cr binding

for GASA1 association with chromatin. To determine the function of H3K27cr-binding
deficient mutant with expression at the physiological level, we established GAS41 Y74A
heterozygous HEK293T cell line with CRISPR/Cas9 (Figure S8F), of which GAS41 alleles
are either Y74A mutant or knockout. These Y74A mutant cells lost p21 repression and
exhibited decreased cell growth rate and impaired cell cycle progression (Figure S8G).

To distinguish GAS41 binding to H3K27cr vs. H3K27ac in MYC/GAS41/SIN3A-HDAC1
complex-directed gene transcriptional repression in chromatin, we sought to identify a
GASA41 mutant that would abrogate H3K27cr binding without affecting H3K27ac binding.
We focused on His43 because its mutation to Ala exhibited a small but statistically
significant reduction of GAS41 binding to H3K27cr and p21 repression, yet showed nearly
full H3K27ac binding (Figures 5B, 5C, S8H and S8I). We carried out a holistic site-directed
mutagenesis study by changing His43 to 18 other amino acids and examined these GAS41
mutants in binding to biotin-tagged H3K27, H3K27ac and H3K27cr peptides using ELISA
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(data not shown). From this study, we discovered that GAS41 H43S mutant shows over 60%
reduction in H3K27cr binding but retains nearly intact H3K27ac binding as demonstrated
by Co-IP assay of cell extracts of HCT116 cells transiently transfected with Flag-GAS41
wt or H43S mutant (Figure 5E). This agrees with binding affinity measurements in

a microscale thermophoresis assay, which showed that GAS41-H43S exhibited 6-fold
reduction in binding to H3K27cr vs. about 2-fold reduction to H3K27ac as compared to
GASA41 wt (Figure S8J). GAS41-H43S retains MYC binding and its transfection does not
affect H3K27ac abundance, but nearly completely loses its ability to bind chromatin at
the p21 locus, which is accompanied with transcriptional de-repression of p27in HCT116
cells (Figures 5F-5H and S8K). From these results, we concluded that GAS41 occupancy
on chromatin is likely dependent on its binding to H3K27cr, but not H3K27ac, and that
the YEATS domain/H3K27cr binding is essential for GAS41 to repress p21 expression in
chromatin.

H3K27cr is a Distinct Histone Mark for Gene Transcriptional Repression

To elucidate a genome-wide role of H3K27cr in gene transcriptional repression by the
GAS41/MYC/SIN3A-HDACL co-repressor complex, we performed RNA-seq study of
HCT116 GAS41 wt and GAS41 KO cells, as well as GAS41 KO cells that stably expressed
GFP-Flag-GAS41 wt (wt rescue), or GFP-Flag-GAS41-Y74A/W93A (mutant rescue)
(Figure 6A). Principal component analysis (PCA) showed excellent agreement between
independently prepared triplicate samples (Figure S9A). GAS41 knockout resulted in up-
regulation of 1674 genes and down-regulation of 961 genes (Table S3). Our hierarchical
clustering analysis allowed us to segregate genes into two categories, i.e. genes dependent
upon or independent of the acyl-lysine binding activity of the GAS41 YEATS domain
(Figures 6A and S9B). Genes in each category are further grouped into two clusters
(Clusters la & 1b vs. 1la & 11b) owing to their degree of the YEATS domain dependency, i.e.
nearly full or partial dependence.

We next defined chromatin occupancy of GAS41, MYC, SIN3A, HDAC1, H3K27cr, and
H3K27ac in HCT116 cells in a ChlIP-seq study. While the GAS41 antibody works for ChiP-
gPCR, it did not produce quality ChiP-seq data. Accordingly, we performed ChlP-seq using
Flag-GAS41 transfected in HCT116 cells, in which Flag-GAS41 expression was comparable
to endogenous GAS41, and both Flag-GAS41 and endogenous GAS41 are present in the
MYC/SIN3A-HDAC1 complex (see Figure S4D). Concordant with our finding that GAS41
functions in association with MYC and SIN3A-HDACL co-repressors, genomic occupancy
of Flag-GAS41, MYC, SIN3A and HDAC1 appears correlated (Figure S9C). We found

that 86.0% of Flag-GAS41-bound genes were occupied by MYC or SIN3A-HDAC1, and
43.6% of Flag-GAS41-bound genes were co-occupied by MYC and SIN3A-HDACL1 (Figure
S9D), while 67.1% of Flag-GAS41 genes were overlapped with H3K27cr (Figure S10E).
Flag-GAS41 occupancy at transcription start sites (TSS) of 12,862 GAS41 target genes
showed strong enrichment for both H3K27cr and MY C (Figure S9F). A consensus DNA
binding analysis using the Homer program revealed that GAS41 and MYC share common
binding motifs including MYC (CACGTG) (Figure S9G). Of these GAS41 target genes,
2,970 genes were co-occupied by MYC and SIN3A-HDAC1, and showed transcriptional
up-regulation by >1.5-fold upon Dox treatment in HCT116 cells, which was correlated

Mol Cell. Author manuscript; available in PMC 2024 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 10

to increased levels of H3K27ac and decreased levels of H3K27cr, Flag-GAS41, SIN3A,
HDACL, and to a lesser extent MYC at the TSS (Figures 6B—6D). Collectively, these results
support the notion that GAS41, MYC, SIN3A, HDAC1 and H3K27cr work together to
regulate gene transcription.

Our ChlP-seq analysis showed clearly reduced occupancy of Flag-GAS41, MYC, SIN3A,
HDAC1, and H3K27cr, and conversely, increased presence of H3K27ac along the
p21(CDKN1A) locus after Dox treatment (Figure 6E). Notably, H3K27cr levels exhibited
a global reduction in HCT116 cells after Dox treatment (Figure 6F). GAS41 target

genes appear to be involved a diverse set of key cellular processes for cell maintenance

and proliferation including cell cycle, cellular senescence, p53 signaling pathway, DNA
replication, and colorectal cancer, as shown by KEGG enrichment analysis of our genomic
sequencing data (Figure S9H). Like p21, after Dox treatment, an increase of H3K27ac,
and a decrease of H3K27cr, GAS41 and MYC presence in chromatin were consistently
seen for a selected group of GAS41 target genes (Cluster la) including CCS, CDKNZB,
CLIC3, DGATZ, GPRC5A, ITGB4, KLHLZ22, NEU1, PITPNM1, PLK2, SIRTZ, SIRT4,
SLC20A1, TNFAIPIand ZNF219 (Figures 6G, S9I, and S9J). These genes showed an
increase in MRNA transcripts in HCT116 cells after Dox treatment, both in the RNA-seq
data and individual validation by gPCR (Figures 6H and S9K). Additionally, crotonyl-CoA
treatment caused transcriptional repression for most of these selected GAS41 target genes
in HEK293T cells, which were accompanied with increased H3K27cr and unchanged
H3K27ac levels (Figures S9L and S9M). Furthermore, a global analysis of HCT116
GAS41 KO cells stably expressing Flag-GAS41 or Flag-GAS41-H43S revealed that
H3K27cr-binding deficient H43S mutation caused a major decrease of GAS41 occupancy in
chromatin (Figures S10A-S10C). This decrease of chromatin binding of GAS41-H43S was
corroborated with this GAS41 mutant’s reduced ability for gene transcriptional repression,
as shown with the same set of selected GASA41 target genes (Figure S10D). Taken

together, our genomic study confirmed that H3K27cr likely represents a distinct histone
mark for gene transcriptional repression exerted by a novel GAS41/MYC/SIN3A-HDAC1
co-repressor complex in chromatin.

GASA41 has been report to function in gene transcriptional activation and repression in
cells!346-49 that are likely influenced by its associating proteins. Therefore, it is prudent to
examine the experimental evidence in a biological context. For instance, Shi ef al. reported
that GAS41 works with TIP60 acetyltransferase complex to facilitate H2A.Z deposition

in transcriptional activation, and GAS41 or TIP60 knockdown leads to reduced H2A.Z
abundance and expression of cell cycle genes30. We observed that GAS41 is associated with
the TIP60 complex in HCT116 cells, but GAS41 KO does not affect TIP60 association

with the other components of the complex (Figure S10E). TIP60 binding at GAS41 target
genes in GAS41 KO cells is higher than that in wild type cells and is important for
transcriptional expression of GAS41 target genes including p21 (Figures S10F and S10G),
suggesting TIP60 acts in transcriptional activation after GAS41 dissociation from chromatin.
Notably, H2A.Z occupancy at GASA41 target genes is lower in HCT116 GAS41 KO cells
than wild type cells (Figure S10H), but similar in GAS41 KO cells stably expressing Flag-
GAS41 wt and H43S (Figure S101). Therefore, our results indicate that GAS41 function

in gene transcriptional repression, in association with the MY C/SIN3A-HDACL1 corepressor
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complex and mediated by H3K27cr, is independent of the TIP60 complex for transcriptional
activation, and also different from the GAS41 function with TIP60 for H2A.Z deposition.
The latter likely does not involve GAS41 YEATS domain binding to H3K27cr.

DISCUSSION

Histone H3K27me3 and H3K27ac have long been recognized as two chromatin states
marked for long-term gene transcriptional silencing in compact heterochromatin and gene
transcriptional activation with enhancer elements in open chromatin, respectively. Here

we report that H3K27cr represents a previously unrecognized, distinct chromatin state for
gene transcriptional repression (Figure 7). This H3K27cr-directed transcriptional repression
operates through selective recognition of H3K27cr by the YEATS domain of GAS41 that

is recruited by transcription factor MY C to target genes in chromatin and works in concert
with the SIN3A-HDAC1 co-repressors, as demonstrated for cell cycle inhibitor p27 and
confirmed with many target genes. This H3K27cr is different from the “bivalent chromatin”,
marked by H3K4me3 and H3K27me3, as the role of H3K27cr in gene regulation is defined
with a chemically distinct histone modification and molecular recognition by a structurally
distinctive histone reader domain. The latter feature is on a par with H3K27ac recognition by
the bromodomain2 and H3K27me3 by the chromodomain.>0

We propose a model of “Three-phase traffic light system” to describe the role of histone
modifications at H3K27 in regulation of gene transcription in chromatin in that H3K27me3
(Stop), H3K27cr (Pause), and H3K27ac (Go) symbolize three functionally distinct histone
modification states for gene transcriptional silencing, repression and activation, respectively
(Figure 7). This three-phase switch mechanism offers quick yet ordered coordination
between chromatin structure and gene transcription, providing long-sought evidence in
support of the postulation that different modifications on one single histone residue

can dictate different outcome of gene transcription.51:52 Regulation of histone modifying
enzymes and modification-specific histone readers in association with these three chromatin
states endows histones with the capacity to direct on-demand gene expression or repression
in response to physiological and environmental cues. Mis-regulation of these distinct
chromatin states can lead to disease development. In this context, our study provides

a mechanistic explanation for the previously reported association of MYC with GAS41
22,40,53-58 for negative regulation of p21 expression and explains our observed gene
amplification of GAS41 and MYC in colorectal cancer tissues that is inversely correlated to
the downregulation of p21 (Figure 1B).

