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ARTICLE INFO ABSTRACT

Keywords: EP400 is an ATP-dependent chromatin remodelling enzyme that regulates DNA double-strand break repair and
Cancer transcription, including cMyc-dependent gene expression. We previously showed that the N-terminal domain of
Chromatin remodelling EP400 increases the efficacy of chemotherapeutic drugs against cancer cells. As the EP400 N-terminal-Like
;D];I}Lcl (EP400NL) gene resides next to the EP400 gene locus, this prompted us to investigate whether EP400NL plays a
H2AZ similar role in transcriptional regulation to the full-length EP400 protein. We found that EP400NL forms a human
Epigenetic NuA4-like chromatin remodelling complex that lacks both the TIP60 histone acetyltransferase and EP400

ATPase. However, this EP400ONL complex displays H2A.Z deposition activity on a chromatin template compa-
rable to the human NuA4 complex, suggesting another associated ATPase such as BRG1 or RuvBL1/RuvBL2
catalyses the reaction. We demonstrated that the transcriptional coactivator function of EP400NL is required for
serum and IFNy-induced PD-L1 gene activation. Furthermore, transcriptome analysis indicates that EP400NL
contributes to cMyc-responsive mitochondrial biogenesis. Taken together, our studies show that EP400NL plays a
role as a transcription coactivator of PD-L1 gene regulation and provides a potential target to modulate cMyc
functions in cancer therapy.

1. Introduction

The E1A binding protein P400 (EP400) ATPase is one of the subunits
of human NuA4 (hNuA4) histone acetyltransferase (HAT) complex that
regulates transcription through chromatin remodelling of target genes
[1,2]. In addition to EP400, the hNuA4 complex consists of over 16
subunits including the phosphatidylinositol 3-kinase family protein ki-
nase homolog TRRAP (Transformation/transcription domain-associated
protein), the HAT TIP60, and bromodomain-containing BRD8 [2].
EP400 catalyses ATP-dependent H2A.Z deposition to regulate gene
expression and DNA double-strand break repair [3,4]. The TIP60-less
EP400 complex, a variant of hNuA4 complex, also promotes histone
variant H3.3 deposition at target gene loci, suggesting that EP400-
mediated histone variant (H2A.Z/H3.3) deposition activity could play
a key role in the epigenetic regulation of these genes [5,6]. In connec-
tion, the global transcription amplifier cMyc recruits the hNuA4 com-
plex, and its interactions with TRRAP and EP400 are required for cMyc-
mediated gene activation [7-9].

One of the genes regulated by cMyc is programmed death ligand-1

(PD-L1), which is required for immune checkpoint control [10,11].
The ligand-receptor interaction between PD-L1 and PD-1 has been
extensively studied as a target of cancer immunotherapy ever since it
was implicated in the suppression of cytotoxic T lymphocytes and im-
mune tolerance [12]. cMyc has been demonstrated to bind to the PD-L1
gene promoter to induce expression, however, the molecular mecha-
nisms through which this occurs are not well understood [13,14]. In
addition to cMyc-mediated PD-L1 expression, the pro-inflammatory
cytokine interferon-gamma (IFNy) also induces PD-L1 expression in a
variety of tumours including melanoma, non-small cell lung cancer
(NSCLQ), and renal cell carcinoma [15-17]. This phenomenon has been
referred to as innate immune resistance, which is a survival strategy of
tumor cells to escape immune surveillance [18-20].

We previously showed that expression of N-terminal domain of
EP400 (1-719 amino acid residues) increases the efficacy of chemo-
therapeutic drugs against U20S cancer cells [21]. Interestingly, the
EP400 N-terminal-Like (EP400NL) gene resides next to EP400 on chro-
mosome 12q24.33. The N-terminal 131-490 amino acid residues of
EP400 share 92 % sequence similarity over 84.5 % of the full-length
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EP400NL polypeptide. Despite no previous identification of any func-
tional domains and its subsequent annotation as a pseudogene, EP400NL
appears to be regulated by an independent promoter, and the exon re-
gions are highly conserved across many vertebrates (UCSC genome
browser). Given their adjacent genetic location and sequence similarity,
we hypothesized that EP400NL may have a regulatory function distinct
from its paralog EP400 in the regulation of EP400-target genes. Here, we
report that EP400NL forms a unique nuclear complex distinct from the
EP400 chromatin remodelling complex and serves as a transcriptional
coactivator in serum and IFNy-stimulated PD-L1 transcriptional
activation.

2. Materials and methods
2.1. Mammalian cell culture

Unless specified, cells were maintained in Dulbecco’s Modified Ea-
gle’s Medium (DMEM, Gibco/Life Technologies) supplemented with 5 %
fetal bovine serum (FBS) and 0.5 % Penicillin-Streptomycin and 5 %
CO,. For serum starvation, cells were grown for 48 h in the DMEM
medium containing 1 % FBS and then stimulated with 20 % FBS. IFNy
was used at 5 ng/ml for IFNy stimulation (Carlsbad, CA 92008, USA).

2.2. Generation of EP400NL indel mutation by CRISPR/Cas9

EP400NL targeted guide RNA (AGGTTGTGGCCAGAAAGCAQ),
luciferase targeted guide RNA (AACGCCTTGATTGACAAGGA), and
scrambled guide RNA (AAACATGTATAACCCTGCGC) were used to
produce indel mutations according to the procedure using eSpCas9-
LentiCRISPR,v2, (Genscript, Hong Kong, China) [22].

