
Recognition of histone acetylation by the
GAS41 YEATS domain promotes H2A.Z
deposition in non-small cell lung cancer
Chih-Chao Hsu,1,2,8 Jiejun Shi,3,8 Chao Yuan,1,2,7,8 Dan Zhao,4,5,8 Shiming Jiang,1,2 Jie Lyu,3

Xiaolu Wang,1,2 Haitao Li,4,5 Hong Wen,1,2 Wei Li,3 and Xiaobing Shi1,2,6

1Department of Epigenetics andMolecular Carcinogenesis, TheUniversity of TexasMDAndersonCancer Center, Houston, Texas
77030, USA; 2Center for Cancer Epigenetics, The University of Texas MD Anderson Cancer Center, Houston, Texas 77030, USA;
3Dan L. DuncanCancerCenter, Department ofMolecular andCellular Biology, Baylor College ofMedicine, Houston, Texas 77030,
USA; 4MOE Key Laboratory of Protein Sciences, Beijing Advanced Innovation Center for Structural Biology, Department of Basic
Medical Sciences, School of Medicine, Tsinghua University, Beijing 100084, China; 5Tsinghua-Peking Joint Center for Life
Sciences, Tsinghua University, Beijing 100084, China; 6Genetics and Epigenetics Graduate Program, The University of Texas MD
Anderson Cancer Center UTHealth Graduate School of Biomedical Sciences, Houston, Texas 77030, USA

Histone acetylation is associated with active transcription in eukaryotic cells. It helps to open up the chromatin by
neutralizing the positive charge of histone lysine residues and providing binding platforms for “reader” proteins. The
bromodomain (BRD) has long been thought to be the sole protein module that recognizes acetylated histones. Re-
cently, we identified the YEATS domain of AF9 (ALL1 fused gene from chromosome 9) as a novel acetyl-lysine-
binding module and showed that the ENL (eleven-nineteen leukemia) YEATS domain is an essential acetyl-histone
reader in acute myeloid leukemias. The human genome encodes four YEATS domain proteins, including GAS41, a
component of chromatin remodelers responsible for H2A.Z deposition onto chromatin; however, the importance of
the GAS41 YEATS domain in human cancer remains largely unknown. Here we report that GAS41 is frequently
amplified in human non-small cell lung cancer (NSCLC) and is required for cancer cell proliferation, survival, and
transformation. Biochemical and crystal structural studies demonstrate that GAS41 binds to histone H3 acetylated
on H3K27 and H3K14, a specificity that is distinct from that of AF9 or ENL. ChIP-seq (chromatin immunoprecip-
itation [ChIP] followed by high-throughput sequencing) analyses in lung cancer cells reveal that GAS41 colocalizes
with H3K27ac andH3K14ac on the promoters of actively transcribed genes. Depletion of GAS41 or disruption of the
interaction between its YEATS domain and acetylated histones impairs the association of histone variant H2A.Z
with chromatin and consequently suppresses cancer cell growth and survival both in vitro and in vivo. Overall, our
study identifies GAS41 as a histone acetylation reader that promotes histone H2A.Z deposition in NSCLC.
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Post-translational modifications (PTMs) on histones play
important roles in regulating chromatin dynamics and
the accessibility of the underlying DNA in eukaryotes
(Strahl and Allis 2000). Acetylation on histone lysine res-
idues is generally associated with active transcription and
is modulated by two families of counteracting enzymes:
histone acetyltransferases (HATs) and histone deacety-
lases (HDACs) (Brown et al. 2000; Kouzarides 2007). Addi-
tion of an acetylmoiety neutralizes the positive charge on
the side chain of lysine residues; in addition, the resulting

bulky acetyl group can serve as a docking site for reader
proteins, which recognize this specific modification and
transduce the molecular signals to elicit various down-
stream biological outcomes (Jenuwein and Allis 2001).
The bromodomain (BRD) has long been thought to be
the sole protein module that specifically recognizes ace-
tyl-lysine motifs (Dhalluin et al. 1999), but later studies
showed that certain tandem plant homeodomain (PHD)
zinc fingers can also bind histone H3 in an acetylation-
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sensitive manner (Zeng et al. 2010; Ali et al. 2012; Qiu
et al. 2012).
Recently, we identified the YEATS domain of AF9

(ALL1 fused gene from chromosome 9) as a novel reader
of histone acetylation (Li et al. 2014). Interestingly, in
MLL (mixed-lineage leukemia)-rearranged acute myeloid
leukemias (AMLs), ENL (eleven-nineteen leukemia), but
not AF9, is essential for AML maintenance (Wan et al.
2017), indicating that the YEATS domain proteins are in-
volved in distinct biological or pathological processes de-
spite the shared biochemical features of their YEATS
domains. The YEATS domain has been evolutionarily
conserved from yeast to humans (Le Masson et al. 2003).
Humans have four YEATS domain-containing proteins,
whereas Saccharomyces cerevisiaehave three. All YEATS
domain proteins interact with chromatin-associated com-
plexes, such as HAT complexes and chromatin remodel-
ing complexes (Schulze et al. 2009); however, the
functions of these proteins—and particularly their YEATS
domains—are not well understood.
The YEATS domain-containing protein 4 (YEATS4;