While this H3K27cr-mediated gene transcriptional repression mechanism operates likely
under certain functional conditions in gene regulation or mis-regulation in diseases,
understanding of the details about the control of histone lysine acylation modifying
enzymes and how they direct transition between H3K27cr and H3K27ac states warrants
further investigation. Our study opens a door for developing new anti-cancer therapy
that works through pharmacological induction of transcriptional de-repression of tumor
suppressor genes often over-repressed in human cancers including colorectal cancer by
H3K27cr-mediated GAS41 and MYC functions. The latter is arguably one of the most
recognized proto-oncogenes in tumorigenesis, but its mechanism as transcription factor
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for gene repression has remained very limited.>? Finally, our study illuminates a new
dimension of the sophisticated histone biology in gene regulation in association in part

with these newly discovered distinct histone modifications,2:>1 and highlights the importance
of uncovering their functional mechanisms in human biology and diseases.

Limitations of the Study

While we showed that MY C directly binds the GAS41 YEAST domain, we do not know
the detailed molecular basis of MYC and GAS41 interaction. Further, while our results
suggest that GAS41 YEATS domain likely forms a dimer, which enables GAS41 to interact
with both H3K27cr and MYC for GAS41 function in gene transcriptional repression in
cells, we do not know how GAS41 simultaneously interacts with H3K27cr and MYC

at the target gene loci in chromatin. We expect that GAS41 function in control of gene
transcriptional activation and repression through its YEATS domain binding to histone
lysine crotonylation or acetylation is to be context dependent, but a better understanding
warrants further investigation. Also, our study of GAS41 KO cell rescue with GAS41 wild-
type or acyl-lysine deficient mutant suggests GAS41 functions in gene transcription beyond
the acyl-lysine binding, which requires further study. Finally, it is known that histone lysine
crotonylation level in cells is normally much lower than that of histone lysine acetylation,
but their levels can change under special circumstance such as cellular metabolism.12:35
Therefore, the role of H3K27cr in regulation of gene transcriptional repression shall be
further examined under different biological conditions.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Ming-Ming Zhou (ming-
ming.zhou@mssm.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. All structure coordinates were deposited in the Protein Data Bank (PDB) with
identification number 8160. Genomic sequencing datasets from this study were
deposited to the NCBI Gene Expression Omnibus (GEO) data repository under
accession number GSE128590. Source image files for figures are deposited to
Mendeley Data. All data are publicly available as of the date of publication.
Accession numbers and DOI are listed in the Key Resources Table.

. This paper does not report any original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture—HEK293T cells and wild type HCT116 (p53"*) cells were cultured in
DMEM (Gibco) and RPMI-1640 (Gibco) contained 10% fetal calf serum (Gibco), 100 units
of penicillin (Gibco) and 100 ug/ml streptomycin (Gibco).

METHOD DETAILS

Constructs—GFP-GAS41, GFP-MYC and its segment constructs of Mbl (residues 1-77),
MblII (residues 73-146), MbllI (residues 145-289), MblI+111 (residues 73-289) and MblV-
BZ (residues 298-439) were prepared by inserting the appropriate coding DNA fragments
into Xhol/BamHI sites of pEGFP-C1 vector. Flag-GAS41 in CbF vector was kindly
provided by Robert Roeder (Rockefeller University). GAS41 N (residues1-165) and GAS41
C (residues148-227) were sub-cloned into EcoRV/Clal sites of CbF vector to generate
Flag-GAS41 N and Flag-GAS41 C constructs. DNA coding fragments for Flag-GAS41 and
HDAC1 were inserted into the pPCAG-GFP-IB vector83 to generate GFP-Flag-GAS41 and
GFP-HDAC1 constructs. DNA coding fragments for GAS41 and SIN3A were inserted into
modified pCAG-3xFlag vector and Cbf vector to generate 3xFlag-GAS41 and myc-SIN3A
constructs. MY C was sub-cloned into Xhol/BamH] sites of lab modified pPCDNA 3.1(-)
vector with Flag or myc tag. The cDNASs encoding human GAS41 YEATS domain (residues
11-150, 11-165) and MY C (residues 1-262, 73-289) were cloned into the modified pET32a
vectors. All mutant constructs were generated by QuickChange Site-Directed Mutagenesis
Kit (Agilent Technologies). All constructs were confirmed by DNA sequencing.

Antibodies—Antibodies against H3K27ac (ab4729), RbAp48 (ab79416), MYC
(ab32072), NCoR (ab24552), MBD2 (ab188474), MBD3 (ab157464), CHD3 (ab109195),
p21 (ab109199), RBP1 (ab154881) and GAPDH (ab9485) were purchased from Abcam.
Anti-H3K27cr (PTM-Bio 526) antibody was from PTM Biolabs Inc. Antibodies against
GFP (AT0028 and AT0044), Flag-tag (AT0022 and AT0502) and myc-tag (AT0045 and
AT0023) were from CMCTAG. Antibody against 6xHis-tag(D191001) was from BBI

Life Sciences. Antibody against Flag-tag (F1804) was from Sigma. Anti-SIN3A (8056),
anti-H3K27me3 (9733), anti-H2A.Z (50722), and normal rabbit IgG (2729) were from
Cell Signaling Technologies. Anti-HDAC1 (40967) was from Active motif. Anti-HDAC?2
(16152-1-AP), and anti-alpha-tubulin (66031-1-1g) and anti-TIP60 (10827-1-AP) were
obtained from ProteinTech. Anti-GAS41 (sc-393708), anti-MYC (sc-40) and normal mouse
1gG (sc-2025) were from Santa Cruz. Antibody against GAS41 (GTX16452) was from
Genetex. Anti-p-actin antibody (AA128) was from Beyotime. Anti-Rabbit (ab97080) and
anti-mouse (ab97040) antibodies conjugated to horseradish peroxidase were from Abcam.

Generation of stable cell lines—Transfection of siRNAs was performed according

to manufacturer’s instructions using RNAimax (Invitrogen) respectively. Non-targeting
control, GAS41 and MY C siRNAs were purchased from GenePharma and oligonucleotides
sequences are listed in Table S4. Transfection of the plasmids was performed according

to manufacturer’s instructions using polyethylenimine pH7.0 (Polysciences). For generation
of stable cell lines, HCT116 GAS41 KO cells were transfected with GFP-Flag-tagged

and 3xFlag tagged constructs. After 72 hours, cells were cultured in selection medium
containing 10 pg/ml blasticidin (Selleck) for two weeks. Expression levels of GFP fusions
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were determined by fluorescence microscopy and western blotting. Crotonyl-CoA was
purchased from Sigma (Cat. 28007, lot BCBZ4793). Doxorubicin (S1208) and ldarubicin
(S1228) and Nutlin-3a (S8059) were purchased from Selleck Chemicals.

Co-immunoprecipitation—Co-immunoprecipitation (Co-IP) using Dynabeads® Protein
G (Thermo Fisher Scientific) or GFP-Trap (ChromoTek) was performed according to
manufacturer’s instructions with modifications. Briefly, cells were collected, washed with
cold PBS and then lysed with lysis buffer (10 mM Tris/Cl pH 7.5 containing 150 mM NacCl,
2mM MgCl,, 0.5% NP-40) containing Bezonase (Sigma), 2 mM PMSF and 1xprotease
inhibitor (Transgen)) at RT for 10 minutes and 4°C for 20 minutes. Supernatant was diluted
with equal volume of IP binding buffer (10 mM Tris/Cl pH 7.5 containing 150 mM NacCl,
0.5 mM EDTA) and incubated with primary antibodies overnight at 4°C with constant
mixing and then incubated with Dynabeads® Protein G beads slurry for additional 2 hours.
For Co-IP with GFP-Trap, supernatant was incubated with GFP-Trap beads slurry for 2
hours at 4°C with rotating. Beads were then washed three times with IP wash buffer (10
mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.02% Tween-20) and the bound
proteins were eluted with Laemmli sample buffer and analyzed by western blot using
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) or Veriblot
for IP detection reagent (ab131366) from Abcam. For Co-IP assay assessing GAS41 mutant
binding to H3K27ac or H3K27cr, cells were seeded on p100 plate to be 50% confluent

at transfection. Plasmid DNA was transfected into cells with polyethylenimine. After 24
hours, cells were harvested and lysed with RIPA buffer (150mM NaCl, 50mM Tris/CI pH
8.0, 5mM EDTA, 1% NP-40, 0.5% deoxycholate, 0.1% SDS) containing Bezonase (Sigma),
2 mM PMSF and 1xprotease inhibitor (Transgen) at 4°C for 15 minutes and RT for 30
minutes. After centrifugation, supernatant was diluted with equal volume of IP binding
buffer (20 mM Tris/Cl pH 8.0, 150 mM NacCl, 0.5 mM EDTA) and incubated with anti-Flag
antibody overnight at 4°C with constant mixing followed by incubating with Dynabeads®
Protein G beads slurry for additional 2 hours. Beads were then washed twice with IP wash
butter (20 mM Tris/Cl pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 0.01% Tween-20), and the
bound proteins were eluted with Laemmli sample buffer followed by western blot analysis
using corresponding antibodies.

