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SUMMARY
Cellular responses to transforming growth factor b (TGF-b) depend on cell context. Here, we explored how TGF-b/nodal signaling cross-

talks with the epigenome to promote mesendodermal differentiation. We find that expression of a group of mesendodermal genes

depends on both TRIM33 and nodal signaling in embryoid bodies (EBs) but not in embryonic stem cells (ESCs). Only in EBs, TRIM33

binds these genes in the presence of expanded H3K18acmarks. Furthermore, the H3K18ac landscape at mesendodermal genes promotes

TRIM33 recruitment. We reveal that HDAC1 binds to active gene promoters and interferes with TRIM33 recruitment to mesendodermal

gene promoters. However, the TRIM33-interacting protein p300 deposits H3K18ac and further enhances TRIM33 recruitment. ATAC-seq

data demonstrate that TRIM33 primes mesendodermal genes for activation by maintaining chromatin accessibility at their regulatory

regions. Altogether, our study suggests that HDAC1 and p300 are key factors linking the epigenome through TRIM33 to the cell

context-dependent nodal response during mesendodermal differentiation.
INTRODUCTION

The transforming growth factor b (TGF-b) signaling

pathway plays important roles in embryogenesis, tissue

homeostasis, immune responses, and wound healing

(Chen and TenDijke, 2016; David andMassague, 2018; Fla-

vell et al., 2010; Massague, 2008; Sanjabi et al., 2017; Shen,

2007). Defective TGF-b signaling often causes develop-

mental diseases and cancer (David and Massague, 2018;

van der Kraan, 2017). Moreover, depletion of key compo-

nents of the TGF-b pathway leads to embryonic lethality

in knockout mouse models, demonstrating an essential

role of the pathway in development (Arnold and Robert-

son, 2009; Derynck and Akhurst, 2007). For example,

Nodal, a secreted protein from the TGF-b superfamily, pro-

motesmesendodermal gene expression during gastrulation

and embryonic stem cell (ESC) differentiation in vitro

(Arnold and Robertson, 2009; Hill, 2017; Robertson,

2014; Wang et al., 2017b; Watabe and Miyazono, 2009;

Wei and Wang, 2017). TGF-b signaling is executed by acti-

vating receptor-activated Smad (R-Smad) transcription

factors, which in turn modulate the expression of specific

target genes (Gaarenstroom and Hill, 2014; Massague,

2012). R-Smad, as the central transcription factor of

TGF-b signaling, not only recruits cell-type-specific master

transcription factors and coactivators but also interacts
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with epigenetic regulators to shape the transcriptome

(Massague et al., 2005; Mullen et al., 2011). Many studies

have shown that epigenetic regulation is an integral part

of the TGF-b pathway that orchestrates transcription factor

R-Smads and the epigenome to regulate development (Bai

and Xi, 2018; Mullen and Wrana, 2017; Oshimori and

Fuchs, 2012).

A specific cell type is associated with a unique epigenetic

status during embryogenesis according to the epigenetic

landscapemodel of development proposed byWaddington

(1957). The epigenetic landscape or epigenome of a cell

type generally refers to DNA methylation, histone modifi-

cations, and nucleosome positions on its chromatin. The

epigenome is established and maintained by chromatin

modifiers and remodelers, which in general are recruited

to the chromatin by specific transcriptional factors in

response to cell signaling (Badeaux and Shi, 2013). The

resulting epigenomic alterations cause a dramatic change

in chromatin accessibility, which in turn determines the

expression of a specific set of genes. How TGF-b signaling

crosstalks with the epigenome to regulate gene expression

during development has not been well elucidated.

TRIM33 is a nodal signaling-specific chromatin reader

and has been found to bind histone marks H3K9me3

and H3K18ac through its PHD-Bromo cassette to regulate

the expression of mesendodermal master regulator genes
uthor(s).
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(Xi et al., 2011). Therefore, we posit that TRIM33 interacts

specifically with the epigenetic landscape at mesendoder-

mal genes in response to nodal and promotes mesendoder-

mal differentiation. However, TRIM33 is ubiquitously

expressed in all tissues, and has been shown to be involved

in diverse processes such as transcriptional activation,

repression, elongation, and post-translational modifica-

tion of proteins (Agricola et al., 2011; Bai et al., 2010;

Dupont et al., 2005; Tanaka et al., 2018; Wang et al.,

2015). The factors that determine this cell-context-

dependent nodal response are still elusive.