also known as glioma amplified sequence 41 [GAS41]) is
a stoichiometric component of the SRCAP (SNF2-related
CREBBP activator protein) and Tip60/p400 chromatin re-
modeling complexes. In S. cerevisiae, Yaf9, theGAS41 ho-
molog, is associated with both the SWR-1 and NuA4
complexes (Ikeda et al. 1999; Krogan et al. 2003). SWR-1
deposits the histone variant H2A.Z, whereas NuA4 acet-
ylates histones in chromatin (Kobor et al. 2004; Mizugu-
chi et al. 2004). The Yaf9 YEATS domain was reported
to bind to histones H3/H4 and be required for H2A.Z dep-
osition at gene promoters (Wang et al. 2009). The human
SRCAP and Tip60/p400 complexes are the functional
equivalents of the yeast SWR1 and NuA4 complexes, re-
spectively. Both SRCAP and Tip60/p400 can exchange
the canonical histone H2A for the histone variant H2A.
Z in chromatin (Wong et al. 2007; Cuadrado et al. 2010).
Incorporation of H2A.Z and another histone variant,
H3.3, results in destabilized nucleosome core particles
that are predisposed for disassembly (Jin and Felsenfeld
2007). Therefore, H2A.Z is thought to play an active role
in maintaining an accessible chromatin structure (Subra-
manian et al. 2015). However, the presence of H2A.Z
has also been linked to transcriptional repression of
some genes (Gevry et al. 2007; Marques et al. 2010; Park
et al. 2010; Lee et al. 2012). Nevertheless, although the
functions and mechanisms of the SRCAP and Tip60/
p400 complexes are relatively well understood, the role
of GAS41 within these complexes remains ill defined. In
this study, we characterize the molecular and biological
functions of GAS41. We found that GAS41 is frequently
amplified in human cancers, including non-small cell
lung cancer (NSCLC), and that depletion of GAS41 re-
duced cancer cell growth, survival, and transformation ac-
tivity. The YEATS domain of GAS41 bound to acetylated
histone H3K27 (H3K27ac) and H3K14 (H3K14ac), which
is important for the function of GAS41 in cells. Disrup-
tion of the ability of GAS41 to recognize these acetylation
marks abrogated global H2A.Z occupancy on chromatin
and consequently deactivated target gene expression and

suppressed cancer cell growth and survival both in vitro
and in a xenograft mouse model. Taken together, our re-
sults demonstrate that GAS41 is a histone acetylation
reader that controls bothH2A.Z dynamics and a transcrip-
tional program essential for NSCLC cell growth and
survival.

Results

GAS41 is amplified in NSCLC and is required for cell
growth and survival

GAS41was originally identified as one of the 12 genes lo-
cated within chromosomal segment 12q13-15 that is fre-
quently amplified in glioblastoma (Fischer et al. 1996).
To determine whether GAS41 plays a role in human can-
cers, we first examined GAS41 gene expression across
cancers in The Cancer Genome Atlas (TCGA) database
via the cBioPortal for Cancer Genomics. Consistent
with previous reports (Fischer et al. 1997; Italiano et al.
2008; Persson et al. 2008),GAS41 is amplified in a variety
of human cancers, including sarcoma, lung, bladder, and
uterine cancers as well as glioblastoma (Fig. 1A). Impor-
tantly,GAS41’s amplification status is positively correlat-
ed with its gene expression levels in these tumors
(Supplemental Fig. S1A–E). NSCLC consists of three sub-
types: lung adenocarcinoma (LAC), lung squamous cell
carcinoma (LSCC), and large cell carcinoma (LCC) (Travis
et al. 2013). Comparison ofGAS41 gene expression in dif-
ferentNSCLC subtypes in theOncomine lung cancer data
sets revealed that GAS41 is elevated in all NSCLC sub-
types compared with normal lung tissues (Fig. 1B; Supple-
mental Fig. S1F). Therefore, we assessed GAS41 protein
levels across a number of NSCLC cell lines. Compared
with immortalized “normal” lung fibroblast cell lines
(WI-38 and IMR-90) and human bronchial epithelial cells
(HBECs) (Ramirez et al. 2004), GAS41 was overexpressed
in all NSCLC cell lines that we examined (Fig. 1C). To-
gether, these results suggest that GAS41 is amplified
and overexpressed in NSCLC.
As GAS41 protein levels are elevated in cancer cell

lines, we wished to determine whether depletion of
GAS41 affects lung cancer cell growth and survival. To
this end, we knocked down GAS41 gene expression in
two lung adenocarcinoma cell lines that express high lev-
els of GAS41, H1299, and H1993 (Fig. 1D) and examined
cell proliferation. We observed a marked suppression of
cell proliferation in cells treated with GAS41 targeting
shRNAs compared with the cells treated with a nontar-
geting control shRNA (shNT) (Fig. 1E,F). Notably, the ex-
tent of growth suppression correlated with the
knockdown efficiency: More severe growth defects were
observed in the cells with higher knockdown efficiency.
We also observed similar growth defects upon GAS41
depletion in several other lung cancer cell lines as well
as immortalized HBECs and normal lung fibroblast cells
(WI-38 and IMR90) (Supplemental Fig. S1G–M), indicating
that the requirement of GAS41 for cell growth is not spe-
cific to cancer cells. In clonogenic assays, the GAS41
knockdown cells developed many fewer colonies
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comparedwith control cells, indicating thatGAS41 is also
required for lung cancer cell survival (Fig. 1G). Finally, we
performed soft agar colony formation assays to determine
whether GAS41 knockdown influences anchorage-inde-
pendent growth, a characteristic of transformed cells (Bor-
owicz et al. 2014). Compared with the control H1299 cells
treated with shNT, GAS41 knockdown cells developed
fewer colonies in soft agar (Fig. 1H). Taken together, these
results indicate that GAS41 is essential for cell growth
and survival.