Nucleosome binding experiment—HEK293T cells were seeded on p100 plate

to be 50% confluent at transfection. Plasmid DNA was transfected into cells with
polyethylenimine. After 24 hours, cells were harvested and lysed with IP lysis buffer (10
mM Tris/Cl pH 7.5, 150 mM NacCl, 2 mM MgCls, 0.5% NP-40) containing Bezonase
(Sigma), 2 mM PMSF and 1xprotease inhibitor (Transgen) at RT for 10 minutes and 4°C

for 20 minutes. After centrifugation, supernatant was diluted with IP binding buffer (10 mM
Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA) containing H3K27, H3K27ac or H3K27cr
peptide at indicated concentrations. Then incubated with 1gG or anti-Flag antibody overnight
at 4°C with constant mixing followed by incubating with Dynabeads® Protein G beads
slurry for additional 2 hours. Beads were then washed twice with high salt IP wash buffer
(10 mM Tris/Cl pH 7.5, 300 mM NaCl, 0.5 mM EDTA, 0.02% Tween-20) and once with
low salt IP wash butter (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.02%
Tween-20), the bound proteins were eluted with Laemmli sample buffer followed by western
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blot analysis using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher
Scientific).

Generation of knockout cell lines by CRISPR/Cas9—GAS41, MYC, SIN3A

and HDAC1 knockout cell lines and GAS41 Y74A mutant cell line were generated

using CRISPR/Cas9 method as described.8* Briefly, 20 nt oligonucleotides for Cas9
targeting were designed using CRISPR Design Tool (http://tools.genome-engineering.org)
and inserted into pSpCas9(BB)-2A-GFP (Addgene, PX458) to construct Cas9 targeting
plasmids. To generate GAS41, MYC, SIN3A, and HDACL1 knockout cell lines, Cas9
targeting plasmid DNA was transfected into HEK293T or HCT116 p53** cells for
generating the corresponding knockout cell lines. To generate GAS41 Y74A mutant cell
line, Cas9 targeting plasmid DNA was co-transfected into HEK293T cells with 149 nt
single-stranded DNA oligonucleotides (sSODNS) that contains flanking sequences of 73
bp on each side homologous to target region. 72 hours after transfection, individual GFP
positive cells were sorted into 96 well plates using BD Influx™ cell sorter and different
colonies were expanded for genomic DNA isolation. Mutations were confirmed by PCR,
enzyme digestion and DNA sequencing. To sequence GAS41 alleles of Y74A heterogeneous
mutant, amplicons over the Y74A targeting region were obtained by PCR and ligated into
pEasy-blunt zero vector (Transgen). Thirty six colonies were sequenced to examine the
heterogeneity of Y74A alleles, of which 8 are Y74A mutant and the rest are GAS41 KO.
The ratio of Y74A allele to KO allele is 1:3.5. Sequences of oligonucleotides and sSODNs
were listed in Table S4.

cDNA microarray and quantitative real-time PCR (qPCR)—Total RNA was isolated
using TRIzol reagent (Invitrogen) according to manufacturer’s instruction followed by
reverse transcription with EasyScript First-Strand cDNA Synthesis SuperMix kit (Transgen).
All gPCR was performed using power SYBR green PCR master mix (Applied Biosystems)
on LightCycler480 (Roche) gPCR system. The gPCR results were analyzed according to

the comparative threshold cycle (Ct) method, normalized to an endogenous glyceraldehyde
phosphate dehydrogenase (GAPDH) as reference and relative to an experimental control, the
fold of relative expression level is given by 272AC185 The primer sequences for qPCR were
listed in Table S4. Human colorectal cancer cONA microarray was purchased from Shanghai
Outdo Biotech Co., Ltd. (Shanghai, China), which contains cDNA from paired cancer and
adjacent non-cancerous tissues. Samples preparation was briefly described. Non-cancer and
cancer tissues from patients were frozen in liquid nitrogen, and tissues were cut into 3mm

x 3mm x 3mm pieces on dry ice and transferred into Trizol reagent. After homogenization,
total RNA was isolated according to manufacturer’s instructions and reverse-transcribed into
cDNA.

ELISA assay—GAS41 YEATS domain (residues 11-150) was subcloned into the
modified pET vector containing N-terminal thioredoxin-His-Tag and individual mutants
were prepared using site-directed mutagenesis method. Thioredoxin-His-tag GAS41 YEATS
domain and various mutants were purified with HiTrap IMAC FF column followed by
Superdex 75 column (GE Healthcare). Biotin-tagged H3K27, H3K27ac, and H3K27cr
peptides (residues 21-33) were loaded into Streptavidin-coated 96-well plate (Thermo
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Fisher Scientific) and the plate was further blocked with 1% BSA in PBS pH7.4

buffer. After washing the individual wells with PBS pH 7.4 buffer, thioredoxin-His-Tag
YEATS domain or its mutants were applied into individual wells and their binding to
H3K27 peptides were examined by primary His-Tag antibody followed by horseradish
peroxidase conjugated secondary antibody using 3,3’,5,5’-tetramethyl-benzidine (TMB) as
the substrate.

Size exclusion chromatography—HCT116 cells were lysed by RIPA buffer (150 mM
NacCl, 50 mM Tris/Cl pH 8.0, 5 mM EDTA, 1% NP-40, 0.5% deoxyclolate, 0.1% SDS) and
the supernatant separated from cell lysate was applied onto Superdex 200 Increase 10/300L
GL column for size exclusion chromatography study. The individual fractions eluted from
the column with PBS pH 6.5 buffer containing 2.0 mM EDTA, 2.0 mM DTT were resolved
by SDS-PAGE and further analyzed by immunoblot using antibodies against GAS41, MYC,
SIN3A and HDACI.

Chromatin immunoprecipitation (ChlP)—Cells cultured in plates were chemically
crosslinked with 1% Formaldehyde in PBS buffer for 10 minutes at room temperature
followed by the addition of 2.5 M glycine (a final concentration of 125 mM) for 5 minutes.
Cells (3x107) were harvested and resuspended in 1.0 ml ChIP lysis buffer (1% SDS, 10
mM EDTA, 50 mM Tris/Cl pH 8.0, protease inhibitors (Roche) and 2.0 mM PMSF). Cell
suspension was sonicated for 5x60 seconds with 1-second on and 5-second off interval, at

a setting of 30% duty. Sonicated chromatin was cleared by centrifuging at 20,000 g for

15 minutes at 4 °C. The cleared cell lysate was diluted 10-fold in ChIP dilution buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris/Cl pH 8.0, 167 mM NaCl)
and incubated with appropriate primary antibody overnight, followed by incubated with
Dynabeads® Protein G for 4 hours at 4°C. Dynabeads were washed one time with low-salt
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris/Cl, pH 8.0, 150 mM NaCl),
high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM, Tris/ClI, pH 8.0,

500 mM NacCl), LiCl wash buffer (0.25 MLICI, 1% IGEPAL-CA630, 1% deoxycholic acid
(sodium salt), 1 mM EDTA, 10 mM Tris-HCI, pH 8.0) and TE buffer (10 mM Tris/Cl pH
8.0, 1 mM EDTA) for 5 minutes on a rotation platform. The immuno-precipitated complex
was eluted with elution Buffer (1% SDS, 0.1 M NaHCOs3) twice for 15 minutes at 65°C
and the reverse cross-linking was performed at 65°C overnight. The eluted fraction was
treated with RNaseA (EN0531, Thermo) for 30 min at 37°C and proteinase K (39450-01-6,
Roche) for 2 hours at 65°C and extracted by phenol/chloroform and ethanol precipitated.
Purified DNA was analyzed by qPCR as described above. Percent input method was used to
normalize gPCR data.

ChlIP-seq and ChIP-seq analysis—ChlP-sequencing were performed either on the
Illumina HiSeq 2500v4 platform or BGISEQ-500 platform. The raw reads from both input
and ChIP samples were filtered and trimmed using Trimmomatic,’? and then aligned to
hg19 human reference genome using Bowtie’2 with the -m 1 option. The peaks in the ChIP
sample in reference to the input sample were called from read alignments by the MACS
algorithm (v2.1.1).86 Genes associated with peaks were annotated using Homer. Peaks were
chosen with the criteria FDR < 0.01 and p-value < 1x107°. To create heatmaps, reads
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within regions were counted using Bedtools.”® Differential occupancy was calculated from
these read counts using DESeq2.87 TSS plots were created using a combination of in-house
scripting as well as ngsplot. Finally, the alignment and coverage of ChiP-seq data were
visualized by integrative genomics viewer (IGV)73 (http://www.broadinstitute.org/igv/).
KEGG enrichment analysis of the identified genes was performed using OmicStudio tools at
https://www.omicstudio.cn/tool.

RNA-seq and RNA-seq analysis—RNA samples were prepared as described above.
RNA-sequencing was performed using a BGISEQ-500 platform. Three biological replicates
were prepared for each treatment. Raw reads were filtered and trimmed using Trimmomatic
and then aligned to the hg19 human reference genome and indexes based on UCSC
annotations using tophat. HT-Seq was used to find the read counts across the UCSC
reference genome.88 Differentially expressed genes were identified by the R package
DESeq?2 using a false discovery rate (FDR) < 0.1 and fold-change >1.5.87 Heat maps were
derived by a z-transformation of the variance-stabilized counts and sorting all genes with
counts >=5 by log-fold change for each condition or treatment.

Re-ChlP—Re-ChlIP was performed according to manufacturer’s instruction (53016, Active
Motif). Briefly, first ChIP reaction is to incubate anti-Flag antibody with sheared chromatin
prepared from formaldehyde-fixed HCT116 cells ectopically expressing Flag-GASA41.
Protein-chromatin complexes are precipitated by Dynabeads® Protein G, then “First ChIP’
chromatin was eluted with a specialized buffer that prevents the first antibody from
participating in the second ChlIP reaction. The second ChIP reactions are carried out using
the “First ChIP’ chromatin with anti-H3K27ac, anti-H3K27cr, anti-MYC, anti-SIN3A and
anti-HDAC1 antibodies, respectively. After precipitation with magnetic Protein G beads,
washing and reverse crosslinking, bound DNA is released, purified and analyzed by PCR to
examine the co-localization for the proteins of interest at p21 gene locus.