In this report, we first identified a group of mesendoder-

mal genes whose expression depends on TRIM33-directed

nodal signaling. We showed that in embryoid bodies

(EBs), which differentiate from ESCs, but not in the ESCs

themselves, TRIM33 binds to promoters of target genes

and attract to these positions nodal-activated Smad2/3 to

form the TRIM33-Smad2/3 complex for transcription acti-

vation. We then demonstrated that histone acetylation at

histone H3 lysine 18 facilitates TRIM33 recruitment to its

target genes. We identified histone deacetylase 1 (HDAC1)

and p300 as TRIM33-interacting proteins by affinity purifi-

cation, andpresent evidence that they play opposite roles in

TRIM33 recruitment by regulating H3K18ac levels. Thus,

TRIM33’s role in promotingmesendodermal differentiation

is facilitated by p300 and suppressed by HDAC1. Finally, we

showed that TRIM33-dependent changes in chromatin

accessibility are critical for mesendodermal differentiation

of mouse ESCs (mESCs). These results strongly suggest

that histone modifiers HDAC1 and p300 are the key factors

linking TRIM33 to the cell-context-dependent nature of

nodal responses during mesendodermal differentiation.
RESULTS

TRIM33 and Smad2/3 Colocalize at Chromatin of

Mesendodermal Genes in EBs but Not in ESCs

Nodal (TGF-b) signaling is one of the most important

signaling pathways that regulates mesendodermal differ-

entiation. Activation of mesendodermal genes generally

requires the recruitment of Smad2/3 to their promoters

(Estaras et al., 2015; Wang et al., 2017a, 2017b). We found

that TRIM33 forms a non-canonical complex with

Smad2/3 upon nodal signaling in ESCs and during ESC dif-

ferentiation to EBs (Figure 1A). To study this further, we

used activin A (hereafter, activin) for TGF-b receptor activa-

tion, as this ligand is more readily available from mamma-

lian sources than nodal, and a small-molecule inhibitor

SB431542 to inhibit TGF-b/activin/nodal pathway (Inman

et al., 2002). We then mapped TRIM33 chromatin binding

by performing TRIM33 chromatin immunoprecipitation

sequencing (ChIP-seq) in ESCs, in activin-treated EBs (here-
after, EB-AC), and in SB431542-treated EBs (hereafter,

EB-SB) at day 2.5 (Figures S1A and S1B), and compared

them with Smad2/3 ChIP-seq (Wang et al., 2017b).

Genome-wide analysis of TRIM33 and Smad2/3 binding re-

vealed largely different cobinding profiles at gene promoter

regions (transcription start site [TSS] ±2.5 kb) between EBs

and ESCs, with fewer overlapping binding sites in ESCs

(385 genes) compared with EB-AC (910 genes) (Figures 1B

and 1C; Tables S1 and S2). Almost half of the Smad2/3

and TRIM33 cobinding sites at promoters in EB-AC lost

Smad2/3 binding in EB-SB (Figures 1C and S1C), thus their

co-occupancy at these sites depended on activin treatment,

i.e., activation of TGF-b signaling (Figure 1C).

Our previous data showed that TRIM33 only regulates a

limited number of (only one gene, Lefty1) TGF-b target

genes in ESCs (Xi et al., 2011), which suggests that

TRIM33 does not play a major role in TGF-b signaling in

ESCs. By analyzing RNA sequencing (RNA-seq) of wild-

type and Trim33 null EBs, we identified a group of 21 genes

that were highly expressed in EBs and whose expression

was dependent on both nodal signaling and the presence

of TRIM33, which we named the GDNT gene set (Genes

Depended on Nodal signaling and TRIM33) (Figures 1D

and S1D). Key mesendodermal genes are noted in our

GDNT list (Estaras et al., 2015). Both TRIM33 and

Smad2/3 were recruited to the GDNT genes, such as

Mixl1, Fgf8, and Lrig3, in activin-treated EBs, but not in

ESCs (Figures 1E and S1E). Moreover, inhibition of nodal

signaling by SB431542 for 2 h had a relatively limited effect

on TRIM33 binding to these genes in EBs, whereas it did

impair Smad2/3 binding and expression of three nodal

target genes, Mixl1, Fgf8, and Lrig3 (Figures 1E and S1E).

TRIM33 Colocalizes with Histone H3K18ac at the

Promoters of Mesendodermal Genes

TRIM33 has been shown biochemically to recognize dual

histone marks, H3K9me3-H3K18ac, and this interaction

is required for activation of nodal target genes (Xi et al.,

2011). Like TRIM33, H3K18ac immunostaining was pre-

sent throughout all regions of embryonic day 7.5 (E7.5)