2.3. Purification and elution of EP400NL complex

Flp-In™ T-REx™ cell line that stably expresses EP400NL was
generated using the Flp-In™ T-Rex™ System (Invitrogen). Flp-In™T-
REx™ cells are HEK293T cells with a stably integrated flip recombina-
tion target (FRT) site. EP400NL was cloned into the pcDNA5/FRT/TO
expression vector and then co-transfected with pOG44 DNA expressing
Flp recombinase. The transfected cells were treated with 30 pg/ml of
hygromycin and the resistant colonies were screened by checking the
tetracycline-inducible expression of EP400NL. The resultant Flp-In T-
Rex monoclonal cells were fractionated after tetracycline induction ac-
cording to the Dignam and Roeder nuclear extraction method [23].
Briefly, approximately 5 x 108 cells of tetracycline-induced Flp-In T-Rex
cell line were harvested and prepared for a nuclear soluble fraction. The
fraction was subjected to gel filtration chromatography using Bio-Gel
Al.5 resin equilibrated with streptavidin binding buffer (10 mM Tris,
pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.0, 0.1 % NP40, and 10 mM 2-
Mercaptoethanol). TAP-EP400NL protein, tagged with both
streptavidin-binding peptide (SBP) and calmodulin-binding peptide
(CBP) was affinity-purified by using streptavidin-conjugated agarose
beads (EZview™ Red Streptavidin Affinity Gel, Sigma-Aldrich).

2.4. Histone acetyltransferase assay

A plasmid containing 16 repeats of 601-Widom nucleosome posi-
tioning sequences (pUC19/601 x 16) was utilized for generating multi-
nucleosomes using Hela-free histones. 2 x HAT buffer (40 mM Tris pH
9.0, 100 mM KCl, 1 mM EDTA, 10 mM DTT, 20 mM sodium butyrate, 10
% glycerol), 1 ug of the assembled chromatin, and immunoprecipitated
proteins were initially incubated for 10 min at 30 °C, followed by the
addition of ['*C]-Acetyl-coenzyme A (0.02 pCi), and incubated for
another 1 h at 30 °C. The reactions were inactivated by the addition of 6
pl of 6 x SDS sample buffer. Samples were boiled at 90 °C for 5 min
before 10-15 % SDS-PAGE analysis. Proteins were transferred onto a
membrane blot and immediately stained with Ponceau S for detecting
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histone proteins. Membranes were air-dried in the air circulating safe
cabinet overnight and exposed to Biomax MS film at —80 °C for 5 days
for radioactive signal exposure.

2.5. H2A.Z deposition assay

A plasmid containing 16 repeats of 601-Widom nucleosome posi-
tioning sequences (pUC19/601 x 16) was used to assemble the chro-
matin substrate. Biotin labelling of the nucleosome assembly was
conducted using the EZ-Link™ Psoralen-PEG3-Biotin kit (Thermo Sci-
entific™) according to the manufacturer’s instructions. The partially
purified enzyme fractions were added to the reaction mixture containing
100 ng FLAG-H2A.Z/H2B dimer, 500 ng assembled chromatin, 1x
protease inhibitor (Roche), and 1 mM ATP and incubated for 1 h at
30 °C. The chromatin was harvested by the streptavidin-conjugated
agarose beads (EZview™ Red Streptavidin Affinity Gel, Sigma-
Aldrich), and analysed by immunoblotting.

2.6. Dual-luciferase reporter assays

HEK293TGal4-Luciferase cells were seeded in 24-well plates and
transfected with CbF-Gal4Myc (20 ng), pRenilla-CMV (1 ng), and plas-
mids expressing various cofactors (200 ng) using Effectene transfection
reagent (QIAGEN). After 48 h, firefly luciferase and renilla luciferase
activities were measured using the Dual-Luciferase® Reporter Assay
System (Promega). Experiments were conducted in triplicate and aver-
aged firefly luciferase activity was normalized to the corresponding
Renilla activity.

2.7. Confocal microscopy

Cells were seeded in a 6-well plate at a density of 1.5 x 10° cells/ml
and grown on UV sterilised coverslips. Cells were processed according to
manufacturer’s instructions (R&D Systems: rndsystems.com/IHCProt
ocol) and imaged on a Zeiss LSM900 confocal laser scanning
microscope.

2.8. Quantitative reverse transcription-PCR (RT-qPCR)

Total RNA was purified using Trizol according to the manufacturer’s
instruction (R2070 including DNasel digestion step, Zymo Research,
Australia) and the quantity and quality (Aggo/Aggo) of purified RNA
were assessed by Nanodrop spectrophotometer. The primer pairs of
GUSB (beta-glucuronidase, reference gene) and PD-L1 were obtained
from a commercial source (QuantiTect primer assay, GUSB:
QT00046046; PD-L1: QT00082775, Qiagen). Triplicate samples of 4 pl
from total RNA preparations were analysed using SensiFAST SYBR No-
Rox One-Step Kit (Bioline, Australia) [0.2 pM forward and reverse
primers, 12.5 pl of enzyme reaction mixture, 0.2 pl of reverse tran-
scriptase and Taq DNA polymerase mixture]. PCR was performed at
45 °C for 30 min for cDNA synthesis and followed by conventional
quantitative PCR (95 °C for 5 s and 60 °C for 30 s, 40 cycles) on a Roche
Lightcycler 480. Serially diluted RNA samples were used to generate a
standard curve for both GUSB and PD-L1 using the average of Cp values
versus log [1/dilution factor]. The correlation coefficient r between Cp
and log [relative abundance] on a standard curve was used as a PCR
quality control. The relative expression levels of PD-L1 were determined
by normalising against the expression levels of GUSB.