Flow cytometry analysis—Cells were suspended as single cell dispersions and fixed
with 70% ethanol at —20°C overnight, then were washed twice with PBS buffer and re-
suspended in propidium iodide solution (Beijing Dingguo) containing 0.3 mg/ml RNase A
(Sigma) followed by incubation at 37°C for 1 hour. Data was collected by BD FACS Calibur
Cytometer and further analyzed using ModFit LT and FlowJo software programs.

Protein and peptide preparation—GAS41 YEATS domain (residues 11-150) and its
mutants were expressed in £. coli BL21 (DE3) codon plus RIL strain cells as His-Tag
fusion protein. After Ni column chromatography followed by thrombin cleavage for tag
removal, GAS41 proteins were further purified via size-exclusion chromatography in 20
mM MES buffer of pH 6.5, containing 500 mM ammonium acetate. Uniformly 1°N- and
15N/13C-labeled proteins were prepared from bacterial cells grown in M9 minimal medium
containing 1°NH,4CI with or without 13Cg-glucose in H,0. MYC (residues 73-289) was
expressed in £. coliBL21 (DE3) cells as His-MBP-Tag fusion protein. The protein was
purified using Ni column chromatography and size-exclusion chromatography in 30 mM
HEPES buffer of pH 7.4, containing 400 mM NaCl. After tag removal by HRV3C cleavage,
MY C protein was further purified by size-exclusion chromatography in 20 mM Tris buffer
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of pH 8.0, containing 150 mM NaCl and 2 M urea, and followed by anion-exchange
chromatography. The synthetic histone peptides were synthesized by Mimotopes company
and confirmed by LC-MS analysis.

Reconstitution of H3K27-crotonylated or acetylated nucleosome core
particles (NCPs)—The recombinant human histone H3 containing K27ac or K27cr was
synthesized by genetic code reprogramming, as previously described6?. Briefly, the cDNA
encoding human histone H3.1, with the codon for K27 replaced with the TAG triplet and

a terminal TAA stop codon, was subcloned into a pCR2.1-TOPO plasmid (ThermoFisher
Scientific, K450002). The H3.1 protein was designed to have a histidine-rich affinity tag at
the N-terminus, followed by a TEV protease recognition sequence and a linker sequence
(MKDHLIHNHHKHEHAHAHEHLYFQGSSGSSG). When cleaved by TEV protease, the
N-termini of K27-acetylated or K27-crotonylated H3 had a GSSGSSG linker sequence. This
template plasmid (16-64 pg/mL) was used in a coupled transcription—translation cell-free
system with reaction solution (9 mL) dialyzed against external feeding solution (90 mL).
The reaction solution (9 mL) contained 0.37 volume of the low-molecular weight creatine
phosphate tyrosine (LMCPY) mixture (160 mM HEPES-KOH buffer of pH 7.5 containing
4.1 mM L-tyrosine, 3.5 mM ATP, 2.4 mM each of GTP, CTP, UTP, 0.22 mM folic acid,
1.8 mM cAMP, 74 mM ammonium acetate, 210 mM creatine phosphate, 5 mM DTT,

530 mM potassium L-glutamate, and 11% PEG8000), 0.075 volume of the 19-amino acid
mixture (20 mM each of the amino acids other than L-tyrosine), 0.01 volume of 17.5
mg/mL tRNA, 0.26 volume of £. coli S30 extract from RFzero strains®, 14 mM Mg(OAc),,
20 mM acetyllysine, 10 mM nicotinamide, 0.05% NaNs, 250 ug/mL creatine kinase, 10
UM pyrrolysine-specific tRNA (tRNAPYNSL 2_4 uM pyrrolysyl-tRNA synthetase (PyIRS)
mutant KacRS_6mt®1, 67 pg/mL T7 RNA polymerase, and the template plasmid. The
external feeding solution (90 mL) contained 0.03 volume of 10x S30 buffer (100 mM Tris
acetate buffer of pH 8.2 containing 600 mM potassium acetate, 160 mM Mg(OAc),, and
10 mM DTT), 0.37 volume of the LMCPY mixture, 0.075 volume of the 19-amino acid
mixture, 14 mM Mg(OACc),, 20 mM acetyllysine (or crotonyllysine), 10 mM nicotinamide,
and 0.05% NaNj3. Cell-free synthesis in the dialysis mode was performed at 37°C for 18
hrs, using 30 cm? of dialysis membrane per ml reaction solution. The reaction mixture
was centrifuged for 30 mins at 30,000 g at 4°C. Protein precipitates were used for histone
octamer preparation. For K27-crotonylated H3, Kcr-RS containing mutations of L274A,
C313F, and Y349F in Mb-PyIRS®? was used instead of KacRS_6mt.

For the preparation of unmodified histones, the cDNA containing human histone H2A

type 1-B/E, H2B type 1-J, H3.1, and H4 (hereafter referred to as H2A, H2B, H3 and H4,
respectively) were amplified by PCR and subcloned into a pET15b-derived plasmid in which
the thrombin cleavage site of pET15b (Merck Millipore, 69661) was replaced by the TEV
protease recognition site. Each histone protein was designed to have an N-terminal 6xHis
tag followed by the TEV protease recognition site (MGSSHHHHHHSSGEHLYFQ). When
cleaved by TEV protease, the N-terminus of H3 was designed to have a GSSGSSG linker
sequence. The N-termini of H2A and H4 had no linker sequence and the N-terminus of

H2B had one residue of G. H2A, H2, and H3 were expressed in LB broth of £. coliBL21
(DE3) cells at 37 °C. H4 was expressed in LB broth of £. co/iJIM109 (DE3) cells at 37°C.
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When the ODggg reached 0.8, isopropyl-p-D-thiogalactopyranoside was added to a final
concentration of 100 uM. The cultures were incubated for an additional 16-20 hrs and cells
were collected by 3-min centrifugation at 12,000 g at 20°C. Cell pellets were resuspended
in 50 mM Tris-HCI buffer (pH 8.0) containing 1 M NaCl, 1% Triton X-100, and cOmplete
(EDTA-free) Protease Inhibitor Cocktail (Roche). The cells were sonicated and centrifuged
for 20 mins at 18,000 g at 20°C.

The precipitated histones were solubilized by sonication in 20 mM Tris-HCI buffer (pH

8.0) containing 6 M guanidine-hydrochloride, 500 mM NaCl, and 5 mM imidazole. The
sample was centrifuged for 20 mins at 18,000 g at 20°C and the supernatant was loaded
onto a HisTrap HP 5ml column (GE Healthcare) equilibrated in 10 mM Tris-HCI buffer (pH
8.0) containing 500 mM NaCl, 5 mM imidazole, and 6 M urea. Histones were eluted with
10 mM Tris-HCI buffer (pH 8.0) containing 500 mM NaCl, 500 mM imidazole, and 6 M
urea. The eluted histones were dialyzed against cold distilled water at 4°C overnight. The
N-terminal histidine-rich tag was cleaved by TEV protease®3 in 10 mM Tris-HCI buffer (pH
8.0) at a weight ratio of histone:TEV protease = 2-10:1 at 4°C overnight. The solution of
cleaved histones was adjusted to contain 10mM Tris-HCI buffer (pH 8.0) containing 500
mM NaCl, 5 mM imidazole, and 6 M urea. The sample solution was then reapplied to a
HisTrap HP 5ml column (GE Healthcare) and the flow-through fraction was collected. The
collected protein was dialyzed against cold distilled water at 4°C overnight. Purified histones
were lyophilized. The purified histones (i.e., H2A, H2B, H3, and H4) were mixed at an
equimolar ratio in 20 mM Tris-HCI buffer (pH 8.0) containing 6 M guanidine-hydrochloride
and 10 mM DTT and dialyzed at 4°C overnight against 10 mM Tris-HCI buffer (pH 7.6)
containing 2 M NaCl, 1 mM EDTA, and 5 mM B-mercaptoethanol. Histone octamers were
purified by gel filtration chromatography using a HiLoad Superdex 200 16/60 column (GE
Healthcare) equilibrated in 10 mM Tris-HCI buffer (pH 7.6) containing 2 M NaCl, 1 mM
EDTA, and 5 mM B-mercaptoethanol, and concentrated in Amicon Ultra-15 centrifugal filter
units (Merck Millipore, 30 kDa MWCO).

The nucleosome consisted of the histone octamer and the palindromic 147-bp human a-
satellite DNA was reconstituted as reported®1:62, The histones in the nucleosome containing
the unmodified, K27-crotonylated, or K27-acetylated H3 were analyzed by immunoblotting,
using the following antibodies and dilution rates: H3 (Abcam, ab1791, 1/2,000), H3K27cr
(ThermoFisher Scientific, 712478, 1/500), and H3K27ac (Millipore, 07-360, 1/2,000).
Histone octamers and the 147-bp DNA were mixed at a 1:1.1 molar ratio. The mixed
solution was dialyzed against 10 mM Tris-HCI buffer (pH 7.6) containing 2 M KCI, 1 mM
EDTA, and 1 mM DTT for 2 hrs at 4°C. The concentration of KCI was then gradually
decreased by diluting for 16 hrs with 10 mM Tris-HCI buffer (pH 7.6) containing 250 mM
KCI, 1 mM EDTA, and 1 mM DTT using a peristaltic pump (ATTO, SJ-121111-H). The
solution was dialyzed against 10 mM Tris-HCI buffer (pH 7.6) containing 250 mM KCI, 1
mM EDTA, and 1 mM DTT for 2 hrs at °C. Reconstituted nucleosomes were centrifuged
for 20 mins at 18,000 g at 4°C and the supernatants were collected, incubated at 55°C for 2
hrs, and stored at 4°C. Nucleosomes were concentrated in Amicon Ultra-15 centrifugal filter
units (Merck Millipore, 30 kDa MWCO) and purified on a 6% native polyacrylamide gel
(acrylamide:N,N’-methylenbisacrylamide = 59:1), using a Model 491 Prep Cell apparatus
(Bio-Rad, 1702928) eluted with 20 mM Tris-HCI buffer (pH 7.6) containing 1 mM EDTA
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and 1 mM DTT. The eluted fractions were concentrated to approximately 25 pM. For
microscale thermophoresis assay, H3K27cr NCP, H3K27ac NCP, and unmodified NCP were
dialyzed against 20 mM Tris-HCI buffer (pH 7.6) at 4°C.