GAS41 and H2A.Z are required for the expression of cell
cycle genes

To determine how GAS41 regulates cancer cell growth
and survival, we performed RNA sequencing (RNA-seq)
analysis in GAS41 knockdown cells to identify all genes
regulated by GAS41. We used GAS41 targeting shRNA#1
for RNA-seq, since this shRNA exhibited a better knock-
down efficiency (Fig. 1D; Supplemental Fig. S2A). By ana-
lyzing the RNA-seq data in triplicate, we identified 747
down-regulated genes (log2 fold change≤−1; false discov-
ery rate [FDR] < 0.01) and 1504 up-regulated genes (log2
fold change≥ 1; FDR < 0.01) in GAS41 knockdown cells
(Fig. 2A; Supplemental Table S1). Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analysis of the dif-
ferentially expressed genes using DAVID (Database for
Annotation, Visualization, and Integrated Discovery)
(Huang et al. 2009) revealed that the dysregulated genes
were involved in vital biological processes. Down-regulat-
ed genes were enriched in pathways regulating DNA rep-
lication, cell cycle, and DNA repair pathways, whereas
up-regulated genes were enriched in pathways related to
extracellular matrix–receptor interaction and cell adhe-
sion (Fig. 2B; Supplemental Table S1). Using quantitative
reverse transcription coupledwith real-time PCR analysis
(qRT–PCR), we validated the RNA-seq data for a subset of
genes involved in cell cycle control and DNA replication
(Fig. 2C). In all cases, we saw a reduction in expression of
the targets selected for RT-qPCR analysis in the GAS41
knockdown cells, with the level of reduction correlating
with GAS41 knockdown efficiency. Together, these re-
sults suggest that GAS41 is required for the expression
of genes involved in critical pathways essential for cell
growth and survival.

GAS41 is a stoichiometric component of the SRCAP
and Tip60/p400 chromatin remodeling complexes, both
of which exchange the canonical histone H2A for the var-
iant histone H2A.Z in chromatin (Wong et al. 2007; Cua-
drado et al. 2010). To determinewhether GAS41 regulates

Figure 1. GAS41 is amplified in NSCLC
and is required for cancer cell proliferation.
(A)GAS41 is frequently amplified in human
cancers. Histogram showing the alteration
frequency of GAS41. Data were acquired
fromcBioPortal forCancerGenomics, focus-
ingonTCGAdatasets. (B)GAS41 transcripts
are elevated in all NSCLC subtypes. Box and
whiskers diagram displaying GAS41 tran-
script levels. Datawere acquired fromOnco-
mine database using the Hou lung data set
(Hou et al. 2010). (C ) GAS41 is highly ex-
pressed in NSCLC. Western blot analysis of
GAS41 and H2A.Z expression in immortal-
ized normal lung cells and the indicated
NSCLCcell lines. β-Actinwasusedas a load-
ing control. (D) Western blot analysis of
GAS41 knockdown in H1299 (top panel)
and H1993 (bottom panel) cells. Tubulin
and β-actin were used as loading controls.
(E,F ) Cell proliferation assays of control
(shNT) and GAS41 knockdown (shGAS41)
inH1299 (E) andH1993 (F ) cells.Cells (mean
± SEM; n = 4) were counted for 6 d after seed-
ing. (∗∗∗∗) P < 0.0001, two-tailed unpaired
Student’s test. (G) GAS41 is required for can-
cer cell proliferation. Colony formation as-
says of cells in D. Cells were stained with
crystal violet 10 d after seeding. (H) Loss of
GAS41 leads to reduced transformation.
Soft agarassayofH1299cells as inE.Cell col-
onies were counted 3 wk after seeding. (Left
panel) Representative images. Bar, 1000
µm. (Right panel) Quantified results. Error
bars represent SEM of six replicates. (∗∗∗∗) P
< 0.0001, two-tailed unpaired Student’s test.
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gene expression throughmodulation ofH2A.Z deposition,
we knocked down H2A.Z-encoding genes and compared
global gene expression patterns with GAS41 knockdown
cells. In mammals, there are two H2A.Z-encoding genes:
H2AFV and H2AFZ (Subramanian et al. 2015). Although
H2AFZ was dominant in controlling global H2A.Z
protein levels in H1299 cells, both genes were essential
for cell growth (Supplemental Fig. S2B–D). RNA-seq anal-
ysis revealed that, similar toGAS41 knockdown cells, the
down-regulated genes in both H2AFV knockdown and
H2AFZ knockdown cells were strongly enriched in the
pathways of cell cycle and DNA replication (Supplemen-
tal Fig. S2E; Supplemental Table S1). Unsupervised clus-
tering analysis of dysregulated genes in GAS41, H2AFZ,
and H2AFV knockdown cells revealed that the majority
of GAS41-regulated genes was dysregulated in either
H2AFV or H2AFZ knockdown cells or both (Fig. 2D).
RT-qPCR analysis demonstrated thatmostGAS41-depen-
dent cell cycle genes were also down-regulated in H2A.Z
knockdown cells (Fig. 2E).

GAS41 is required for genome-wide H2A.Z deposition

Next, we performed chromatin immunoprecipitation
(ChIP) experiments followed by high-throughput sequenc-

ing (ChIP-seq) to assess the genome-wide occupancy of
GAS41 and H2A.Z in H1299 cells. We identified 7365
GAS41-binding peaks and 16,712 H2A.Z peaks (Supple-
mental Table S2). Notably, GAS41 colocalized with
H2A.Z across the genome, with >80%of theGAS41 genes
being coenriched for H2A.Z (Fig. 3A,B). Because the two
GAS41-associated protein complexes SRCAP and Tip60/
p400 are the only chromatin remodelers responsible for
H2A.Z deposition onto chromatin, we speculated that
depletion of GAS41 would lead to a global reduction of
H2A.Z occupancy on chromatin. Indeed, heat map plot-
ting of our H2A.Z ChIP-seq data from control and
GAS41 knockdown cells revealed a marked reduction of
H2A.Z occupancy at almost all H2A.Z-binding sites (Fig.
3C), suggesting a defect in genome-wide H2A.Z deposi-
tion. The reduction of H2A.Z could also be seen at indi-
vidual GAS41 target genes when visualizing the ChIP-
seq data with the University of California at Santa Cruz
(UCSC) genome browser (Fig. 3D). Finally, we validated
the loss of H2A.Z at several of these targets in GAS41
knockdown cells by ChIP-qPCR analysis (Fig. 3E). These
results suggest that GAS41 regulates gene expression by
modulating global H2A.Z occupancy.
Although GAS41 was detected at only about one-third