2.9. Chromatin immunoprecipitation-quantitative PCR (ChIP-qgPCR)
assays

Chromatin immunoprecipitation (ChIP) assays were performed ac-
cording to the Abcam high-sensitivity ChIP kit (ab185913, Abcam). The
antibodies and primer information [24,25] are summarised in supple-
mentary tables 1 and 2.
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2.10. Transcriptome analysis

For RNA sequencing, the expression of TAP-tagged EP400NL in the
Flp-In™ T-Rex™ cell line was induced by 1 pM tetracycline treatment in
normal growth medium for 12 h and RNA was manually extracted with
Trizol. Library was prepared with TruSeq Stranded Total RNA with Ribo-
Zero H/M/R_Gold (Illumina) and sequenced with the Illumina NovaSeq
platform. For RNA sequencing analysis, the adaptors were trimmed with
Trimmomatic [26]. STAR, featurecount, DESeq2 were used for align-
ment, gene quantification, and analysis of differential gene expression
[27-29]. In DEseq2, p-value was determined with Benjamini-Hochberg
method. cMyc target genes were retrieved from Public RNA-seq data
(accession number: GSE164926) [30] and compared with the EP400NL-
upregulated genes.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism software
version 8.0 (GraphPad Software Inc., San Diego, CA, USA). Data were
compared with either a one-way or two-way ANOVA statistical test
depending on the experimental design and followed by either Dunnett’s
multiple comparisons, Tukey’s multiple comparisons, or Sidak’s multi-
ple comparisons as appropriate and indicated in the text. All data shown
were determined from independent experiments and presented as the
mean =+ SD.

3. Results

3.1. EP400NL forms a nuclear complex distinct from the EP400
chromatin remodelling complex

To identify EP400NL-associated proteins, the Flp-In™ T-Rex™ stable
cell line was generated to inducibly express TAP-tagged EP400NL in a
tetracycline-dependent manner (Supplementary Fig. 1). Inducible
expression of the TAP-tagged EP400NL and endogenous EP400NL was
confirmed by immunoblotting (Fig. 1A). To characterise the subcellular
distribution, cytosolic, soluble nuclear, and insoluble nuclear fractions
were analysed by immunoblotting and showed that EP40ONL was pre-
dominantly detected in the soluble nuclear fraction (Fig. 1B, left panel).
The nuclear localisation of tetracycline-induced TAP-EP400NL was
further verified by confocal microscopy on cells co-labelled with DAPI
(Fig. 1B, right panel).

To identify EP400NL-associated proteins, TAP-tagged EP400NL
complex was isolated from the soluble nuclear fraction of the
tetracycline-induced cell line by a combination of size exclusion chro-
matography and SBP affinity tag purification. The purified protein
complexes were then resolved by SDS-PAGE and identified by mass
spectrometry (Fig. 1C). Not surprisingly, most of the identified proteins
were integral components of hNuA4 chromatin remodelling complexes
including BRD8, BAF53, DMAP1, RuvBL2 (TIP48), MRGBP, and YEATS4
[2,31].

Consistent with the results obtained from the mass spectrometry,
FLAG-tagged EP400NL that was transiently expressed in HEK293T cells
co-immunoprecipitated with BRG1, BRD8, BAF53, and RuvBL2
(Fig. 1D). FLAG-tagged EP400NL also appears to be associated with the
endogenous EP400, albeit with an insignificant level (Fig. 1D, lane 6 of
EP400 blot). Given the transient overexpression condition, the weak
EP400 signal observed in the co-immunoprecipitation reaction is likely
due to the nonspecific mass action that does not occur in the Flp-In™ T-
Rex™ stable cell line used in the purification process. RuvBL1 (TIP49) is
known to form a hetero-oligomeric complex with RuvBL2 in most
human nuclear complexes [32]. Although RuvBL1 was not identified by
the mass spectrometry, it was confirmed to interact with EP400NL by co-
immunoprecipitation. Interestingly, BRG1, a core ATPase subunit of the
human SWI/SNF chromatin remodelling complexes, was identified as a
component of the EP400NL-associated proteins by the mass
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spectrometry and further confirmed by co-immunoprecipitation
(Fig. 1D, a-BRG1 blot, lane 6). BRG]l has not been reported as a
component of the hNuA4 complex [1,2,31], however, it does associate
with EP400NL. It is also associated with FLAG-tagged DMAP1 but not
FLAG-tagged TIP60 in the co-immunoprecipitation assay (Fig. 1D,
a-BRG1 blot, lanes 6, 7 versus 8). Proteins bound to FLAG-tagged
EP400NL, -DMAP1, and -TIP60 were partially purified respectively
under native conditions by FLAG peptide elution (Fig. 1E, left panel,
a-FLAG blot). The HAT assay using **C-labelled acetyl coenzyme A and
chromatin as substrates showed a lack of HAT activity from the
EP400NL complex, suggesting that TIP60 or any other HAT is not
associated with EP400NL or the HAT activity is suppressed within the
EP400NL complex (Fig. 1E, right panel, 1*C-labelled histones, lane 2).
The presence of BRG1 and the lack of detection of TRRAP, EP400, and
HAT activities (Fig. 1) together indicate that EP400NL is a component of
a nuclear complex that is distinct from the hNuA4 complex.