Protein crystallization and structure determination—Purified GAS41 YEATS
domain (residues 11-150) was mixed with a H3K27cr peptide (residues 21-33) at 1:10
molar ratio. Crystallization was performed under 15°C via sitting-drop method under the
condition of 0.1 M HEPES (pH 7.5) and 1.8 M ammonium sulfate. Diffraction data were
collected at Photon Factory BL-17A (Tsukuba, Japan) under cryo-conditions. The data were
processed with iIMOSFLMB8% and other programs from the CCP4 suite.%0 Phase was solved
by molecular replacement using BALBES.56 Phenix refinement®” was used for electron
density map refinement. Graphic program COOT®8 was used for model building and
visualization. Structure figures were generated using PyMOL Molecular Graphics System
(Schrédinger, LLC). Data collection and statistics of structure refinement are summarized in
Table S2.

NMR spectroscopy—NMR samples of the GAS41 YEATS domain (residues 11-150) in
complex with H3K27cr peptide were prepared in 20 mM MES buffer (pH 6.5) containing
200 mM ammonium acetate and 500 mM urea in H,0/2H,0 (9:1) or 2H,0. All NMR
spectra were collected at 20°C on NMR spectrometers of 900, 800, 600, or 500 MHz with
a cryoprobe. 1H, 13C, and 15N resonances of the protein in the GAS41/H3K27cr complex
were assigned with triple-resonance NMR spectra collected with the 13C/1°N-labeled and
75% deuterated protein (0.5 mM) bound to the unlabeled peptide (2.5 mM).4> GAS41
YEATS domain binding to the H3K27cr peptide and purified MYC protein was carried out
in 2D 1H-15N HSQC spectra of 1°N-labeled GAS41 YEATS domain.

Isothermal titration calorimetry—Experiments were carried out on a MicroCal 1TC200
instrument at 20°C while stirring at 750 rpm in PBS buffer (pH 7.4) buffer containing,

2.0 mM EDTA, 2.0 mM B-mercaptoethanol, and 500 mM NaCl. Peptide concentration

was determined by weight and confirmed by NMR, and protein concentrations by A280
measurements. The protein sample (0.23 mM) was placed in the cell, whereas the micro-
syringe was loaded with histone peptides (4.0 mM) in the same buffer as the protein sample.
The titrations were conducted using 17 successive injections of 2.0 ml (the first at 0.4

I, and the remaining 16 at 2.0 ul) with a duration of 4 s per injection and a spacing of

180 s between injections. The collected data were processed using the Origin 7.0 software
program (Origin Lab) supplied with the instrument according to the ‘one set of sites’ fitting
model.

Tumorigenesis study—All procedures were approved by the Institutional Animal Care
and Use Committee at Jilin University and conformed to the legal mandates and federal
guidelines for the care and maintenance of laboratory animals. Animals were maintained
and treated under pathogen-free conditions. Female NOD-SCID mice (6-8 weeks old;
Taconic, Germantown, NY) were subcutaneously injected with 1x10% HCT116 wt or
GAS41 knockout cells per mouse, respectively. Tumor growth was monitored with caliper
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measurements. When tumors were approximately 1.5 cubic centimeter in size, mice were
euthanized and tumaors excised. Tumor size and weight will be recorded.

Peptide pull-down assay—HCT116 cells were transfected with Flag-GAS41. After 24
hours, cells were harvested and lysed with RIPA buffer (150 mM NaCl, 50 mM Tris/ClI

pH 8.0, 5 mM EDTA, 1% NP-40, 0.5% deoxycholate, 0.1% SDS) containing Bezonase
(Sigma), 2 mM PMSF and 1xprotease inhibitor (Transgen) at 4°C for 15 minutes and RT for
30 minutes. After centrifugation, supernatant was diluted with equal volume of IP binding
buffer (20 mM Tris/Cl pH 8.0, 150 mM NacCl, 0.5 mM EDTA) and incubated with anti-Flag
antibody and biotinylated histone peptides overnight at 4°C with constant mixing followed
by incubating with streptavidin magnetic beads (Engibody IF9042) for additional 2 hours.
Beads were then washed twice with IP wash butter (20 mM Tris/CI pH 8.0, 150 mM NacCl,
0.5 mM EDTA, 0.01% Tween-20), and the bound proteins were eluted with Laemmli sample
buffer followed by western blot analysis using corresponding antibodies.

Microscale thermophoresis (MST) assay—The MST measurements for the binding
of GFP-GAS41 to H3K27ac or H3K27cr peptide and for the binding to GAS41 YEATS
domain (residues 11-150) to H3K27cr NCP, H3K27ac NCP or unmodified NCP were
performed using Monolith NT.115 (NanoTemper). GFP-GAS41 protein was used as 25 nM
to provide optimal fluorescent signal in the binding reaction. H3K27 peptides were diluted
with PBS, pH 7.4, 0.05% Tween® 20 for 16 times at 1:1 serial dilution beginning with 4
mM. GAS41 YEATS domain was used as 50 nM to provide optimal fluorescent signal in
the binding reaction. The modified and unmodified NCPs were diluted with 20 mM Tris, pH
7.6, 150 mM NacCl for 16 times at 1:1 serial dilution beginning with 20 uM. After 10 min
incubation at room temperature, samples were loaded into capillaries and measurement was
carried out at 40% MST power and 40% excitation power using the MO Control software.

Hydrogen/deuterium exchange—mass spectrometry (HDX-MS) analysis—HDX-
MS analysis was performed to determine the binding site of GAS41 in MYC. We examined
differences in HDX rates of MYC using a 1.7 mg/ml MYC (residues 73-289) and an
equimolar concentration of GAS41 (residues 11-150) in the H,0-based 20 mM MES
(pH6.5), 200 mM NaCl, 500 mM Urea, 2 mM DTT. The HDX reaction was started by
diluting D,O-based buffer by 10-fold at 10°C and then incubated separately at each time

as shown in Table S1. The D,O-incubated samples were quenched by the addition of an
equal volume of prechilled quenching buffer (8 M urea, 1 M Tris(2-carboxyethyl)phosphine
hydrochloride, pH 3.0) with the HDx-3 PAL (LEAP Technologies). The quenched protein
samples were subjected to online pepsin digestion (Enzymate Protein Pepsin Column, 30

x 2.1mm, Waters) and analyzed by LC-MS using UltiMate3000RSLCnano (Thermo Fisher
Scientific) connected to the Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific).
Online pepsin digestion was performed in formic acid solution, pH 2.5 at 8°C for 3 min at

a flow rate of 50 pL/min. The desalting column and the analytical columns were Acclaim
PepMap300 C18 (1.0 x 15 mm; Thermo Fisher Scientific) and Hypersil Gold (1.0 x 50 mm;
Thermo Fisher Scientific), respectively. The mobile phases were 0.1% formic acid solution
(A buffer) and 0.1% formic acid containing 90% acetonitrile (B buffer). The deuterated
peptides were eluted at a flow rate of 45 uL/min with a gradient of 10-90% of B buffer
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in 9 min. Mass spectrometer conditions were as follows: an electrospray voltage of 3.8 kV,
positive ion mode, sheath and auxiliary nitrogen flow rate at 20 and 2 arbitrary units, ion
transfer tube temperature at 275°C, auxiliary gas heater temperature at 100°C, and a mass
range of m/z 200-2000. The data-dependent acquisition was performed with normalized
collision energy of 27 arbitrary units. The MS and MS/MS spectra were subjected to a
database search analysis using the Proteome Discoverer 2.2 (Thermo Fisher Scientific)
against an in-house database containing the amino acid sequence of the MYC. The search
results and MS raw files were used for the analysis of the deuteration levels of the peptide
fragments using the HDExaminer software (Sierra Analytics). Data summary for each HDX-
MS was shown in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSES

Throughout this study results were presented as the mean * s.e.m. from the number

of replicates indicated in the corresponding figure legends. Statistical significance was
calculated using a two-tailed paired t-test, with P < 0.05 considered statistically significant
unless noted otherwise. Statistical significance levels are denoted as follows: P < 0.05 (), P
< 0.01 (**), P <0.001 (*x*%), ns, not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nan et al. demonstrate that GAS41 through its YEAST domain recognizes histone

H3 lysine 27 (H3K27) crotonylation and is recruited by proto-oncogenic MYC to
SIN3A-HDACL co-repressors to repress gene transcription. These results suggest that
H3K27 crotonylation, trimethylation, and acetylation represent distinct chromatin states
for transcriptional repression, silencing, and activation, respectively.

H3 lysine 27 crotonylation is a chromatin state for gene transcriptional repression

GAS41 YEATS domain recognizes H3 lysine 27 crotonylation and proto-oncogenic
MYC

GAS41 and MYC amplification likely causes p21 down-regulation in colorectal cancer
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Figure 1. GAS41 contributes to p21 repression in tumor cell proliferation
(A) Scheme depicting protein functional domain organization of GAS41, consisting of the

YEATS domain at the N-terminus and the coiled-coil motif at the C-terminus.

(B) Before-after plot showing mRNA expression levels of GAS41, p21and MYCin 21
pairs of cancer vs. adjacent non-cancerous tissues of human colorectal cancer patients.
GAS41, MYC or p21 expression level in non-cancer tissue of #1 was set as 1. Statistical
significance (p value, as indicated) was calculated with Wilcoxon signed-rank test (paired
samples Wilcoxon test).

(C) Scheme depicting guide RNA design targeting GAS41 start codon for generating
HCT116 GAS41 knockout (KO) cells using CRISPR/Cas9 method. Right, RT-gPCR
analysis of p21 expression in wild type (wt) and HCT116 GAS41 KO cells. n=3.

(D) Western blot analysis and quantification of p21 and GAS41 expression in HCT116
GAS41 KO cells with or without transfection of Flag-GAS41 using antibodies as indicated.
n=3.
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(E) Western blot analysis and quantification of p21 expression in HCT116 cells transiently
transfected with a Flag vector or a vector expressing Flag-GAS41 wt or YEATS domain
mutant (A71-75). n=3.