of H2A.Z-occupied genes, depletion of GAS41 resulted

Figure 2. GAS41 regulates the expression
of cell cycle-related genes. (A) Heat map dis-
play of differentially expressed genes (log2
fold change≥ 1) comparing control (shNT)
and GAS41 knockdown (shGAS41) H1299
cells. Data were from three independent
RNA-seq experiments. (Red) Up-regulated
genes; (green) down-regulated genes in
shGAS41 cells compared with shNT cells.
(B) KEGG pathway analysis of up-regulated
and down-regulated genes in GAS41 knock-
downH1299 cells. Datawere analyzed using
DAVID Bioinformatics Resources 6.8. The
most significant five categories are shown.
All categories are shown in Supplemental
Table S1. (C ) qRT–PCR analysis of selected
down-regulated genes in GAS41 knock-
down (shGAS41) H1299 cells. (∗) P < 0.05;
(∗∗) P < 0.01; (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001,
two-tailed unpaired Student’s test. (D)
Heat map display of differentially expressed
genes in shGAS41, shH2AFZ, and shH2AFV
cells comparing control (shNT) H1299 cells.
Colors represent log2 fold change of gene ex-
pression. (Red) Up-regulated genes; (green)
down-regulated genes. (E) qRT–PCR analy-
sis of selectedGAS41 targeting cell cycle-re-
lated gene expression in control (shNT) and
H2A.Z knockdown (shH2AFZ or shH2AFV)
H1299 cells. (∗)P < 0.05; (∗∗) P < 0.01; (∗∗∗) P <
0.001, two-tailed unpaired Student’s test.
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in markedly reduced total H2A.Z protein levels in cells
(Fig. 3F). This global reduction likely occurred at the pro-
tein level, as the expression of H2A.Z-encoding genes re-
mained largely unchanged in GAS41 knockdown cells
(Supplemental Fig. S2A). Interestingly, although ectopic
expression of H2A.Z was able to restore total H2A.Z pro-
tein levels in GAS41 knockdown cells (Supplemental Fig.
S3A), it failed to re-establish appropriate H2A.Z occupan-
cy at target gene promoters (Supplemental Fig. S3B) and
consequently did not rescue the gene expression and cell
proliferation defects of the GAS41 knockdown cells (Sup-
plemental Fig. S3C,D). These results suggest that global
reduction of H2A.Z protein levels in GAS41 knockdown
cells is a consequence, but not a cause, of defective
H2A.Z chromatin deposition.

GAS41 is associated with both the SRCAP and Tip60/
p400 complexes. To further delineate which complex is
required for GAS41’s functions in H1299 cells, we
knocked down SRCAP and EP400 by specific shRNAs
(Supplemental Fig. S3E,F). We found that although
EP400 knockdown did not reduce global H2A.Z protein
levels as the SRCAP knockdown did, both SRCAP and
p400 were required for H2A.Z deposition, expression of
GAS41 target genes, and cell proliferation (Supplemental

Fig. S3G–I). Taken altogether, these results indicate that
GAS41 promotes H2A.Z deposition through both the
SRCAP and Tip60/p400 complexes.

The YEATS domain of GAS41 binds to histone H3K27ac
and H3K14ac

The recognition of histone H3 acetylation is an evolution-
arily conserved function of the AF9 YEATS domain (Li
et al. 2014); thus, we reasoned that the YEATS domain
of human GAS41 may also bind to acetylated histones.
To test this hypothesis, we performed histone peptide
pull-down assays and found that the GAS41 YEATS
domain (Fig. 4A) bound specifically to acetylated histone
H3, with strong affinity for H3K27ac and H3K14ac and
weak or no binding to other acetylated histone peptides
(Fig. 4B). This binding pattern is distinct from that of the
AF9 and ENL YEATS domains, which interact preferen-
tially with H3K9ac and H3K27ac, thus indicating that
the GAS41 YEATS domain may have a function separate
from other YEATS domains.

Todecipher theunderlyingmolecular basis forH3K27ac
recognition by theGAS41YEATS domain, we determined
the complex structure of the YEATS domain (amino acids

Figure 3. Gas41 is required for genome-wide
H2A.Z occupancy in cells. (A) Venn diagram
showing the overlap of GAS41- and H2A.Z-oc-
cupied genes in H1299 cells. P = 1.21 × 10−9

(Super exact test). (B) Heat maps of normalized
density of GAS41 and H2A.Z ChIP-seq tags
centered on GAS41-binding peaks across a ±
5-kb window. The color key represents the sig-
nal density, where darker color represents
higher ChIP-seq signal. (C ) Heat maps of
H2A.Z ChIP-seq in control (shNT) and
GAS41 knockdown (shGAS41-1) H1299 cells
and the difference (Δ = shGAS41− shNT).
(Black) Reduction in shGAS41 cells. (D) Ge-
nome browser view of GAS41 (blue) and
H2A.Z (orange) peaks. ChIP-seq peaks on the
indicated genes in control (shNT) and GAS41
knockdown (shGAS41-1) H1299 cells. (E)
ChIP-qPCR of H2A.Z at promoters of the indi-
cated GAS41 target genes in control (shNT)
and GAS41 knockdown (shGAS41-1) H1299
cells. Error bars indicate SEM of three repeats.
Data are representative of at least two indepen-
dent experiments. (∗) P < 0.05; (∗∗) P < 0.01,
two-tailed unpaired Student’s test. (F ) Western
blot analysis of H2A.Z and H3K27 acetylation
in control (shNT) and GAS41 knockdown
(shGAS41) H1299 cells. Histone H3 and β-tu-
bulin served as loading controls.
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15–159) of human GAS41 bound to an H315–39K27ac pep-
tide at 2.1 Å (the details of crystallization conditions and
complex structurewill be described in anotherwork). Sim-
ilar to other YEATS domains (Li et al. 2014;Mi et al. 2017;
Wan et al. 2017), the GAS41 YEATS domain adopts an
immunoglobin β-sandwich fold anduses anaromatic sand-
wich cage for Kac recognition (Fig. 4C). The acetylamide
group of Kac is clamped by the aromatic residues Y74
and W93 of the GAS41 YEATS domain (Fig. 4D).
Interestingly, among the three H3K27ac binding