3.2. The EP400NL nuclear complex catalyses an H2A.Z deposition in
chromatin in vitro

The identification of H2A.Z as an EP400NL-interacting protein by
mass spectrometry (Fig. 1C) led us to investigate whether this complex
mediates ATP-dependent H2A.Z deposition as previously shown by the
EP400 complex [4,33]. FLAG-tagged H2A.Z/H2B dimers were used as a
substrate to determine whether the purified FLAG-tagged EP400NL
complex catalyses H2A.Z deposition into chromatin (Fig. 2A). As a
positive control, the hNuA4 complex was purified from HeLa nuclear
extract using FLAG-tagged TIP60, and the presence of each core protein
(RuvBL1, RuvBL2, and BAF53) was confirmed by immunoblotting
(Fig. 2B). Consistent with the mass spectrometry data, BRG1 was found
in the EP400NL complex but not in the hNuA4 complex. Plasmids con-
taining the 601-Widom nucleosome positioning repeats (pUC19/601 x
16) were biotinylated and used to generate synthetic chromatin with
recombinant core histones (H2A, H2B, H3, and H4). Synthetic chro-
matin assemblies were validated by micrococcal nuclease (MNase)
digestion that showed a 200-bp spaced ladder (Fig. 2C). In the presence
of ATP, the EP400NL complex catalysed an increase in FLAG-H2A.Z
deposition activity into chromatin 5-fold over background, as did the
hNuA4 complex (Fig. 2D). This result, together with H2A.Z found in the
purified EP400NL complex, suggests that the EPA0ONL complex has the
potential to catalyse H2A.Z incorporation into chromatin in vivo and
facilitate transcriptional activation.

3.3. EP400NL serves as a coactivator of GAL4Myc-mediated
transcriptional activation

Given EP400NL forms a nuclear complex with subunits in common
with the EP400 chromatin remodelling complex [7,34], the ability of
EP400NL to act as a coactivator was tested. To that end, luciferase ac-
tivity in 293TGal4-Luciferase cells [35,36] was determined in the
presence of increasing ectopic expression of EP400NL (Fig. 3A). In the
presence of a steady amount of the GAL4Myc transcription activator, a
dose-dependent increase in luciferase activity of up to three-fold was
observed (Fig. 3A, right panel), confirming that EP400NL acts as a
coactivator of cMyc transactivation domain.

To demonstrate activator-dependent recruitment of EP400NL to
target genes, chromatin immunoprecipitation (ChIP) was performed on
293TGal4-Luciferase cells in the presence or absence of ectopic FLAG-
tagged GAL4Myc. A similar induction level of TAP-tagged EP400NL
was confirmed by immunoblot analysis (Fig. 3B). The enrichment of
EP400NL at the GAL4 binding site was significantly increased by
approximately 8-fold in the presence of GAL4Myc, indicating that the
recruitment of EP400NL is dependent on GAL4Myc (Fig. 3C). As ex-
pected, neither GAL4Myc nor EP400NL was enriched in the distal exon
region of p21. Taken together, these results suggest that EP400NL is
recruited to the promoter to activate gene expression in a DNA-binding
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Fig. 1. EP400NL forms a nuclear complex similar to the EP400 chromatin remodelling complex.

(A) Immunoblot analysis of lysates from HEK293 Flp-In™ T-Rex™ cells stably transfected with tetracycline-inducible TAP-tagged EP400NL. TAP-tagged EP400NL
(60 KDa in molecular mass) and endogenous EP400NL (52 kDa in molecular mass) are shown by anti-EP400NL and anti-CBP TAP-tag immunoblots. (B) Cellular
fractionation of EP400NL. Input control (IPT), cytosolic fraction (CT), soluble nuclear fraction (SN), and insoluble nuclear pellet (IN) were analysed by immuno-
blotting (left panel). PPM1B, MED30, and Lamin A/C are used as the markers of cytosol, nucleoplasm, and an insoluble component of the nuclear pellet, respectively.
The subcellular localization of TAP-EP400NL was analysed by immunocytochemistry with anti-EP400NL and counterstaining with DAPI (right panel). Scale bar = 10
pm. (C) Colloidal Coomassie Blue G250 staining of EP400NL nuclear complex. Proteins were purified from Flp-In™ T-Rex™ cell lines expressing TAP-EP400NL or the
parental control, and resolved by SDS-PAGE. Excised gel slices were analysed by mass spectrometry and identified proteins are shown. (D) Interaction of EP400NL
with the candidate proteins by co-immunoprecipitation. HEK293T cells were transiently transfected with plasmids expressing HA-GST, FLAG-EP400NL, FLAG-
DMAP1, or FLAG-TIP60 and the cell lysates were immunoprecipitated with anti-FLAG antibody. The immunoprecipitates were analysed by immunoblotting using
antibodies as indicated. A solid dividing line on the BRG1 blot indicates a conjoined image of two blots from a lower and higher exposure. (E) HAT assay of EP400ONL
nuclear complex. The amounts of partially purified FLAG-tagged EP400NL, -DMAP1, and -TIP60 after FLAG peptide elution were assessed by immunoblotting (left
panel). Detection of the radioactively labelled histones catalysed by the associated HAT is shown (right panel). Equivalent loading of histone proteins was validated
by Ponceau staining. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. EP400NL nuclear complex catalyses H2A.Z
deposition activity in the chromatin in vitro.