embryos, especially node and primitive streak regions

that undergo mesendodermal differentiation in response

to nodal (Figures 2A–2C). We performed ChIP-seq analyses

of TRIM33 and H3K18ac in EB-AC and EB-SB and classified

the top 10,000 ChIP-seq peaks by enrichment p value into

three groups: group I are peaks enriched in EB-SB; group II

are peaks enriched in EB-AC; and group III are peaks pre-

sent in both (Figure 2D). We found 6,015 co-occupied sites

in EB-AC (Figure S2A). Among these, promoter regions

were highly over-represented (Figure 2E). The correspond-

ing genes with TRIM33 and H3K18ac overlapping peaks

at their promoter (i.e., the top 1,000 genes selected by

TRIM33 signal intensity from a total of 2,122 genes;
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Figure 1. TRIM33 and Smad2/3 Colocalize at Chromatin of Mesendodermal Genes in EBs, but Not in ESCs
(A) TRIM33 and Smad2/3 form complex upon nodal signaling both in ESCs and EBs. GFP-TRIM33 overexpressing ESCs or day-2.5 EBs were
treated with activin A (hereafter, EB-AC) or SB431542 (hereafter, EB-SB) for 2 h. Cell lysates were immunoprecipitated with anti-GFP-Trap
affinity beads, and immune complexes were analyzed by immunoblotting using antibodies against the indicated proteins.
(B and C) Venn diagrams show the overlap of genes with both TRIM33 and Smad2/3 peaks at their promoters in ESCs (B), EB-AC, and EB-SB (C).
(D) Wild-type (WT) and Trim33 null (KO) EBs at day 2.5 were treated with activin A (AC) or SB431542 (SB) for 2 h, then the total RNA was
analyzed using RNA-seq. We identified a group of genes whose expression depends on TRIM33-directed nodal signaling, namely genes
depending on nodal signaling and TRIM33 (GDNT) (fold change >1.5 for AC versus SB in WT EBs, or >1.5 for WT versus KO in EB-AC, false
discovery rate <0.05, fragments per kilobase per million reads [FPKM] >1 in control). Red bar depicts the FPKM of indicated genes in EB-AC.
Blue bar depicts the FPKM of indicated genes in EB-SB.
(E) The UCSC browser view shows ChIP-seq signals of Smad2/3 and TRIM33 at the indicated loci and conditions. Different loci are separated by
dashed lines. Mixl1, Fgf8, and Lrig3 are nodal target genes, whereas Med11 is not regulated by nodal signaling and is used here as a control.
Target regions are shaded blue, control regions are shaded gray, and genes in gray are in the control region. Genome location in kilobases.
See also Figure S1.
Figure 2F and Table S3) were enriched for nodal target

genes, Wnt target genes, and genes involved in early em-

bryonic development, including most of the GDNT gene

set. In contrast, a set of genes (4,525 genes), with both

TRIM33 andH3K18ac bound at their promoters specifically

in the nodal-inhibited EB-SB, were not involved in devel-

opment or TGF-b signaling (Figures S2B and S2C; Table

S4). Furthermore, we identified 728 genes, including 19

of the 21 GDNT genes, in EB-AC that had TRIM33,

Smad2/3, and H3K18ac cobinding (Table S5). Thus, these

results suggest that, upon nodal signaling, TRIM33 and
644 Stem Cell Reports j Vol. 13 j 642–656 j October 8, 2019
H3K18ac colocalize at nodal target genes that are impor-

tant for early development.

We then examined H3K18ac marks at promoter regions

of mesendodermal genes in both ESCs and EBs. Although

the total levels of H3K18ac in ESCs and EBs remained

largely the same (Figure S2D), their distribution pattern at

mesendodermal gene promoters changed significantly

from ESCs to EBs (Figures 2G and S2E). H3K18ac was pre-

sent as small foci at promoters of themesendodermal genes

Eomes and Fgf8 in ESCs, but became more widely distrib-

uted in EB-AC (Figures 2G and S2E). Furthermore, this
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Figure 2. TRIM33 Colocalizes with Histone H3K18ac at the Promoters of Mesendodermal Genes
(A–C) Distribution of H3K18ac in E7.5 mouse embryos. (A) Immunofluorescence analysis of mouse whole embryo (503 magnification)
sections with antibody against H3K18ac. The framed regions are node region and primitive streak. (B) Node region (2003), and (C)
primitive streak region (2003).
(D) Heatmaps of ChIP-seq signal densities on H3K18ac and TRIM33 peaks genome wide (within ±13 peak length). Top 10,000 significant
peaks selected by p value for H3K18ac or TRIM33 peaks in EB-AC. Heatmaps of ChIP-seq signals for H3K18ac (left panel) or TRIM33 (right
panel) at these selected regions in EB-AC and EB-SB are shown. These peaks are divided into three groups based on their ChIP signal
intensity in EB-AC or EB-SB: group I, SB-specific peaks; group II, AC-specific peaks; group III, shared peaks. Color bar represents ChIP
signal intensity (normalized reads per kilobase per million [RPKM]) distribution.
(E) Pie chart shows the genome distribution of TRIM33 and H3K18ac overlapped peaks. The random peaks were set up for control. Thirty-
five percent of the overlapped peaks are located at promoter regions (transcription start site [TSS] ±2.5kb).
(F) Gene ontology (GO) analysis of genes with overlapped TRIM33 and H3K18ac peaks at their promoter regions (TSS ±2.5kb). We selected
the top 1,000 genes by TRIM33 signal intensity for GO analysis.
(G) The UCSC browser view shows ChIP-seq signals of Smad2/3, TRIM33, and H3K18ac at the indicated loci, and conditions. Regions with
increased Smad2/3 and TRIM33 binding significantly increased in EBs compared with ESCs are shaded blue; control gene Smad7 with
similar levels of Smad2/3 and TRIM33 binding in these two conditions are shaded gray. Different loci are separated by dashed lines. Cx3cr1
in gray is the gene in the control region. Target regions are shaded blue, control regions are shaded gray. Genome location in kilobases.
See also Figure S2.
switching from small foci to the expanded pattern of

H3K18ac correlated with TRIM33 and Smad2/3 recruit-

ment to their promoters in EBs, and also correlated with

corresponding gene expression. As a control, this was not

observed at the promoter of a canonical TGF-b target
gene, Smad7, which is a known TRIM33-independent

gene (Xi et al., 2011) (Figures 2G and S2E). Interestingly,

H3K18ac and TRIM33 ChIP analysis at theMixl1 promoter

region in ESCs and day-2.5 EBs with or without SB431542

treatment revealed higher H3K18ac levels and TRIM33
Stem Cell Reports j Vol. 13 j 642–656 j October 8, 2019 645



binding in day-2.5 EBs compared with ESCs (Figure S2F).