(F) Cell growth rate of HCT116 wt and GAS41 KO cells as assessed by MTT assay. Shown
were mean + s.e.m. from 6 technical repeats. Lower, cell cycle analysis of wt and HCT116
GAS41 KO cells by fluorescence-activated cell sorter analysis. Relative distributions of cells
in different cell cycle phases, as analyzed using FlowJo software. n=3.

(G) Effect of GAS41 knockout on tumor volume and weight in mice. 1x108 HCT116 wt or
GAS41 KO cells were injected into the mammary fat pad of NOD-SCID mice. The tumor
volume and weight were recorded for 29 days. Left, mean + s.d, Right, mean + s.d. n=9.
(H) RT-gPCR analysis of p21 expression in the tumors derived from HCT116 wt and
GAS41 KO cells in the mouse xenograft study. n=3. KO stands for knockout, wt, wild

type, and F-GAS41, Flag-GAS41. All error bars throughout this study represent mean +
s.e.m. from indicated (n) biological repeats and statistical significance was calculated using
two-tailed paired Student’s t-test unless noted otherwise. *P < 0.05, **P < 0.01, ***P <
0.001, ns, not significant.

See also Figure S1.

Mol Cell. Author manuscript; available in PMC 2024 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Liuetal. Page 31

A B IP: anti-Flag
E Ker Kac H3K27 peptide
A o o s 5 S KDa™PU19C | 3T 62705 1 2 0205 1 2 (mM)
& @’ LS o ‘ *.———-—l
- & & FFEFF &L Q:b\;b 25 Flag(GAS41)
oa B - Flag-GAS41 15] o — | H3K2TCr
1B e— — |H3K27aC
1.0+ HEK293T
5 82.0— 5 157
g i § ns § ns ns
uw ] © 1.5 ns o ns
o ] T ns L a ns
) = ns 5 1.0
o 7 - -
= il o
o 95 i “% 1.0 "E ns
g 1 2 T o5
© ] = £05-
5 ] £05- £
& 7] . *x — ** o
4 ] & 2 W,
O-O— OG T T T T T T T T T I';IE]
R «o «Q, & o o o 06 IgG - un0.205 1 2 0205 1 2 (mM) I9G - un 02051 2 02051 2 (mM)
A AV \;5{‘ Qgsk' o H3K27cr H3K27ac H3K27cr H3K27ac
R RRY ‘3‘ s ‘3‘ peptide peptide peptide peptide
C GAS41 ChiP H3K27ac/cr/me3 ChIP
0.10+ 12
%\ %q’ N Q4 %5 . - 8
NN RN L N -
R ) O O 0.08 1.0
FE <& <& &
i 1 _E . B §_ 0.064 = 0.8
A B C D CDKN1A(p21) £ 206
X 0.04 =®
0.4
0.02- 02
0.00- 0.0
IgG  anti-GAS41 IgG H3K27ac H3K27cr H3K27me3
GAS41 ChiP H3K27ac/H3K27cr ChIP
20 0.10 3
2
245 0.08
2 5
Z 2006
€ 10 z
5 0.04
& 0 0.02
['4
0 0.00 0.0
0 6 1224 0 6 12 24 (hr) DMSO Dox DMSO Dox DMSO Dox DMSO Dox DMSO Dox
DMSO Dox 19G anti-GAS41 19G H3K27ac  H3K27cr
. H3K27ac/H3K27cr ChiP GAS41 ChIP
15 - 25 e
- — es
>
2 ns
g " 3 3
£ £ E
Y05 ® ®
&
0.0- W T B I e W - :
0 12525 50 75 100 Cr-CoA_0 50 0 50 _0 50 Cr-CoA _0 50 0 50
Cr-CoA (UM) (M) 19G H3K27ac H3K27cr (M) 19G anti-GAS41

Figure 2. GAS41 regulates transcriptional repression of p21 mediated by H3K27cr
(A) Western blots analysis and quantitation of ectopically expressed Flag-GAS41 in

HCT116 cells binding to a set of biotinylated histone H3 peptides derived from H3

(residues 1-25, biotin-ARTKQTARKSTGGKAPRKQLATKAA), H3K27cr/ac (residues 21—
33, biotin-ATKAAR-Kcr/Kac-S-APATG), H3K18cr/ac (residues 12-24, biotin-GGKAPR-
Kcr/Kac-QLATKA), H3K9cr/ac (residues 3-15, biotin-TKQTAR-Kcr/Kac-SSGGKA),

and H3K14cr/ac (residues 1-25, biotin-ARTKQTARKS-TGG-Kcr/Kac-APRKQLATKAA).
n=3.
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(B) Western blot analysis and quantitation of Flag-GAS41 binding to nucleosomal H3K27cr
or H3K27ac in the lysate of HEK293T cells transiently transfected with Flag-GAS41 in the
presence of unmodified histone H3K27, H3K27cr or H3K27ac peptide at concentrations as
indicated. n=3.

(C) Scheme illustrating primer positions at p27 gene locus used in the study. Right, ChIP-
gPCR analyses of endogenous GAS41(/ef?), and histone H3K27cr, H3K27ac, or H3K27me3
(righ?) enrichment at p27 locus in HEK293T cells. n=3.

(D) mRNA transcript levels of p27 in HEK293T cells treated with Dox for 0, 6, 12, and 24
hours, respectively, n=3.

(E) ChIP-gPCR analyses showing changes of endogenous GAS41 (/ef?), and H3K27ac or
H3K27cr (righf) enrichment at p21 locus in HEK293T cells treated with Dox for 24 hours,
n=3.

(F) gPCR analysis of p21 expression in HEK293T cells treated with crotonyl-CoA at
concentrations as indicated for 24 hours. n=3.

(G) ChIP-gPCR analysis of H3K27ac, H3K27cr (/ef?), and endogenous GAS41 (right)
enrichment at p27 locus in HEK293T cells with 24-hour crotonyl-CoA (50 uM) treatment.
n=3.

See also Figure S2 and Figure S3.
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Figure 3. GAS41 works with MYC and SIN3A/HDACL1 co-repressors for p21 repression
(A) Co-immunoprecipitation (Co-IP) of endogenous GAS41 and immunoblotting (I1B) with

specific antibodies assessing GAS41 association with MYC, SIN3A, HDAC1/2, RbAP48
and RBP1 in HEK293T cells (vpper). Lower, reverse Co-1P showing endogenous MY C and
SIN3A interactions with GAS41, respectively, in HEK293T cells.

(B) Western blot analysis and quantification of p21 expression in HEK293T MYC KO (/ef)
and GAS41 KO (righi) cells co-transfected with F-GAS41 and F-MYC, n=6 for MYC KO,
n=3 for GAS41 KO.
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(C) Western blot analysis and quantification of p21 expression in HEK293T SIN3A

KO cells co-transfected with F-GAS41 and M-SIN3A (/ef?), and HDAC1 KO cells co-
transfected with F-GAS41 and G-HDACL1 (right). n=5 for SIN3A KO, and n=6 for HDAC1
KO.

(D) Western blot analysis of p21 expression in HCT116 cells co-transfected with F-HDACL,
M-SIN3A, M-MYC, and F-GAS41.

(E) ChIP-gPCR analysis of GAS41 enrichment at p21 locus in HEK293T cells transiently
co-transfected with GFP empty vector, or GFP-MYC. n=3.

(F) ChIP-gPCR analysis of endogenous MY C enrichment at p27 locus in HEK293T wt and
GAS41 KO cells. n=3.

(G) ChIP-gPCR analysis of GAS41 enrichment at p21 locus in HEK293T wt and MYC KO
cells. n=3.

(H) ChIP-gPCR analysis of SIN3A and HDAC1 enrichment at p27 locus in HEK293T cells
before and after 24-hour Dox treatment. n=3.

(1) ChIP-gPCR analysis of SIN3A/HDACL1 enrichment at p27 locus in HEK293T cells with
24-hour crotonyl-CoA (50 uM) treatment. n=3

(J) ChIP-gPCR analysis of SIN3A and HDACL enrichment at p27 locus in HEK293T wt
and MYC KO cells. n=3.

(K)ChIP-gPCR analysis of SIN3A and HDAC enrichment at p21 locus in HEK293T wt and
GAS41 KO cells. n=3. F-GASA41 stands for Flag-GAS41, F-MYC for Flag-MYC, F-HDAC1
for Flag-HDAC1, G-HDAC1 for GFP-HDAC1, M-SIN3A for myc-SIN3A, and M-MYC for
myc-MYC.

See also Figure S4 and Figure S5.
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Figure 4. GAS41 YEATS domain interactions with H3K27cr and MYC
(A) Co-IP of Flag-GAS41 full-length (FL; residues 1-227), N-terminal segment (N; residues

1-165) or C-terminal segment (C; residues 148-227) and IB with Flag and GFP antibodies
assessing GAS41 interaction with MYC in HEK293T cells co-transfected with Flag-GAS41
and GFP-MYC.

(B) Co-IP of GFP-MYC and its various segments and IB with GFP and Flag antibodies in
Flag-GAS41 and GFP-MYC co-transfected HEK293T cells.

(C) GAS41 YEATS domain binding to MY C (residues 1-262) (upper), or in the presence
of the H3K27cr peptide (/ower), as assessed by 2D 1H-1°N HSQC spectra of the GAS41
YEATS domain.

(D) GAS41 dimerization, as assessed by Flag-GAS41 and GFP-GASA41 interaction in
HEK?293T cells, co-transfected with GFP-GAS41 and Flag-GAS41 of full-length, N- or C-
terminal segment constructs, respectively. Cell lysate was subjected to Flag IP and followed
by IB with antibodies against GFP.