(A) Schematic illustration of H2A.Z deposition assay.
(B) Purified protein preparations used in the H2A.Z
deposition assay were analysed by immunoblotting
for the core components of the protein complexes
including EP400, EP400NL, RuvBL1, RuvBL2, BRG1,
and BAF53. (C) Micrococcal Nuclease (MNase)
digestion assay of the assembled chromatin. Chro-
matin substrates assembled with either biotin-
labelled pUC19/601 x 16 or unlabelled plasmid
DNA were digested by two different concentrations of
MNase (3.75 x 1073 U (low); 1.5 x 1072 U (high))
and analysed by 1 % agarose gel electrophoresis. (D)
Detection of FLAG-H2A.Z incorporation into the
chromatin substrate by immunoblotting. The re-
actions were resolved by SDS-PAGE and H2A.Z
deposition activities were analysed by anti-FLAG
immunoblot (top panel). The relative intensity of
FLAG-H2A.Z was initially normalized to the H2B
signals and the normalized value from the negative
control (PBS and non-biotinylated chromatin) was set
to one and the relative activities from other samples
were plotted (bottom panel) [One-way ANOVA, F
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transcription factor-dependent manner.

No functional domains within EP400NL have been identified to date,
however, the bioinformatics prediction tool InterPro was used to predict
several potential functional regions within EP400NL (Fig. 3D). To
investigate the importance of these regions in the interactions with
BAF53, BRDS, and BRG], full-length EP400NL and four deletion mu-
tants of EP40ONL were generated and transiently expressed in HEK293T
cells (Fig. 3E). While all of the mutants retained the ability to interact
with BAF53, BRD8 and BRG1, two deletion mutants of EP400NL
(A246-260 and A360-419) showed a modest decrease in the interaction
with BAF53 even at higher levels of ectopic expression than that of wild-
type EP400NL (Fig. 3E). In addition, two EP400NL mutants (A1-50 and
A360-419) appear to show an enhanced association with BRD8
compared to the wild-type and other EP400NL mutants. The deletion
studies of EP400NL suggest that the distal ends of EP400NL play an
important role in the interaction with BAF53 and BRD8, which would
affect its transcriptional coactivator function.

To examine whether the mutants also retained coactivator activity,
they were tested for their ability to co-activate GAL4Myc-mediated
luciferase reporter expression. The A1-50 deletion mutant showed a
modest increase in coactivator activity, whereas the deletion of either

residues 246-260 or 360-419 resulted in the complete loss of coac-
tivator activity compared to full-length EP400NL (Fig. 3F).

3.4. EP400NL serves as a coactivator for both serum and IFNy-induced
PD-L1 gene activation

Given that EP400NL was recruited to the promoter by the cMyc
transactivation domain (Fig. 3C), a possible involvement of EP400NL in
PD-L1 gene regulation was explored since upregulation of PD-L1 is
considered one of the critical therapeutic cMyc targets in cancer. Serum
serves as a source of various growth hormones and growth factors. It is
well-known to activate cMyc and stimulate cellular proliferation, both of
which are correlated with PD-L1 expression [37,38]. TAP-EP400NL
expression in Flp-In™ T-Rex™ cells resulted in a 3.2-fold increase in
PD-L1 mRNA in the presence of serum stimulation (Fig. 4A, Ser+/Tet+).
Consistent with the effect on PD-L1 mRNA level, PD-L1 protein increased
2-fold compared to the untreated cells (Fig. 4B).

As IFNy increases PD-L1 expression in tumours [14-17], it was
investigated whether EP400NL also enhances IFNy-induced PD-L1
expression. IFNy treatment alone increased PD-L1 mRNA expression
by approximately 2-fold and additional treatment of either serum or
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Fig. 3. EP400NL serves as a coactivator in GAL4Myc-mediated transcriptional activation.

(A) Titration of EP400NL expression in 293TGal4-Luciferase cells using firefly luciferase reporter assays. Expression of EP400NL was confirmed by anti-FLAG
immunoblot (left panel) and the relative firefly luciferase activities were plotted against the amount of DNA used in the transfection (right panel). [One-way
ANOVA, F (5,12) = 61.11, p < 0.0001; Dunnett’s post-hoc test, **p < 0.01, ***p < 0.001, ****p < 0.0001] (B) 293TGal4-Luciferase cells were co-transfected with
plasmids expressing either HA-GST (control) or FLAG-GAL4Myc together with TAP-EP400NL. Transgene expression before ChIP analyses was confirmed by
immunoblotting. (C) ChIP analyses were performed using anti-CBP for TAP-tagged EP400NL (left), anti-FLAG for GAL4Myc (middle), and IgG as a negative control
(right). GAL4-DBS (GAL4 DNA binding site), p21 (p21 distal exon region). [Two-way ANOVA, F (; 4y = 225.7, p = 0.0001 (CBP), F (1 4) = 107.0, p = 0.0005 (FLAG);
Sidak’s post-hoc test, ***p < 0.001, ****p < 0.0001]. (D) Schematic presentation of four deletion mutants of EP400NL. White boxes represent the seven predicted
functional sites by the bioinformatic tool (InterPro). Four EP400NL deletion mutants (A1-50, A141-156, A246-260, and A360-419) were generated based on the
InterPro prediction (blue boxes). (E) Co-immunoprecipitation assays of full-length FLAG-tagged EP400NL (NL 1-419) and deletion mutants. (F) Firefly luciferase
reporter assays in 293TGal4-Luciferase cells. The cells were transfected with either 150 ng or 250 ng of plasmid DNA expressing full-length EP400NL or the deletion
mutants together with 1 ng of Gal4Myc expression plasmid. [Two-way ANOVA, F (5 24) = 50.28, p < 0.0001; post-hoc Tukey’s HSD, **p < 0.01, ****p < 0.0001]. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

increased TAP-EP400NL resulted in an additive effect (Fig. 4C). Inter-
estingly, PD-L1 gene expression was synergistically upregulated up to 8-
fold by triple treatments with IFNy, serum, and TAP-EP400NL induction
(Fig. 4C, IFNy+/Serum+/Tet+). A similar pattern of PD-L1 protein
expression was observed in the triple-treated cells with a 2.5-fold in-
crease compared to the control cells (Fig. 4D).