Increasing the length of SB431542 treatments from 2 to

4 h in EBs gradually impaired TRIM33 binding to the chro-

matin, which also correlated with decreased H3K18ac

modification at the same region and decreased Mixl1

gene expression (Figure S2F). These results demonstrate

that TRIM33 and H3K18ac co-occupy the promoters of

mesendodermal genes upon nodal signaling.

Histone Acetylation of H3K18ac Facilitates TRIM33

Recruitment to Promoters of Mesendodermal Genes

We next investigated whether the specific histone mark

H3K18ac is important for the expression of mesendodermal

genes. The histone deacetylase Sirt7 has been shown to

specifically remove the acetyl group from H3K18ac, and its

targeted recruitment to a promoter causes a local loss of

H3K18ac (Barber et al., 2012). Therefore, we constructed a

CRISPR-dCas9-Sirt7CD (Sirt7 Catalytic Domain) & MS2-

Sirt7CD effector system (Konermann et al., 2015), and used

it with specific guide RNAs (gRNAs) to recruit Sirt7 to the

promoter region of Mixl1 (Figures 3A and 3B). We also con-

structed a CRISPR-dCas9-Sirt7HY & MS2-Sirt7HY effector

system that expresses a deacetylase dead mutant Sirt7

H187Y (Barber et al., 2012) as a negative control. We found

that recruited dCas9-Sirt7CD reduced levels of H3K18ac by

48% and 35% at the �0.5-kb and�0.2-kb promoter regions

of Mixl1, respectively (Figure 3C), whereas Sirt7HY had no

such effect (Figure S3A). Consistent with Sirt7 being an

H3K18ac-specific HDAC, targeted recruitment of either

Sirt7CD or Sirt7HY to the Mixl1 promoter had no effect on

H3K14ac (Figures S3B and S3C). Furthermore, the decrease

of H3K18ac, presumably caused by Sirt7, led to a marked

reduction of TRIM33 and Smad2/3 at the Mixl1 promoter

(Figures 3D, 3E, S3D, and S3E). Most importantly, Mixl1 in-

duction by endogenous signals or exogenous activin was

impaired (Figures 3F and 3G), whereas recruitment of Sir-

t7HY had no effect on Mixl1 expression (Figures S3F and

S3G). Also, tethering Sirt7CD to the Mixl1 promoter did

not affect expression of Smad7 (Figure S3H). These results

indicate an important role for the specific histone modifica-

tion H3K18ac in transcriptional activation of TRIM33-

dependent nodal target genes such asMixl1.

HDAC1 Associates with Transcriptionally Active Genes

and Negatively Regulates Mesendodermal Gene

Expression

To search for factors that affect TRIM33 recruitment to chro-

matin, we took a proteomics approach using GFP-TRIM33

as bait for affinity purification followed by mass-spectrom-

etry analysis to identify novel TRIM33 binding partners in

ESCs and EBs (our unpublished data). Among the identified

TRIM33-interacting factors, we focused on histone modi-

fiers such as the histone deacetylase HDAC1/2 and the
646 Stem Cell Reports j Vol. 13 j 642–656 j October 8, 2019
histone acetyltransferase p300 that serves as a transcription

coactivator. We performed coimmunoprecipitation (coIP)

assays to validate the interaction between TRIM33 and

HDAC1/2 or p300 in vivo by coexpressing FLAG-TRIM33

and HA-HDAC1/2 or p300 ectopically in HEK293T cells

(Figures S4A–S4C). We further showed that TRIM33 inter-

acts with HDAC1 and p300 in both ESCs and EBs, and

that both interactions are dependent on activin treatment

(Figure 4A). Depletion of Smad2/3 did not interfere with

the interaction between TRIM33 and p300 (Figure 4B),

suggesting that it is Smad2/3 independent. Rather, the

TRIM33-HDAC1 interaction appeared to be enhanced in

Smad2/3-depleted EBs (Figure 4C), which suggests that

TRIM33-Smad2/3 complex formation interferes with the

TRIM33-HDAC1 interaction.

HDAC1/2 are the most prevalently expressed HDACs in

mESCs (Table S6). During mESC differentiation, we

observed slightly decreased protein levels of HDAC1 (at

day 3) and HDAC2 (at day 5) during EB differentiation

(Figure 4D). Similarly, declining HDAC1 levels were also

observed in human ESC mesendodermal differentiation

(Figure S4D). These results suggest that HDAC1/2 could

be one of the differentiation barriers that help maintain

the ESC state. To probe the effect of HDAC1/2 on mesen-

dodermal differentiation, we treated EBs at day 2 with a

broad HDAC inhibitor, trichostatin A (TSA), to mimic

the lowered HDAC activities caused by decreased protein

levels of HDACs during EB differentiation (Figure 4D).