YEATS domains, we observed two distinct binding
modes. The H3K27ac peptide binds in an “N-to-C” orien-
tation to GAS41 and YEATS2 but in an opposite orienta-
tion (“C-to-N”) to ENL (Supplemental Fig. S4A–C). For
ENL binding, the N-terminal “A25–R26” motif of
H3K27 contributes to the YEATS domain binding to the
acetylated histone peptide. As the “A–R–Kac–S” motif is
conserved at both H3K27 and H3K9 (Supplemental Fig.
4D), it explains why ENL shows similar binding affinity
to acetylation on these two sites (Wan et al. 2017). In con-
trast, in the “N-to-C”mode of the H3K27ac peptide bind-
ing to GAS41 and YEATS2, the flanking motifs at both
sides of H3K27 (“A25–R26” and “S28–A29–P30”) contrib-
ute to the site-specific recognition of acetylation. The
binding of H3P30 to a hydrophobic and flat pocket on
the YEATS domains promotes H3K27ac recognition.
Since such a “Kac–X–X–P” sequence signature is unique
to H3K27, both GAS41 and YEATS2 prefer acetylation
on H3K27 over H3K9.
Isothermal titration calorimetry (ITC) measured a KD

of 32.7 µM for the GAS41 YEATS domain binding to

the H3K27ac peptide (Fig. 4E; Supplemental Table S3),
an affinity much higher than that of YEATS2 to
H3K27ac (226.2 µM) (Mi et al. 2017). This is likely attrib-
uted to the negatively charged surface of the GAS41
YEATS domain that is favorable for the basic residues
on histone H3 (Supplemental Fig. S4A). Interestingly,
GAS41 binds to H3K14ac at an even higher affinity
(13.0 µM) than its binding to H3K27ac (Fig. 4E). Although
the molecular basis of H3K14ac recognition remains elu-
sive due to the lack of high-quality structure, H3K14ac is
likely stabilized by a similar mechanism that involves
the two sandwiching aromatic residues (Y74 and W93),
as mutation of either residue abolished the binding of
the GAS41 YEATS domain to both the H3K27ac and
H3K14ac peptides (Fig. 4F).

GAS41 colocalizes withH3K27ac andH3K14ac on active
gene promoters

The in vitro binding and structural data prompted us to
determine whether GAS41 colocalizes with acetylated
H3K27 and H3K14 in cells. High-throughput sequencing
of H3K27ac and H3K14ac ChIP-seq in H1299 cells re-
vealed 16,495 and 11,997 peaks, respectively (Supplemen-
tal Table S2). Analysis of all GAS41 ChIP-seq peaks
revealed that the majority of GAS41 peaks resided within
promoter regions (91.3%), and only small fractions were
present at either transcribed (3.1%) or intergenic (5.6%)
regions that are possibly enhancers (Fig. 5A). Promoters
occupied by GAS41 were highly enriched for acetylated
histone H3; >90% of the GAS41-bound genes were co-

Figure 4. The GAS41 YEATS domain rec-
ognizes H3K27ac and H3K14ac. (A) Sche-
matic representation of the GAS41 protein
structure. (B) Western blot analysis of his-
tone peptide pull-downs of the GST-
GAS41 YEATS domain and the indicated
biotinylated peptides. (C ) Overall structure
of GAS4115–159 bound to the H315–39K27ac
peptide. The YEATS domain is shown as a
purple ribbon, with key residues of the
K27ac-binding pocket depicted as a stick
model (green). H3K27ac peptide is shown
as yellow sticks. (D) Structural details of
H3K27ac readout by a serine-lined aromatic
pocket. The key residues in GAS41 YEATS
used for K27ac recognition are shown as
dots, and the H3K27 peptide is depicted by
a yellow stick. (E) Isothermal titration calo-
rimetry (ITC) fitting curves of the Gas41
YEATS domain titrated with the H315–39-
K27ac or H3

1–15
K14ac peptide. (F ) Western

blot analysis of peptide pull-downs of the
wild-type GAS41 YEATS domain or the in-
dicated point mutants with the unacety-
lated H3, H3K14ac, and H3K27ac peptides.
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occupied by H3K27ac and/or H3K14ac (Fig. 5B). Heat map
analysis showed that in addition to H3K27ac and
H3K14ac, almost all GAS41 ChIP-seq peaks were en-
riched in H3K4me3, the epigenetic mark for active pro-
moters (Fig. 5C), suggesting that GAS41 may have a
positive role in transcription. The average distribution of
all GAS41 ChIP-seq peaks across transcription units re-
vealed a strong enrichment at regions within 1 kb of tran-
scriptional start sites (TSSs) and a strong overlap with the
genomic distribution ofH3K27ac andH3K14ac (Fig. 5D), a
distribution pattern that was reiterated at individual tar-
get genes (Fig. 5E).

Next, we asked whether the recognition of H3 acetyla-
tion by the YEATS domain is essential for GAS41 binding
on chromatin. To address this question, we established
stable cells expressing Flag-tagged wild-type GAS41 or
the acetylation-binding-deficient mutants (Y74A and
W93A) (Supplemental Fig. S5A) and performed ChIP-seq
analysis using the FlagM2 antibody.We found reduced ge-
nome-wide occupancy of the Y74A and W93A mutants
compared with the wild-type GAS41 (Fig. 5F) as well as
their bindings on individual target genes (Fig. 5G), sug-

gesting that the YEATS domain is essential for GAS41
binding on chromatin.