To confirm the activation of PD-L1, Flp-In™ T-Rex™ cells were
tetracycline-induced to express TAP-EP400NL in the presence and
absence of serum and [FNy treatment and then stained with anti-PD-L1
and anti-EP400NL antibodies, and DAPI for microscopic imaging. While
increased EP400NL expression was detected after tetracycline induc-
tion, PD-L1 levels were unchanged in the absence of serum- or IFNy

stimulation (Fig. 4E and F, top two panels). However, all cells expressed
a higher level of PD-L1 after serum or IFNy stimulation, which was
further increased after EP400NL induction (Fig. 4E and F, bottom two
panels). Taken together, these results indicate that EP400ONL requires
simultaneous signals from serum or IFNy treatment to exert its strong
coactivator function in the activation of PD-L1.

In contrast to wild type EP400NL, neither deletion mutants
(A246-260 and A360-419) enhanced the serum and IFNy-stimulated
expression of PD-L1 mRNA (Fig. 4G) or protein (data not shown). These
data confirm that the regions of EP400NL between amino acids 246-260
and 360-419 are critical for the EP400NL-mediated coactivator
function.
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To further confirm the role of EP400NL in mediating serum- and
IFNy-mediated PD-L1 gene activation, CRISPR/Cas9-mediated EP400NL
indels were generated in H1299 cells. To confirm the presence of indels
at the target sites, high-resolution melting peak analysis (HRM) was
employed to examine melt peak shifting and relative fluorescent signal
differences of the dissociation curves (Supplementary Fig. 2). Two-
biological replicates of each EP400NL indel cell line show the alter-
ation of genomic DNA at the intended deletion sites and significantly
decreased protein expression of endogenous EP400NL (Fig. 5B and D,
anti-EP400NL immunoblots). However, the targeted deletion of

were transiently transfected with plasmids expressing
either full-length EP400NL (1-419) or two deletion
mutants (A246-260 and A360-419). PD-L1 mRNA
levels induced by serum stimulation (left panel) or
IFNy stimulation (right panel) were determined by
RT-qPCR assays [Two-way ANOVA, F3 g = 18.60, p
= 0.0006 (Serum stimulation). F (3g) = 7.112, p =
0.012 (IFNy sensitization); post-hoc Tukey’s HSD, *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001].

GST
EP400NL 1-419
EP400NL A246-260
EP400NL A360-419
—_—

EP400NL did not completely abrogate the endogenous EP400NL protein,
suggesting that a portion of the polyclonal cell population still expresses
EP400NL.

To investigate if the downregulation of EP400NL can affect serum-
and IFNy-mediated PD-L1 expression, the two EP400NL indel lines
(Indel-A, Indel-B) were used to examine PD-L1 expression over time
following serum or IFNy stimulation. H1299 control cells displayed a
100-fold increase in PD-L1 mRNA after 6 h of serum stimulation,
whereas the polyclonal EP400NL indel H1299 cells showed a compro-
mised transcriptional induction profile with only a 30-fold increase at
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Fig. 5. EP400NL enhances both serum and IFNy mediated PD-L1 expression.

(A and C) PD-L1 mRNA expression levels in H1299 cell lines carrying EP400NL indels. These experiments were conducted under the condition of either serum
stimulation (A) or IFNy stimulation (C). The basal PD-L1 expression level of each cell line set to one and the expression levels of PD-L1 were calculated against their
basal expression levels [Two-way ANOVA, F (4 25) = 21.10, p < 0.0001 (Serum stimulation), F (3 29) = 36.56, p < 0.0001 (IFNy sensitization); post-hoc Tukey’s HSD,
**p < 0.001 (Scr. versus Indel-A, IFNy sensitization), ***p < 0.001 (Luci. Vs. Indel-A, IFNy stimulation) ****p < 0.0001 (Scr. versus Indel-A or Indel-B, serum
stimulation)]. (B and D) EP400NL immunoblots for H1299 cell lines established by CRISPR-Cas9 system: Mock, gRNA-luciferase (Luci.), gRNA-scrambled random
sequence (Scr.), gRNA-EP400NL-A (Indel-A), and gRNA-EP400NL-B (Indel-B). Protein expression levels of endogenous PD-L1 under either serum stimulation (B) or

IFNy stimulation (D) were examined by immunoblotting, respectively.

the same time point (Fig. 5A). Similarly, IFNy-induced PD-L1 expression
was also decreased in the EP400NL indel cell lines, with a significantly
lower expression level in one of the biological replicates (Indel-A)
(Fig. 5C). Taken together, the loss of function studies using CRISPR/
Cas9-mediated indels confirm the critical role of EP400NL in driving
both serum and IFNy-mediated PD-L1 transcriptional activation. How-
ever, the weaker transcriptional activity of the PD-L1 gene caused by
EP400NL indels failed to show significant downregulation of PD-L1
protein by immunoblotting (Fig. 5B and D). Since PD-L1 expression is
known to be regulated at multiple levels, including translational and
post-translational regulations [19,39-45], the mechanism behind this
discordance needs further investigation.