As a result, the expression of Mixl1, Gsc, and T increased

compared with non-treated control EBs (Figure 4E). This

treatment did not affect ectoderm gene expression (Fig-

ure S4E). The effects of TSA on ESCs have been reported

(Karantzali et al., 2008; McCool et al., 2007). Similarly,

TSA treatment of ESCs (Kouzarides, 1999) also led to the

increased expression of TRIM33-regulated mesendoder-

mal genes Eomes, Mixl1, Gsc, and Foxa2, in addition to

causing a loss of alkaline phosphatase staining (Figures

4F and 4G). Therefore, HDAC activity negatively affects

mesendodermal gene activation (see also Brunmeir et al.,

2009; Dovey et al., 2010).

To determine which HDAC negatively affects mesendo-

dermal differentiation, we depleted separately HDAC1 or

HDAC2 with short hairpin RNAs (shRNAs) (Figures 5A

and S5C) and determined their effects on mesendodermal

gene expression. Depletion of HDAC1, but not HDAC2,

led to enhanced expression of mesendodermal genes

compared with control cells (Figures 5B and S5C). We

further found that depletion of HDAC1, but not HDAC2,

increased activin responses in EBs compared with control

cells (Figures S5A and S5D). The increased activin responses

of Gsc and Mixl1 were correlated with enhanced recruit-

ment of TRIM33 and Smad2/3 to their regulatory element

regions, and consequently more RNA polymerase II was
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Figure 3. Histone Acetylation H3K18ac Is Essential for TRIM33 Recruitment to Promoters of Mesendodermal Genes
(A) Scheme of genomic organization at the Mixl1 locus with the indicated gRNA-targeting site used for targeted recruitment of Sirt7. The
UCSC browser view (top) shows ChIP-seq signals of Smad2/3, TRIM33, H3K18ac, and H3K27ac at Mixl1 locus in EB-AC.
(B) Western blotting shows similar expression levels of dCas9-Sirt7-CD and MS2-Sirt7-HY fusion protein in ESCs expressing the specific or
control gRNA. GAPDH was used as loading control. The asterisk indicates a non-specific band.
(C) H3K18ac ChIP analysis of the Mixl1 promoter (�0.2 kb and �0.5 kb) in ESCs expressing dCas9-MS2-Sirt7 (CD) and either specific or
control gRNAs.
(D and E) Effect of targeted recruitment of Sirt7 on Smad2/3 (D) or TRIM33 (E) binding at the Mixl1 promoter during EB formation.
Smad2/3 or TRIM33 binding at the Mixl1 promoter (�0.2 kb and �0.5 kb) in day-2.5 EBs were analyzed using ChIP assays.
(F) Effect of targeted recruitment of Sirt7 on Mixl1 mRNA levels during EB formation. ESCs expressing dCas9-MS2-Sirt7 (CD) and either
specific or control gRNAs were set for EB formation, and Mixl1 mRNA levels were analyzed by qRT-PCR at indicated time points.
(G) Effect of targeted recruitment of Sirt7CD on activin response of Mixl1. ESCs expressing dCas9-MS2-Sirt7 (CD) and either specific or
control gRNAs were set for EB formation for 2.5 days and then treated with AC or SB for 2 h. Mixl1 mRNA levels were analyzed by qRT-PCR.
In (C) to (G) the results are shown as mean ± SEM by unpaired, two-tailed Student’s t test (n = 12, including 3 biological replicates and 4
technical replicates). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.
recruited to the TSS (Figures 5C and S5B). The enhanced

recruitment of TRIM33 and Smad2/3 was correlated with

increased levels of H3K18ac at these loci in the HDAC1-

depleted EBs (Figure 5C). Furthermore, the repressive effect

of HDAC1 was specific to the TRIM33/Smad2/3 target
genes Gsc and Mixl1, whereas the induction of Smad7, a

Smad2/3-Smad4 target gene, was not affected by HDAC1

depletion (Figure S5A).