(E) Western blot analysis and quantification of H3K27ac or H3K27cr peptide competition
against Flag-GAS41 binding to MY C and H3K27cr in HEK293T cells. Varying amounts of
H3K27, H3K27cr or H3K27ac peptide, as indicated, was added to the lysate of HEK293T
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cells, transfected with either Flag-GAS41 alone or together with GFP-MYC MBII+I11, and
followed by Flag IP and IB with antibodies against Flag, MYC, GFP, and H3K27cr. n=2.
See also Figure S6 and Table S1.
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Figure 5. Molecular basis of GAS41 YEATS domain interactions with H3K27cr and MYC for
p21 repression

(A) Crystal structure of GAS41 YEATS domain (blue) in complex with H3K27cr peptide
(yellow) as shown in a dimer (molecules A and B). Right, Electrostatic potential surface
representation of GAS41 YEATS domain bound to H3K27cr peptide (upper), and the
detailed structural basis of GAS41 YEATS domain recognition of the H3K27cr peptide
(/ower), as depicted in molecule A. Side chains of key residues engaged in protein/peptide
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interactions are color-coded by atom type, and a hydrogen bond is indicated by a dashed line
(red).

(B) Effects of mutations of acyl-lysine binding residues on GAS41 binding to H3K27cr,
MYC and SIN3A-HDAC co-repressor complex proteins. The lysate of HEK293T cells
transfected with Flag-GAS41 wt or mutants was subjected to Flag IP and followed by IB
with antibodies against Flag, H3K27cr, MYC, SIN3A and HDACL1, respectively. n=2.

(C) Effects of mutations of acyl-lysine binding residues in GAS41 on p21 expression in
HEK?293T cells transfected Flag-GAS41 wt or corresponding mutants. Quantification is
shown as indicated. n=3.

(D) Western blot analysis of p21 expression in HCT116 GAS41 KO cells stably expressing
Flag-GAS41 wt, Y74A/W93A mutant, or empty vector.

(E, F) Effects of H43S mutation on GAS41 binding to H3K27ac, H3K27cr and MYC.

The lysate of HCT116 cells transfected with Flag-GAS41 wt and H43S was subjected to
Flag IP and followed by IB with antibodies against Flag, H3K27ac, H3K27cr and MYC
respectively. n=3.

(G) Western blot analysis of p21 expression in HCT116 expressing Flag-GAS41 wt, H43S
mutant, or empty vector. n=4.

(H) ChIP-gPCR analysis showing Flag-GAS41 occupancy at p21 locus in HCT116 cells
expressing Flag-GAS41 wt and H43S, n=3.

See also Figure S7, Figure S8, and Table S2.
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Figure 6. H3K27cr regulates gene transcriptional repression in chromatin
(A) Heatmap of RNA-seq counts of HCT116 GAS41 wt, GAS41 KO, wt rescue, and Y74A/

WO93A mutant rescue cells. Genes selected are significantly changed (£ <0.1) and ranked by
log,[fold change] >=1.5 between wild-type and GAS41 KO samples. Counts are represented
as z-scores between all samples for each gene. Genes responded to wt or mutant rescue are
grouped into 2 categories whose transcription is either fully or partially repressed by (la &
Ib), or positively dependent fully or partially upon GAS41 (lla & 11b).

(B) ChlP-seq peaks of H3K27cr vs. Flag-GAS41 (ypper), and H3K27cr vs. MY C (lower)
(average of 2—-3 samples), centered at the TSS (5 kb) of 2,970 GAS4L1 target genes in
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HCT116 cells that showed transcriptional induction upon Dox treatment with fold change =
1.5. Reads were normalized to bins per million mapped reads.

(C) ChiIP-seq peaks of Flag-GAS41, MYC, SIN3A, HDAC1, H3K27cr and H3K27ac
(average of 2—-3 samples), centered at the TSS (£5 kb) of the 2,970 GAS41 target genes

in HCT116 cells before and after Dox treatment. Reads were normalized to bins per million
mapped reads.

(D) Box-and-whisker plot (min to max) of RNA-seq data showing fold change of all genes
that are stimulated upon Dox treatment in HCT116 cells and bound by Flag-GAS41 within
+5 kb TSS (total 2,970 genes). *** p<0.001.

(E) Genome browser view of H3K27cr, H3K27ac, Flag-GAS41, MYC, SIN3A and HDAC1
ChiIP-seq peaks at the p21(CDKN1A) locus in DMSO and Dox treated HCT116 cells.

(F) Heatmap of H3K27cr peak intensities at H3K27cr peaks as identified by ChIP-seq

in DMSO and Dox treated HCT116 cells, with each replicate sample represented as one
column.

(G) ChIP-gPCR analysis of H3K27ac and H3K27cr occupancy at the gene loci of CCS,
CDKNZB, CLIC3, DGATZ2, GPRC5A, ITGB4, KLHL22, NEUI, PITPNM1, PLK2, SIRTZ,
SIRT4, SLC20A1, TNFAIP1and ZNF219in HCT116 cells before and after Dox treatment.
Values are normalized to DMSO control group. n=3.

(H) Heatmap of RNA-seq datasets of triplicate samples of HCT116 cells showing selected
genes that fulfill the following criteria: differentially expressed in GAS41 KO cells, targeted
by GAS41 as identified by ChiP-seq, and showed decreased H3K27cr occupancy upon Dox
treatment as shown by ChIP-seq.

See also Figure S9, Figure S10 and Table S3.
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Figure 7. H3K27cr represents a distinct chromatin state for gene transcriptional repression
Schematic illustration of a “Three-phase traffic light system” model describing three

different H3K27 modifications as distinct chromatin states for gene transcription, i.e.
H3K27me3 (Stop) marks for transcriptional silencing, H3K27cr (Pause) for transcriptional
repression, and H3K27ac for transcriptional activation (Go). As illustrated for p27 and
other GAS41 target genes such as those validated in Figure 6H, H3K27cr-directed gene
transcriptional repression operates through selective recognition of H3K27cr by the YEATS
domain of GAS41 in complex with MYC and SIN3A/HDAC1 co-repressor complex in
chromatin.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-H3K27ac Antibody Abcam Cat# ab4729, RRID:AB_2118291
Rabbit anti-H3K27ac Antibody Millipore Cat# 07-360, RRID: AB_310550

Rabbit anti-H3K27cr Antibody

ThermoFisher Scientific

Cat# 712478, RRID:AB_2848247

Rabbit anti-H3 Antibody Abcam Cat# ab1791, RRID:AB_302613
Rabbit anti-RbAp48 Antibody Abcam Cat# ab79416, RRID:AB_1603754
Rabbit anti-MYC Antibody Abcam Cat# ab32072, RRID:AB_731658
Mouse anti-MYC Antibody Santa Cruz Cat# sc-40, RRID:AB_627268
Rabbit anti-NCoR Antibody Abcam Cat# ab24552, RRID:AB_2149005
Rabbit anti-MBD2 Antibody Abcam Cat#ab188474

Rabbit anti-MBD3 Antibody Abcam Cat#ab157464

Rabbit anti-CHD3 Antibody Abcam ggﬁ;%gﬁgg&ﬂ 4

Rabbit anti-p21 Antibody Abcam g?ﬁ;%@?igg(ﬂsﬂ

Rabbit anti-GAPDH Antibody Abcam Cat# ab9485, RRID:AB_307275
Rabbit anti-RBP1 Antibody Abcam Cat# ab154881, RRID:AB_2721835
Mouse anti-H3K27cr Antibody PTM Biolabs Cat#PTM-Bio 526

Mouse anti-GFP Antibody CMCTAG Cat#AT0028

Rabbit anti-GFP Antibody CMCTAG Cat#AT0044

Mouse anti-Flag Antibody CMCTAG Cat#AT0022

Rabbit anti-Flag Antibody CMCTAG Cat#AT0502

Rabbit anti-c-Myc tag Antibody CMCTAG Cat#AT0045

Mouse anti-c-Myc tag Antibody CMCTAG Cat#AT0023

Mouse anti 6xHis-tag Antibody BBI Life Sciences Cat#D191001

Rabbit anti-SIN3A Antibody

Cell Signaling
Technologies

Cat# 8056, RRID:AB_11217624

Rabbit anti-H3K27me3 Antibody

Cell Signaling
Technologies

Cat# 9733, RRID:AB_2616029

Normal rabbit 19G

Cell Signaling
Technologies

Cat# 2729, RRID:AB_1031062

Normal mouse 1gG

Santa Cruz

Cat# sc-2025, RRID:AB_737182

Rabbitanti-HDAC1 Antibody

Active motif

Cat# 40967, RRID:AB_2614948

Rabbit anti-HDAC2 Antibody

Proteintech

Cat# 16152-1-AP,
RRID:AB_2118514

Mouse anti-alpha-tubulin Antibody

Proteintech

Cat# 66031-1-1g,
RRID:AB_11042766

Mouseanti-GAS41 Antibody

Santa Cruz

Cat# sc-393708,
RRID:AB_2892567

Rabbit anti-GAS41 Antibody

Genetex

Cat# GTX16452,
RRID:AB_2887538
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Rabbit anti H2A.Z Antibody

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouseanti-Actin Antibody Beyotime Cat# AA128, RRID:AB_2861213

Goat anti-Mouse 19gG H&L (HRP) 2NP Antibody Abcam Cat# ab97040, RRID:AB_10698223

Goat anti-Rabbit IgG H&L (HRP) 2NP Antibody Abcam Cat# ab97080, RRID:AB_10679808

Mouse anti-FlagAntibody Sigma Cat# F1804, RRID:AB_262044
Cell Signaling

Technologies

Cat# 50722, RRID:AB_2799379

Rabbit anti TIP60 Antibody

Protein tech

Cat# 10827-1-AP,
RRID:AB_2128431

Bacterial and virus strains

E. coliBL21(DE3)

TransGen Biotech

Cat# CD601

E. coli DH5alpha

TransGen Biotech

Cat# CD201-02

E. coli RFzero

Mukai et al. (2011)80

N/A

E. ¢coliIM109 (DE3)

Promega

P980A

Biological Samples

Human colorectal cancer cDNA microarray

OutdoBiotech

Cat# cDNA-HColA060CS02

Chemicals, Peptides, and Recombinant Proteins

(ARTKQTARKSTGGKAPRKQLATKAA)