3.5. The EP400NL nuclear complex interacts with cMyc and binds to the
PD-L1 promoter in a serum stimulation-dependent manner

It was next investigated as to whether the interaction of cMyc with
EP400NL complex occurs under physiological conditions using the sta-
ble Flp-In T-Rex cell line. Following tetracycline induction and serum
stimulation, TAP-EP400NL was immunoprecipitated and the presence of
endogenous cMyc, BRG1, RuvBL1, and RuvBL2 was detected (Fig. 6A,
lanes 6 and 8). The reverse immunoprecipitation using anti-cMyc, anti-
BRG1, anti-RuvBL1, and anti-RuvBL2 antibodies resulted in immuno-
precipitation of TAP-EP400NL (Fig. 6B, lanes 6, 8, 10, and 12). These
results further support a hypothesis that cMyc directly interacts with the
EP400NL nuclear complex containing BRG1, RuvBL1, and RuvBL2.

To examine whether EP400NL is recruited to the PD-L1 promoter in a

serum stimulation-dependent manner, ChIP was performed following
induction of TAP-EP400NL expression in Flp-In™ T-Rex™ cells. Cells
were serum-starved to maintain a low growth rate and then treated with
high serum to promote cell growth. Despite serum stimulation, no sig-
nificant increase of cMyc enrichment at the PD-L1 promoter was
detected, however, TAP-EP400NL induction enhanced cMyc enrichment
upon serum stimulation (Fig. 7A, cMyc panel). BRG1 and RuvBL2
showed a similar recruitment pattern in which both serum stimulation
and tetracycline induction of EP400NL resulted in a significantly higher
enrichment than serum stimulation or EP400NL induction alone
(Fig. 7A). These data indicate that cellular signals induced by serum
stimulation are prerequisite for the enrichment of BRG1 and RuvBL2
ATPases near the cMyc binding site of the PD-L1 gene, which can be
significantly enhanced by EP400NL.

To determine whether the activation of PD-L1 is associated with
H2A.Z deposition at the PD-L1 promoter in vivo, ChIP analysis was
performed following serum and IFNy stimulation (Fig. 7B). The result
indicates that activation of the PD-L1 promoter is accompanied by
inducible increases in H2A.Z deposition where the EP400NL complex
may contribute to the epigenetic alteration of the chromatin that leads to
gene activation.

3.6. EP400NL plays a role in the gene regulation involved in
mitochondrial biogenesis

To identify EP400NL-responsive genes, the transcriptional profile of
the tetracycline-induced Flp-In T-Rex cell line was examined in the
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Fig. 6. EP400NL complex interacts with cMyc.

(A) Co-immunoprecipitation experiments for the protein-protein interaction of EP400NL, cMyc, BRG1, RuvBL1, and RuvBL2. EP400NL protein complexes were
precipitated by streptavidin beads followed by the validation of both anti-EP400NL and anti-CBP immunoblots. The co-precipitations of cMyc, BRG1, RuvBL1, and
RuvBL2 were confirmed by the immunoblots. (B) Reverse co-immunoprecipitation experiments were performed with the same cell lysates in (A). Inmunoprecipitates
by anti-cMyc, anti-BRG1, anti-RuvBL1, and anti-RuvBL2 antibodies (Ab.) were examined by both anti-CBP and anti-EP400NL immunoblots.

absence of additional serum and IFNy-stimulation, to avoid a universal
upregulation of genes by serum and IFNy [46]. Under these conditions,
the majority of genes, including PD-L1, were not differentially expressed
above 1.5-fold range (Fig. 8A). The 121 genes with over 1.5-fold upre-
gulation were further analysed by gene ontology (Fig. 8B), which
revealed upregulation of housekeeping functions such as mitochondrial
translation. EP400NL-dependent upregulations of three target genes for
mitochondrial ribosomal proteins (MRPL15, MRPL27, and MRPL54)
were further verified in a different cell line (Supplementary Fig. 3). The
mitochondrial ribosomes are well-known cMyc targets to promote cell
proliferation, mitochondrial biogenesis, and cancer [47-50]. In addi-
tion, 34.9 % of EP400NL-responsive genes (p-value < 0.05) overlapped
with cMyc-upregulated genes (accession number: GSE164926) (Fig. 8C)
[30]. Consistent with this finding, H1299 cell lines with EP400NL indels
showed slower cell proliferation and increased cell distribution in the
GO/G1 cell cycle (Supplementary Fig. 4). Taken together, the results
may suggest that EP400NL regulates the subset of Myc target genes that
are important in cell proliferation.

4. Discussion

Here we have determined that EP400NL, previously thought to be a
pseudogene, forms a chromatin-remodelling complex similar to the
EP400 complex. EP400NL itself is not an ATPase but our studies
demonstrate that it is a component of a nuclear multi-protein complex
that can catalyse an ATP-dependent H2A.Z deposition. In addition,
upregulation of EP400NL enhances not only the expression of PD-L1

gene but also cMyc target genes involved in mitochondrial biogenesis.

EP400NL appears to form a variant complex similar to the TIP60-
deficient EP400 complex but containing the BRG1 ATPase. The associ-
ation of BRG1 with the EP400NL complex may be relatively weaker and
transient as the amount of BRG1 co-purified by EP400NL is minimal
compared to other shared core subunits of the complex. BRG1 ATPase
contains a highly conserved bromodomain at the C-terminus, and it
might confer a missing ATPase function to the EP400NL complex [51].
Interestingly, the BRG1-containing BAF complex is also known to play a
role in H2A.Z deposition in embryonic stem cells but little is understood
about its molecular mechanism [52]. It is tempting to speculate that the
EP400NL complex is a carrier of BRG] in certain genomic regions of
H2A.Z deposition activity, however, the connection between BRG1 and
EP400NL complex-mediated H2A.Z deposition and the coactivator
function remains to be further elucidated.