HDAC1 ChIP-seq and ATAC-seq (assay for transposase-

accessible chromatin using sequencing) in EBs showed that
Stem Cell Reports j Vol. 13 j 642–656 j October 8, 2019 647
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Figure 4. TRIM33 Associates with Histone Acetylation Modifiers upon Nodal Signaling and the HDAC Activity Negatively Affects
Mesendodermal Differentiation
(A) Activin-dependent interaction between TRIM33 and HDAC1 or p300. GFP-TRIM33 overexpressing ESCs or day-2.5 EBs were treated with
AC or SB for 2 h. Cell lysates were immunoprecipitated with anti-GFP-Trap affinity beads, and immune complexes were analyzed by
immunoblotting using antibodies against the indicated proteins. The red asterisk indicates a band for GFP-TRIM33 and the green asterisk
for the endogenous TRIM33.
(B) The interaction between TRIM33 and p300 in EBs is Smad2/3 independent. GFP-TRIM33 overexpressed in Smad2/3 depleted or control
cell lines in day-2.5 EBs were treated with AC or SB for 2 h. Cell lysates were immunoprecipitated with anti-GFP-Trap affinity beads, and
immune complexes were analyzed by immunoblotting using antibodies against the indicated proteins.
(C) TRIM33-HDAC1 interaction is enhanced in Smad2/3-depleted EBs. GFP-TRIM33 overexpressing in Smad2/3 depleted or control cell
lines in day-2.5 EBs were treated with AC or SB for 2 h. Cell lysates were immunoprecipitated with anti-GFP-Trap affinity beads, and immune
complexes were analyzed by immunoblotting using antibodies against the indicated proteins.
(D) HDAC1 protein level declined during differentiation. Protein samples were collected at indicated differentiation days and the protein
level was measured by immunoblotting using antibodies against the indicated proteins. Histone H3 was used as loading control.
(E) Effect of trichostatin A (TSA) on mesendodermal differentiation. E14 ESCs were set up for EB formation, DMSO or TSA (20 nM) was added
at day 2 for 48 h, and mRNA levels of indicated genes were quantified by qRT-PCR analysis.
(F) Effect of TSA on alkaline phosphatase (AP) staining of mESCs. mESCs were treated with TSA (10 nM or 20 nM) or DMSO for 6 h and 12 h
and then stained for AP.
(G) Effect of TSA on gene expression in mESCs. mESCs were treated with TSA (20 nM) for indicated times, and mRNA levels of indicated
genes were quantified by qRT-PCR analysis.
In (E) and (G) the results are shown as mean ± SEM by unpaired, two-tailed Student’s t test (n = 12, including 3 biological replicates and 4
technical replicates). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S4.
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A

B

C

E

D

Figure 5. HDAC1 Associates with Transcriptional Active Genes and Negatively Regulates Mesendodermal Gene Expression
(A) Western blotting shows efficient knockdown of HDAC1 by shRNAs in mESCs.
(B) qRT-PCR analysis of mRNA levels of Mixl1 and Gsc in control or HDAC1-depleted EBs at indicated time points.
(C) ChIP analysis of TRIM33, Smad2/3, and H3K18ac binding at indicated regions of Mixl1 and Gsc in control or HDAC1-depleted EBs at day
2.5 that were treated with AC or SB for 2 h.
(D) Line chart showing the signal intensity of HDAC1 on promoter and distal ATAC-seq peaks in EB-AC.
(E) The UCSC browser view shows H3K18ac, HDAC1, TRIM33 binding, and mRNA expression at Eomes, Mixl1, and Fgf8 in the indicated cell
lines and indicated conditions. WT, Trim33 wild type; KO, Trim33 null. Smad7 was used as a control gene. Csrnp1, Bara, Lin9, and Mgea5
(in gray) are the nearby genes that are not nodal signaling target genes. Target regions are shaded blue, control regions are shaded gray.
Genome location in kilobases.
In (B) and (C) the results are shown as mean ± SEM by unpaired, two-tailed Student’s t test (n = 12, including 3 biological replicates and 4
technical replicates). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S5.
HDAC1 is enriched at accessible gene promoters and en-

hancers, which is consistent with a previous report (Wang

et al., 2009) (Figure 5D). Genome wide, there were 7,303

genes inEB-ACthathadH3K18acandHDAC1co-occupancy

at their promoter regions (TSS ±2.5 kb) including GDNT

genes. We show the representative overlapping enrichment

of HDAC1 and H3K18ac at GDNT genes Eomes, Mixl1, and

Fgf8 in Figure 5E. This enrichment of HDAC1 and H3K18ac

dramatically decreased in Trim33 null EBs (Figure 5E), sug-
gesting thatHDAC1 is recruited by TRIM33 to the regulatory

regions of these genes. Maintenance of H3K18ac marks at

TRIM33 target genes was dependent on TRIM33 because

the H3K18ac peaks dropped significantly in Trim33 null

EBs (Figure 5E). Thus, we surmise that HDAC1 reduces levels

of histone acetylation at these regulatory regions, which

would therefore necessitate constant recruitment of histone

acetyltransferase activity to maintain the proper histone

acetylation landscape at these genes.
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Figure 6. The Coactivator p300 Enhances TRIM33 Recruitment to Mesendodermal Genes by Depositing H3K18ac and Promoting
TRIM33-Chromatin Interaction
(A) Control or p300 knockdown ESCs were set for EB formation, and total RNA at indicated time points was analyzed by qRT-PCR using
primers for the indicated genes.
(B) qRT-PCR analysis of mRNA levels of Mixl1, Gsc, and Smad7 in control and p300-depleted cells under EB suspension at day 2.5 that were
treated with AC or SB.
(C–F) ChIP analysis of TRIM33 (C), Smad2/3 (D), and H3K18ac (E), and Pol II (F) at indicated regions of Mixl1 and Gsc in control or p300-
depleted day-2.5 EBs that were treated with AC or SB.
(G) ChIP analysis of p300 at indicated regions ofMixl1 and Gsc inwild-type (WT) or Trim33null (KO) day-2.5 EBs thatwere treatedwithAC or SB.
The results are shown as mean ± SEM by unpaired, two-tailed Student’s t test (n = 12, including 3 biological replicates and 4 technical
replicates). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S6.
The Coactivator p300 Enhances TRIM33 Recruitment