The YEATS domain of GAS41 is required for H2A.Z
deposition and tumor cell growth

To determine whether the YEATS domain is required for
the function of GAS41 in cells, we performed “rescue/re-
constitution” experiments by ectopically expressing
shRNA-resistant wild-type GAS41 or the acetylation-
binding-deficient mutants (Y74A and W93A) in GAS41-
depletedH1299 cells (Fig. 6A). Again,we observed a reduc-
tion in global H2A.Z levels in GAS41 knockdown cells.
Importantly, rescuewithwild-typeGAS41 restored the to-
tal levels of H2A.Z in theGAS41 knockdown cells, where-
as expression of the acetylation-binding-deficientmutants
did not (Fig. 6A). Furthermore, ectopic expression of wild-
type GAS41, but not the Y74A and W93A mutants, re-
stored H2A.Z levels at selected target gene promoters to
levels comparable with those of control cells (Fig. 6B).
The observed defects of the YEATS domain mutants in
sustaining normal H2A.Z occupancy at promoters are

Figure 5. GAS41 colocalizes with H3K14ac
and H3K27ac across the genome. (A) Genomic
distribution of GAS41 ChIP-seq peaks. The
peaks are enriched in the promoter regions
(TSS ± 3 kb). P = 2.2 × 10−16, binomial test. (B)
Venn diagram showing the overlap of GAS41-,
H3K14ac-, and H3K27ac-occupied genes. P =
8.39 × 10−263, three-way Fisher’s exact test. (C )
Heat maps of the normalized density of
GAS41, H3K4me3, H3K27ac, and H3K14ac.
ChIP-seq tags in H1299 cells centered on
GAS41-binding peaks in a ±5-kb window. The
color key represents the signal density, where
darker color represents higher ChIP-seq signal.
(D) Average genome-wide occupancies of
GAS41 (blue), H3K27ac (red), and H3K14ac
(green) ±5 kb around the TSS in H1299 cells.
(E) Genome browser view of GAS41 (blue),
H3K27ac (red), and H3K14ac (green) ChIP-seq
peaks on the indicated GAS41-occupied genes
in H1299 cells. (F ) Average genome-wide occu-
pancies of wild-type Flag-GAS41 (blue) and
Y74A (purple) and W93A (cyan) mutants ±5 kb
around the TSS in H1299 cells. (G) Genome
browser view of wild-type Flag-GAS41 (blue)
and Y74A (purple) and W93A (cyan) mutant
ChIP-seq peaks on the indicated GAS41-occu-
pied genes in H1299 cells.
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likely due to the deficiency of GAS41 in recognizing his-
tone acetylation, as the protein–protein interactions of
GAS41with other complex componentswere not affected
by the mutations (Fig. 6C). Taken together, these results
indicate that the YEATS domain of GAS41 is required for
SRCAP and/or p400 complex-dependent maintenance of
H2A.Z levels on target gene promoters.
Next, we sought to determine whether the YEATS

domain is required for GAS41 function in regulating cell
growth and survival. We performed cell proliferation and
soft agar colony formation assays using the above-men-
tioned reconstitution system. We found that ectopic ex-
pression of wild-type GAS41 restored cell proliferation
and anchorage-independent cell growth in the GAS41-de-
pleted cells, but the Y74A andW93Amutants did not (Fig.
6D,E). Finally, to determine whether GAS41 is important
for tumor growth in a mouse xenograft model, we exam-
ined the proliferation of control H2199 cells, GAS41
knockdown cells, and the reconstituted cells injected
into immunodeficient nude mice. We found that deple-
tion of GAS41 suppressed tumor growth in mice. Impor-
tantly, wild-type GAS41, but not the H3 acetylation-
binding-deficientmutants (Y74A andW93A), led to tumor

growth of the GAS41 knockdown cells in mice (Fig. 6F;
Supplemental Fig. S5B). Taken together, our results sug-
gest a model in which GAS41 recognizes acetylated
histone H3 and recruits the SRCAP and Tip60/p400 com-
plexes to target gene promoters, which in turn deposit
H2A.Z onto chromatin to promote expression of the genes
essential for cancer cell proliferation and survival (Fig. 7).

Discussion

Formore than a decade, BRDs have been recognized as the
principle readers of histone acetylation and are important
formediating signaling at chromatin to regulate transcrip-
tion (Sanchez and Zhou 2009). Research from our labora-
tory has shown that the YEATS domain is also a reader
of acetylation that impacts transcription. The YEATS
domain of AF9 links histone acetylation to DOT1L-de-
pendent histone H3K79 methylation during transcrip-
tional elongation (Li et al. 2014), and the ENL YEATS
domain is essential for the function of the superelongation
complex in the maintenance of AML (Wan et al. 2017). In
addition toAF9 and ENL, the human genome encodes two

Figure 6. TheGAS41YEATS domain is re-
quired for H2A.Z deposition and tumor
growth. (A) Western blot analysis of
GAS41 and H2A.Z protein levels in
shGAS41-1-expressing H1299 cells rescued
with wild-type GAS41 or the indicated mu-
tants. (B) ChIP-qPCR analysis of H2A.Z pro-
moter occupancy of the indicated GAS41-
occupied genes in shGAS41-1-expressing
H1299 cells rescued with wild-type or mu-
tant GAS41. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗)
P < 0.001, two-tailed unpaired Student’s
test. (C ) Coimmunoprecipitation analysis
of the interaction of Flag-GAS41 and the
Myc-tagged EP400 N-terminal fragment,
Tip60, and DMAP1. Asterisks indicate IgG
heavy chain. (D) Cell proliferation assay of
shGAS41-1-expressing H1299 cells rescued
with wild-type GAS41 or the indicated mu-
tants. (E) Soft agar assay of shGAS41-1-ex-
pressing H1299 cells rescued with wild-
type GAS41 or the indicated mutants. Bar,
1000 µm. (Left panels) Representative imag-
es. (Right panel) Quantified results. (∗∗∗∗) P
< 0.0001, two-tailed unpaired Student’s
test. (F ) Volumes of tumors resulting from
H1229 cells (as in A) subcutaneously trans-
planted into immunodeficient nude mice.
Mean ± SEM. n = 9–10. Tumors were moni-
tored for 5.5 wk. (∗∗) P < 0.01; (∗∗∗∗) P <
0.0001, two-tailed unpaired Student’s test.
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other YEATS domain proteins, YEATS2 and YEATS4/
GAS41, both of which are components of histone-modify-
ing or chromatin remodeling complexes (Cai et al. 2003,
2005; Suganuma et al. 2008; Wang et al. 2008).