Although the level of cMyc was not altered significantly by serum
stimulation in the EP400NL inducible Flp-In™ T-Rex™ cells, serum
stimulation in the presence of upregulated EP400NL enhanced cMyc
binding to the PD-L1 promoter. ChIP data shows that the recruitment of
EP400NL to the target promoter requires the binding of DNA binding
transcription factors such as cMyc or other unknown serum-stimulated
factors at the promoter and seems to play a role in the stabilised DNA
binding activity through the protein-protein interactions [53]. The co-
immunoprecipitation studies of cMyc and components of the EP400NL
complex and their co-enrichment at the cMyc binding site of the PD-L1
promoter support the model that cMyc recruits epigenetic modifying
complexes to the target gene promoters for transcriptional activation
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(A) The enrichment of cMyc, EP400NL, BRG1, and RuvBL2 at the PD-L1 promoter of Flp-In™ T-Rex™ cell line stably expressing tetracycline-inducible EP400NL. The
purified DNA after ChIP reactions was analysed by qPCR over the regions of PD-L1 promoter (Myc binding site) or GAPDH promoter. Four combinations of the
experimental conditions (the presence and absence of serum and tetracycline: +Ser/+Tet) were used in the ChIP analyses [Two-way ANOVA, F (; gy = 36.01, p =
0.0003 (cMyc), F (1,8 = 263.7, p < 0.0001 (CBP), F (1 5) = 13.57, p = 0.0062 (BRG1), F (1,8) = 103.6, p < 0.0001 (RuvBL2); post-hoc Tukey’s HSD, *p < 0.05, **p <
0.01, ***p < 0.001]. (B) In vivo enrichment of H2A.Z at the PD-L1 promoter in Flp-In™ T-REx™ cell line that stably expressing tetracycline-inducible EP400NL. The
purified DNA after ChIP reactions was analysed by gPCR over the regions of PD-L1 promoter (Myc binding site) or GAPDH promoter. Two experimental conditions
(the presence and absence of tetracycline: +Tet) were used in the ChIP analyses under both serum and IFNy stimulation [Two-way ANOVA, F ;4 = 11.49,p =
0.0276 (TAP-EP400NL), F (1,4) = 10.26, p = 0.0328 (FLAG-H2A.Z); post-hoc Tukey’s HSD, *p < 0.05].

(Supplementary Fig. 5). Additionally, the PD-L1 expression pattern from
cells with EP400NL indels suggests that EP400NL is required at an early
stage of the transcriptional activation within 6 h of serum stimulation
(Fig. 5A, left panel). PD-L1 overexpression is a predictor of recurrent
cancer incidence and is associated with a poor prognosis in cancer pa-
tients [13,54]. Consistent with the role in the PD-LI gene regulation,
cMyc expression correlates with PD-L1 expression in NSCLC [14]. In
connection, a meta-analysis of mRNA expression profile identified
EP400NL being upregulated in lung adenocarcinoma tissue from cancer
patients who have a smoking history [55]. Multiple transcription factors

10

and epigenetic protein complexes including the hNuA4, EP400, and
BRG1-containing BAF complexes have been identified as interacting
partners with cMyc to induce and maintain cancerous phenotypes
[2,7,8,34,56-63]. Given that cMyc regulates ~15 % of all human genes,
it is surprising to see only a small number of genes to be EP400NL
responsive in our transcriptome analysis. Hence, the EP400NL complex
is likely to be involved in a subset of cMyc functions such as immune
evasion and mitochondrial biogenesis. cMyc is implicated in mito-
chondrial biogenesis through mitochondrial translation, protein import,
and complex assembly [50]. It is not clear how cMyc-stimulated
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mitochondrial biogenesis is implicated in cancer phenotypes but is
thought to prepare cells for cell cycle entry. Downregulation of mito-
chondrial biogenesis would explain the slow cell growth and abnormal
cell cycle distribution as observed in the EP400NL indels (Supplemen-
tary Fig. 4).

The importance of the PD-L1 pathway in advanced cancers has been
demonstrated by impressive therapeutic success using antibody-based
blockage of the immune evasion pathway in combination with con-
ventional cancer therapies [10,11,64-67]. Given that cMyc plays a
critical role in regulating immune evasion, a specific epigenetic regu-
lator in Myc-dependent transcription might provide an opportunity to
interfere with the immune evasion mechanism of cancer cells. Small-
molecule agents that target epigenetic regulators have been shown to
modulate PD-L1 expression levels via epigenetic modifications of PD-L1
gene and induce various effects on the efficacy of anti-PD1/PD-L1 an-
tibodies [68]. Future studies will explore whether the EP400NL-targeted
incorporation of H2A.Z to the PD-L1 promoter can modulate PD-L1
expression and its effects on the tumorigenic potential of cancer cells
in animal models.

The exon regions of EP400NL are highly conserved across mammals,
suggesting that the unique functions conferred by EP400NL may not be
redundant with EP400. Otherwise, the redundant gene of the same
function would have accumulated nonsynonymous mutations that cause
a loss of function. Although we showed that EP400NL modifies serum-

11

and IFNy-mediated PD-L1 expression by forming a unique nuclear
complex, the specific functional domains and direct binding partners of
EP400NL remain to be identified. Therefore, elucidating the direct
binding domain of EP400NL and recruitment of the interacting proteins
into the complex will be a focus of future work. Furthermore, investi-
gation of genome-wide ChIP-sequencing will provide better insight on
how EP400NL contributes to human epigenome maintenance and gene
regulation, especially in connection with cMyc-dependent cellular pro-
liferation and oncogenic transformation.
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