to Mesendodermal Genes by Depositing H3K18ac and

Promoting TRIM33-Chromatin Interaction

As mentioned earlier, we identified p300 as a TRIM33-

interacting partner. To investigate the role of TRIM33-

interacting p300 in activation of TRIM33-regulated

mesendodermal genes, we depleted p300 by shRNA in

ESCs and induced differentiation. Since p300 is respon-

sible for both H3K18ac and H3K27ac modifications

(Tang et al., 2013), depletion of p300 consequently

decreased overall H3K18ac and H3K27ac, but not
650 Stem Cell Reports j Vol. 13 j 642–656 j October 8, 2019
H3K14ac (Figure S6A). Depletion of p300 caused a

drastic decrease in expression of mesendodermal genes

(T, Mixl1, Gsc, and Foxa2), but had no such effect on

the expression of the ectoderm marker genes Pax6 and

Nestin (Figure 6A). Similarly, p300 knockdown impaired

activin responses of Mixl1 and Gsc in EBs, but not that

of Smad7 (Figure 6B). In addition, we did not observe

any effect of CBP depletion on mesendodermal differen-

tiation (Figures S6B–S6D), indicating a specific role of

p300 in activation of TRIM33-dependent nodal re-

sponses of mesendodermal genes.



We further investigated whether p300 facilitates TRIM33

recruitment to mesendodermal genes. ChIP analysis

showed that depletion of p300 caused a significant reduc-

tion of TRIM33 and Smad2/3 binding at Mixl1 �0.5-kb re-

gion and Gsc +6.0-kb region in EBs (Figures 6C and 6D).

Gsc +6.0-kb region contains an enhancer element required

for efficient expression of Gsc in EBs (Wang et al., 2017b).

RNA polymerase II recruitment was significantly decreased

in p300-depleted EBs (Figure 6F).We also observed amarked

reduction of H3K18ac at both regions in p300-depleted

cells (Figure 6E), supporting the notion that p300 deposits

H3K18ac at these regions (Jin et al., 2011). Our Sirt7

tethering experiment indicated that specific removal of

H3K18ac modification is enough to influence TRIM33

recruitment (Figure 3). Moreover, Trim33 knockout led to

a significant reduction in p300 recruitment (Figure 6G).

Altogether, these data, i.e., p300 depletion reduces

TRIM33 recruitment and H3K18ac modification (Figures

6C–6F), and Trim33 knockout reduces both p300 recruit-

ment (Figure 6G) and H3K18ac modification (Xi et al.,

2011), collectively suggest a scenario whereby p300 de-

posits the histone mark H3K18ac, H3K18ac facilitates

TRIM33 recruitment to the chromatin, and TRIM33 further

interacts with p300 tomaintain theH3K18acmodification,

thereby reinforcing each other’s recruitment to target pro-

moter regions.

TRIM33 Maintains Chromatin Accessibility at

Mesendodermal Genes and Promotes Their Activation

during mESC Differentiation

Next, we asked whether TRIM33 promotes mesendoder-

mal gene activation by promoting chromatin accessibly

at their regulatory regions. To this end, we performed an

ATAC-seq assay in ESCs and in EBs, both wild-type and

knockout, for Trim33 (Figure S7A). By analyzing the

ATAC-seq data, we identified about the same number of

genes with open chromatin regions (i.e., ATAC-seq peaks)

at their promoters in wild type as in Trim33 knockout EBs.

A total of 1,730 ATAC-seq peaks were only present in wild-

type EBs, but not in Trim33 knockout EBs (Figure S7B).

Among these genes with open chromatin regions only

in wild-type EBs, two biological processes, early develop-

ment and TGF-b signaling, were significantly enriched

(Figure S7C), indicating an important role of TRIM33 in

gene activation in both processes. Indeed, 40% of the

open chromatin regions identified by ATAC-seq con-

tained TRIM33 binding sites in EBs (Figure S7D). Further-

more,many genes (n = 67) becomemore accessible at their

promoters (up to 5 kb upstream) when ESCs were differen-

tiated to EBs and the increased accessibility depended on

TRIM33 (group I genes). Consequently, most of these

genes were highly induced in a TRIM33-dependent

manner at early stages of EB formation (Figure 7A). Addi-
tionally, a significant portion of these genes are involved

in mesendodermal differentiation according to gene

ontology analysis (Figure S7E). Consistent with these find-

ings, TRIM33-dependent group I genes were strongly

enriched at the posterior section of E7.0, where most of

the mesendodermal genes are induced (Figure 7B) (Peng

et al., 2016). Thus, TRIM33 is specifically involved in acti-

vation of mesendodermal genes in EBs by promoting

chromatin accessibility at their promoters. Both TRIM33

and Smad2/3 are recruited to threemesendodermal genes,

Mixl1, Foxa2, and Sp5, in activin-treated EBs but not in

ESCs. Moreover, chromatin opening of TRIM33/Smad2/

3 binding regions at these genes depended on TRIM33,

and depletion of Trim33 caused a drastic decrease in their

expression in EBs (Figures 7A and 7C). Therefore, TRIM33,

like Smad2/3, is indispensable for activation of these mes-

endodermal genes.