Despite the fact that AF9 and ENL recognize acetyla-
tion on H3K9, H3K18, and H3K27, whereas YEATS2 pre-
fers H3K27ac, all three YEATS domains share a similar
mechanism for recognizing acetylation of lysine within
the “RK” motif (Li et al. 2014; Zhao et al. 2016; Wan
et al. 2017). The YEATS domain of GAS41 also uses aro-
matic residues conserved among all YEATS domains,
forming a Ser/Thr-lined sandwiching cage for encapsula-
tion of the acetyl moiety. However, in addition to recog-
nizing histone H3K27ac, GAS41 also binds strongly to
H3K14ac, a residue that lacks an “RK” motif. We were
not able to crystallize GAS41 in complex with H3K14ac,
but it will be interesting to determine in future studies
how GAS41 binds to both H3K27ac and H3K14ac with
strong affinities. Nevertheless, together, our results dem-
onstrated that recognition of acetylation on histone H3 is
a common feature of all YEATS domains involved in
diverse processes regulating chromatin and transcription.

In addition to the GAS41 YEATS domain, other
H3K14ac-specific readers have been reported, such as the
double PHD fingers of DPF3b and MOZ (Zeng et al.
2010; Ali et al. 2012; Qiu et al. 2012) and the ZMYND8
BRD (Li et al. 2016). The specificity of these acetylation
readers depends on their adjacent PHD fingers that bind
to the N-terminal H3K4 region of the same histone tail
and thus physically limit accessibility to other acetylated
lysines. In contrast, the GAS41 YEATS domain is unique
in that it is a standalone reader that can discriminate acet-
ylation onH3K14 orH3K9. BothH3K14ac andH3K9ac are
present predominately at the promoters of actively tran-
scribed genes (Li et al. 2007a) and are usually deposited
by the GCN5/PCAF-containing HAT complexes (Nagy
et al. 2010; Spedale et al. 2012; Wang and Dent 2014). It
is not clear why the YEATS domain of GAS41 specifically
recognizesH3K14ac,whereas those ofAF9 and ENLprefer
H3K9ac. The Tora laboratory (Karmodiya et al. 2012) has
shown previously that in mouse embryonic stem cells,
H3K14ac not only shares occupancy with H3K9ac at ac-

tive promoters but also is enriched at a subset of inactive
promoters, suggesting that H3K14ac may prime inactive
genes for stimulus-dependent activation. It remains to be
determined whether GAS41 also occupies the promoters
of these “poised” genes in mouse embryonic stem cells
to help regulate stimulus-responsive gene expression.

H3K27ac is an epigeneticmark of active enhancers. Bio-
chemically,GAS41 binds toH3K27ac andH3K14ac equal-
ly well; however, in cells, GAS41 is enriched at promoter
rather than enhancer regions. As the majority GAS41 pro-
teinmoieties resides in SRCAP or Tip60/p400 complexes,
it is likely that other reader modules within these com-
plexes contribute to GAS41-binding specificity in cells.
In line with this speculation, we previously identified
the PHD finger of the complex subunit ING3 as a reader
of H3K4me3 (Shi et al. 2006), which is highly enriched at
active promoters, and the chromodomain domain of
MRG15 has been shown to bind to H3K36me3 (Li et al.
2007b), which is also associated with actively transcribed
genes. Therefore, GAS41 likely cooperates with ING3,
MRG15, and possibly other undefined readers to form a
“reader module” within the SRCAP or Tip60/p400 com-
plex to facilitate the recruitment of the complex to chro-
matin. In addition, GAS41 associates with some DNA-
binding transcription factors that likelyplaya role in deter-
mining the primary localization of GAS41. For example, it
has been shown that GAS41 directly interacts with Myc,
which resides in the proximal promoter regions (Piccinni
et al. 2011). In line with these results, Ingenuity Pathway
Analysis (IPA) of our GAS41 ChIP-seq data reveals
MYCN as one of the upstream regulators of GAS41 (Sup-
plemental Table S2).

Previous studies have revealed that GAS41 is amplified
in several human cancers, such as astrocytoma (Fischer
et al. 1997), liposarcoma (Italiano et al. 2008; Persson
et al. 2008), and NSCLC (Pikor et al. 2013). Part of its tu-
mor-promoting activity is thought to bemediated through
negative regulation of the p53 pathway. For example,
GAS41 physically interacts with p53 and regulates p53
protein stability independently of the SRCAP or Tip60/
p400 complex (Park et al. 2011). In addition, GAS41 is pre-
sent at the promoters of p53-regulated genes, such as p21,
and suppresses gene expression (Park and Roeder 2006;
Pikor et al. 2013). The suppression of p21 gene expression
is dependent on the SRCAP or Tip60/p400 complex, as
eviction of H2A.Z is a prerequisite for p21 gene activation
in response to DNA damage or the onset of replicative
senescence (Gevry et al. 2007; Marques et al. 2010; Park
et al. 2010; Lee et al. 2012). In our studies, depletion of
GAS41 suppressed cell growth and survival of both p53
wild-type (e.g., A549) and mutant (e.g. H1299 and
H1993) NSCLC cell lines, suggesting that GAS41 regu-
lates the expression of a plethora of genes beyond the
p53–p21 axis. Indeed, IPA of both GAS41 ChIP-seq and
RNA-seq data in the p53-null H1299 cells reveals enrich-
ment of many pathways, including cell cycle, DNA repli-
cation, and cell death and survival.