Protease inhibitor Cocktail Roche Cat# 11873580001
Phusion High-Fidelity DNA Polymerase ThermoFisher Scientific Cat# F530S
RNAIMAX Transfection Reagent Invitrogen Cat# 13778150
TRIzol reagent Invitrogen Cat# 15596026
Doxorubicin Selleck Cat# S1208
Idarubicin Selleck Cati# S1228
Nutlin-3a Selleck Cat# S8059
Blasticidin S HCI Selleck Cati# S7419
Bezonase Nuclease Sigma Cat# E1014-25KU
Crotonyl-CoA Sigma Cat. 28007, lot BCBZ4793
Dynabeads® Protein G Invitrogen Cat# 10004D
Straptavidin Magnetic beads Engibody Cat# IF9042
GFP-Trap ChromoTek Cat# GTM-20
H-Lys(Ac)-OH BACHEM Cat# 4015284
H-Lys(crotonyl)-OH BLDpharm Cat# BD328520
Synthesized H3 K27cr (a.a. 21-33) peptide (ATKAAR-Kcr-SAPATG) This paper Mimotopies
Synthesized H3 K27ac (a.a. 21-33) peptide (ATKAAR-Kac-SAPATG) This paper Mimotopies
Synthesized H3 K27 (a.a. 21-33) peptide (ATKAARKSAPATG) This paper Mimotopies
Synthesized H3 K9cr (a.a. 3-15) peptide (TKQTAR-Kcr-STGGKA) This paper Mimotopies
Synthesized H3 K9ac (a.a. 3-15) peptide (TKQTAR-Kac-STGGKA) This paper Mimotopies
Synthesized H3 K18cr (a.a. 12-24) peptide (GGKAPR-Kcr-QLATKA) This paper Mimotopies
Synthesized H3 K18ac (a.a. 12-24) peptide (GKAPR-Kac-QLATKA) This paper Mimotopies
Synthesized H3 (a.a.1-25) peptide This paper Mimotopies
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REAGENT or RESOURCE SOURCE IDENTIFIER
i};nér:ggiij_rl;ilg%r (a.a.1-25) peptide (ARTKQTARKSTGG-Kcr- This paper Mimotopies
i);nét:(egiiij_rl-&iﬁ%%c (a.a.1-25) peptide (ARTKQTARKSTGG-Kac- This paper Mimotopies
Recombinant protein YEATS4 (a.a. 11-150) This paper N/A
Recombinant protein YEATS4 (a.a. 11-165) This paper N/A
Recombinant protein YETAS4 (a.a. 11-150) Y74A/W93A This paper N/A
Recombinant protein c-Myc (a.a. 1-262) This paper N/A
Recombinant protein mGFP YEATS4 This paper N/A

Critical Commercial Assays

Re-ChIP-IT Active Motif Cat# 53016
Streptavidin-coated 96-well plate Thermo Scientific Cat# 15501
QuickChange Site-Directed Mutagenesis Kit Agilent Technologies Cat# 200518
Power SYBR green PCR master mix Applied Biosystems Cat# A25778

EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix Transgen Cat# AE311-03
Plasmid Plus Midi Kit Qiagen Cat# 12943
Deposited Data

GAS41 YEATS domain/H3K27cr structure This paper PDB:8160
RNA-seq and ChIP-seq data This paper GSE128590
Western blot and cell fluorescence images This paper %(.e?;iggez);vﬁ):;%wztgzgcliol.org/
Experimental Models: Cell Lines

HEK293T COBIOER Cat# CBP60439
HCT116 COBIOER Cat# CBP60028
HEK293T GAS41 KO This paper N/A

HEK293T MYC KO This paper N/A

HEK293T HDAC1 KO This paper N/A

HEK293T SIN3A KO This paper N/A

HCT116 GAS41 KO This paper N/A

HCT116 GAS41 KO stably expressing GFP-Flag-GAS41 This paper N/A

HCT116 GAS41 KO stably expressing GFP-Flag-GAS41 Y74A&W93A This paper N/A

HCT116 GAS41 KO stably expressing GFP-Flag vector This paper N/A

HCT116 GAS41 KO stably expressing 3xFlag-GAS41 This paper N/A

HCT116 GAS41 KO stably expressing 3xFlag-GAS41 H43S This paper N/A

HCT116 GAS41 KO stably expressing 3xFlag-vector This paper N/A

Experimental Models: Organisms/Strains

Mouse

Taconic, Germantown,
NY

NOD-SCID, female, 6-8 weeks old.

Oligonulceotides

Oligonucleotides used in this study

This paper

Table S4

Recombinant DNA
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REAGENT or RESOURCE SOURCE IDENTIFIER
Modified pET32a_GAS41 (a.a. 11-150) This paper N/A
Modified pET32a_GAS41 (a.a. 11-150) W93A This paper N/A
Modified pET32a_GAS41 (a.a. 11-150) Y74A/W93A This paper N/A
Modified pET32a_GAS41 (a.a. 11-150) Y139A This paper N/A
Modified pET32a_GAS41 (a.a. 11-150) del 123-128 This paper N/A
Modified pET32a_GAS41 (a.a. 11-165) This paper N/A
Modified_pET32a_MYC (a.a. 1-262) This paper N/A
pET21a_GAS41 (a.a. 11-150) This paper N/A
Modified pET15b_hH2A type 1-B/E This paper N/A
Modified pET15b_hH2B type 1-J This paper N/A
Modified pET15b_hH3.1 This paper N/A
pCR2.1 TOPO_hH3.1_K27amber This paper N/A
Modified pET15b_hH4 This paper N/A
Modified pET24_KacRS_6mt Wakamori et al. (2015)61 | N/A
Modified pET15b_Kcr-RS This paper N/A
Modified pUC_one-half of a 147-bp palindromic human a-satellite DNA | Davey et af. (2002)82 N/A

pRK793: TEV protease

Kapust et al. (2001)53

Addgene Plasmid #8827

CbF_Flag-GAS41 Robert G. Roeder N/A
CbF-vector This paper N/A
CbF_Flag-GAS41 N (a.a.1-165) This paper N/A
CbF_Flag-GAS41 C (a.a.148-227) This paper N/A
CbF_Flag-GAS41 del 71-75aa This paper N/A
CbF_Flag-GAS41 Y74A This paper N/A
CbF_Flag-GAS41 W93A This paper N/A
CbF_Flag-GAS41 Y74A&W93A This paper N/A
CbF_Flag-GAS41 H43A This paper N/A
CbF_Flag-GAS41 H43S This paper N/A
CbF_Flag-GAS41 Y139A This paper N/A
CbF-myc-SIN3A This paper N/A
pEGFP-C1 Clonetech Cat#6084-1
pEGFP-MYC This paper N/A
pEGFP-MYC MBI This paper N/A
pEGFP-MYC MBII This paper N/A
pEGFP-MYC MBIII This paper N/A
pPEGFP-MYC MBII+1II This paper N/A
pEGFP-MYC MBIV+BZ This paper N/A
pEGFP-GAS41 This paper N/A
pCAG-GFP-Flag vector This paper N/A
pCAG-GFP-Flag-GAS41 This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pCAG-GFP-Flag-GAS41 Y74A&WI3A This paper N/A
pCAG-GFP-HDAC1 This paper N/A
pCDNA3.1(-) ThermoFisher Scientific Cat#V79520
pcDNA3.1-myc-MYC This paper N/A
pcDNA3.1-Flag-MYC This paper N/A
pcDNA3.1-Flag-HDAC1 This paper N/A
pCAG-3xFlag vector This paper N/A
pCAG-3xFlag-GAS41 This paper N/A
pCAG-3xFlag-GAS41 H43S This paper N/A
pCAG-3xFlag-GAS41 Y139A This paper N/A
pSpCas9(BB)-2A-GFP Addgene: PX458 Addgene

Software and Algorithms

FlowJo FLOWJO, LLC https://www.flowjo.com
Image J NIH https://imagej.nih.gov/ij/
ModFit LT ModFit LT Rtts’())sf:t/\//vrgrc:qutf-ormer.com/
Prism 8 GraphPad https://www.graphpad.com
Origin 7.0 OriginLab https://www.originlab.com
Igor Pro 8 WaveMetrics https://www.wavemetrics.com/

Modeller (v. 9.16)

Webb & Sali (2016)%

https://salilab.org/

https://www.mrc-lmb.cam.ac.uk/

iMOSFLM Battye et al. (2011)%5 mosflm/imosflm/ver740/
introduction.html
https://www2.mrc-Imb.cam.ac.uk/

BALBES Long et al. (2008)5¢ groups/murshudov/content/balbes/

balbes_layout.html

Phenix.refinement

Afonine et al. (2012)67

https://phenix-online.org/

https://www2.mrc-Imb.cam.ac.uk/

68
cooT Emsley et al. (2010) personal/pemsley/coot/
PyMOL Schrodinger, LLC https://pymol.org/2/
. . https://www.ibbr.umd.edu/nmrpipe/
69
NMRPipe Delaglio et al. (1995) install.html
NMRView] Johnso%& Blevins https://nmrfx.org/nmrfx/nmrview;j
(1994)
HDExaminer Sierra Analytics https://www.leaptec.com/
MassLynx 4.2 Waters https://www.waters.com/nextgen/us/

en.html

Trimmomatic v0.36

Bolger et al. (2014)7*

http://www.usadellab.org/cms/?
page=trimmomatic

Bowtie v1.0.1

Langmead et a/. (2009)72

http://bowtie-bio.sourceforge.net/
index.shtml

IGV tools v2.3.32

Robinson et af. (2011)73

http://www.broadinstitute.org/igv/

MACS v2.1.1

Zhang et al. (2008)7

https://macs3-project.github.io/
MACS/
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bedtools v2.21.0

Quinlan et al. (2010)7

https://bedtools.readthedocs.io/en/
latest/index.html

DESeq2 v1.16.1

Love et al. (2014)76

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

TopHat v2.1.0

Kim et al. (2013)"7

https://anaconda.org/bioconda/
tophat

HT-seq v0.6.0

Anders et al. (2014)78

https://htseq.readthedocs.io/en/
master/index.html

Other

HisTrap™ FF column, 5ml

GE Healthcare

Cat#17-0921-02

HisTrap™ HP column, 5ml

GE Healthcare

Cat#17-5247-01

Superdex 75 26/60

GE Healthcare

Cat#28-9893-34

Superdex 200 16/60

GE Healthcare

Cat#28-9893-35

Superdex 200 Increase 10/300L GL GE Healthcare

Cat# 28-9909-44
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