Regulation of target gene expression by GAS41 is likely
mediated through H2A.Z, as depletion of GAS41 leads to
both gene-specific and global reduction of H2A.Z

Figure 7. Workingmodel. GAS41 binds to acetylation onH3K27
and H3K14 through its YEATS domain and facilitates the recruit-
ment of the Tip60/p400 and/or SRCAP complex to gene promot-
ers. The Tip60/p400 or SRCAP complex in turn exchanges the
canonical H2A for H2A.Z at gene promoter regions, thus promot-
ing the expression of target genes that are essential for cell prolif-
eration and survival.
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occupancy, which is important because H2A.Z has been
shown to possess an oncogenic role regulating similar
sets of genes in different types of tumors. For example,
H2A.Z is both overexpressed in and enriched at promoters
of cell cycle regulatory genes in bladder cancer (Kim et al.
2013), liver cancer (Yang et al. 2016), and melanoma (Var-
dabasso et al. 2015). Importantly, although H2A.Z is en-
riched at both active and poised gene promoters,
acetylatedH2A.Z is associated exclusivelywith gene acti-
vation (Ku et al. 2012;Valdes-Mora et al. 2012). As recogni-
tion of H3 acetylation by the GAS41 YEATS domain is
essential for the function ofGAS41 in chromatin occupan-
cyofH2A.Zand gene expression, itwould be interesting to
determine whether GAS41 can also recognize acetylation
on H2A.Z.
In summary, we identified GAS41 as a histone acetyla-

tion reader and a candidate oncogene that is amplified in
NSCLC.Given that targeting the BRDhistone acetylation
readers holds great promise for treating a variety of human
cancers (Fujisawa and Filippakopoulos 2017), the YEATS
family of histone acetylation readers may also provide at-
tractive therapeutic targets for the treatment of this
disease.

Materials and methods

ChIP and ChIP-seq analysis

ChIP analysis was performed essentially as described (Wen et al.
2014). Briefly, cells were cross-linked with 1% formaldehyde for
10 min, and cross-linking was stopped with 125 mM glycine.
The isolated nuclei were resuspended in nucleus lysis buffer
and sonicated using a Bioruptor Sonicator (Diagenode). The sam-
ples were immunoprecipitated with 2–4 µg of the appropriate an-
tibodies overnight at 4°C. Protein A/G beads were added and
incubated for 1 h, and the immunoprecipitates were washed
twice each with low-salt, high-salt, and LiCl buffers. Eluted
DNAwas reverse cross-linked, purified using a PCR purification
kit (Qiagen), and analyzed by quantitative real-time PCR on the
ABI 7500-FAST system using the Power SYBRGreen PCRmaster
mix (Applied Biosystems). Statistical differences were calculated
using a two-way unpaired Student’s t-test. The primer sequences
are listed in Supplemental Table S4.
For ChIP-seq, ChIP experiments were performed as described

above. Samples were sequenced using the Illumina Solexa HiSeq
2500. The raw reads were mapped to human reference genome
NCBI 37 (hg19) using the Solexa data processing pipeline, allow-
ing up to two mismatches. The genome ChIP-seq profiles were
generated usingMACS 1.4.2 (Zhang et al. 2008)with only unique-
ly mapped reads. Clonal reads were automatically removed by
MACS. The ChIP-seq profiles were normalized to 10,000,000 to-
tal tag numbers, and peaks were called at P-values ≤1 × 10−8. The
ChIP-seq read density was determined by deepTools and then vi-
sualized by using R.

RNA extraction, reverse transcription, and real-time PCR analysis

Total RNA was prepared using an RNeasy plus kit (Qiagen) and
reverse-transcribed using an iScrip reverse transcription kit
(Bio-Rad). qPCR analyses were performed on an ABI 7500-
FAST sequence detection system using the Power SYBR Green
PCR master mix (Applied Biosystems). Gene expression was
calculated following normalization to GAPDH levels using

the comparative Ct (cycle threshold) method. Experimental
data are presented as the mean ± standard deviation of the
mean unless stated otherwise. Statistical significance was cal-
culated using a two-tailed unpaired Student’s t-test on two ex-
perimental conditions, with P < 0.05 considered statistically
significant. The primer sequences for qPCR are listed in Supple-
mental Table S4.
RNA-seq was performed using an Illumina HiSeq 2000. Three

biological replicates were prepared for each condition. Sequenc-
ing reads were mapped to the human genome (hg19) using
TopHat (version 2.0.10). The overall mapping rate was 95%–

99%. The number of fragments in each known gene from the
RefSeq database (downloaded from UCSC genome browser on
June 2, 2014) was enumerated using htseq-count, part of the
HTSeq package (version 0.6.0) (http://www-huber.embl.de/
users/anders/HTSeq). The differential expression between condi-
tionswas statistically assessedwithR/Bioconductor package edg-
eR (version 3.8.6). Genes with a FDR of ≤0.01 and a fold change of
≥2 were called in GAS41 knockdown cells, and genes with a FDR
of ≤0.05 and a fold change of ≥1.5 were called in H2AFZ and
H2AFV knockdown cells. Hierarchical clustering was performed
using the hclust function in R using expression values estimated
by edgeR. The expression values for each gene across samples
were centered by their medians and scaled by standard deviation
before clustering. Euclidean distance and the ward.D2 clustering
methodwere used. The heatmapwas plotted using the pheatmap
function in R.

Statistical analyses

Experimental data are presented as the mean ± the standard devi-
ation of themean unless stated otherwise. Statistical significance
was calculated using a two-tailed unpaired t-test on two experi-
mental conditions, with P < 0.05 considered statistically signifi-
cant unless stated otherwise. Statistical significance levels are
denoted as follows: P < 0.05 (∗), P < 0.01 (∗∗), P < 0.001 (∗∗∗), and
P < 0.0001 (∗∗∗∗). No statistical methods were used to predeter-
mine sample size. The statistical significance of the Venn dia-
gram data was calculated using SuperExactTest in R (https
://cran.r-project.org/package=SuperExactTest).
The methods for protein production, peptide pull-downs, ITC,

cell culture, viral transduction, RNAi, cell proliferation, colony
formation assays, soft agar colony formation, and xenografts in
nude mice are described in the Supplemental Material.

Accession numbers

The ChIP-seq and RNA-seq data have been deposited in the
Gene Expression Omnibus database with accession number
GSE100347.
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