In sum, during mesendodermal differentiation, TRIM33

binds to H3K18ac at promoter regions of mesendodermal

genes and promotes chromatin accessibility. HDAC1 exerts

repressive effects specifically on the expression of mesen-

dodermal genes because it interferes with TRIM33 recruit-

ment to these genes by reducing H3K18ac levels. On the

other hand, TRIM33-interacting p300 deposits H3K18ac

on the chromatin, reinforcing TRIM33 recruitment. Thus,

p300 and TRIM33 together maintain chromatin accessi-

bility at mesendodermal genes by sustaining the high

levels of H3K18ac at their promoters to promote mesendo-

dermal differentiation (Figure 7D).
DISCUSSION

H3K18ac Primes Mesendodermal Differentiation

upon Nodal Signaling

A nodal-dependent interaction between TRIM33 and

Smad2/3 facilitates recruitment of the Smad2/3-Smad4

complex to chromatin. TRIM33 binds to the chromatin

through its PHD-Bromo cassette by recognizing dual his-

tone marks H3K9me3 and H3K18ac, and bromodomain

deletion of TRIM33 fails to recognize acetylated histone

peptide in vitro, suggesting an essential role of histone acet-

ylation in recruiting TRIM33 (Xi et al., 2011). In this report,

we present several lines of strong evidence suggesting that

TRIM33 serves as a mediator for nodal signaling crosstalk

with the epigenome through its binding to H3K18ac dur-

ing mesendodermal differentiation, and that H3K18ac is

the key epigenetic mark that modulates mesendodermal

differentiation. First, we show that the epigenetic land-

scape of H3K18ac expands significantly at promoter

regions of mesendodermal genes when ESCs differentiate

to EBs. Second, TRIM33 and H3K18ac binding regions

genome wide are significantly overlapped. Third, many of
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Figure 7. TRIM33 Maintains Chromatin Accessibility at Mesendodermal Genes and Promotes their Activation during mESC
Differentiation
(A) Effect of TRIM33 on chromatin accessibility and gene expression during EB formation. Left panel: heatmap of ATAC-seq signals
(normalized RPKM) at promoters (TSS ±2.5 kb) for genes whose signals significantly increased in EBs compared with mESCs (group I genes)
or not changed (groups II and III genes) (see Supplemental Experimental Procedures for details). Right panel: heatmap representation of
expression levels (normalized FPKM), revealed by RNA-seq analysis, of the same genes as in left panel. Representative genes of each group
are also listed.
(B) The spatial expression pattern of genes from (A) at E7.0. The corn plots represent spatial expression patterns of group I genes (left
panel) and groups II and III genes (right panel) (Peng et al., 2016). Each dot in the plot represents the cell sample at a specific position—
anterior (A), posterior (P), left lateral (L), or right lateral (R)—of each sample section (1–11) in the embryo, and the color indicates the
enrichment level of gene expression.
(C) The UCSC browser view shows TRIM33 and Smad2/3 binding, ATAC-seq signals, and RNA-seq signals atMixl1, Foxa2, and Brachyury (T) in
the indicated cell lines and conditions. TRIM33-dependent open chromatin regions are shaded blue, control regions are shaded gray. GAD1
(in gray) is the gene in the control region. Genome location in kilobases.
(D) Working model for TRIM33-mediated mesendodermal differentiation of mouse ESCs.
See also Figure S7.
these overlapped binding regions in EB-AC are located at

promoters of genes that are involved in mesendodermal

differentiation. Lastly, local removal of the H3K18ac mark

by artificial recruitment of Sirt7 to the promoter of Mixl1

impairs recruitment of TRIM33 and Smad2/3, and conse-

quently causes a significant reduction of Mixl1 expression.
652 Stem Cell Reports j Vol. 13 j 642–656 j October 8, 2019
Therefore, the H3K18ac-TRIM33 interaction is central to

the appropriate nodal response in mesendodermal differ-

entiation. We speculate that this mechanism, i.e., a partic-

ular epigenetic mark interacting with its reader, could be

utilized in other lineage differentiations. More work will

be needed to explore this possibility.



A p300-Mediated Positive Feedback Mechanism

Sustains the Function of TRIM33 upon Nodal

Signaling in a Cell-Context-Dependent Manner

TRIM33 is ubiquitously expressed in all tissues (He et al.,

2006). But how TRIM33 functions differently in different

cell contexts in response to TGF-b is not well understood.

In this study, we shed some light on how TRIM33 activity

is sustained during ESC differentiation. We showed that

recruitment of both TRIM33 and Smad2/3 to mesendoder-

mal genes occurs only in EBs (i.e., not in ESCs). In search

of any factors that regulate TRIM33-H3K18ac interaction,

we found that histone modifiers HDAC1 and p300 both

interact with TRIM33 and affect nodal responses of

mesendodermal genes. HDAC1 associated with actively

transcribed genes and plays a negative role in regulating

TRIM33 function presumably by interfering with TRIM33

recruitment to the chromatin. Indeed, the TRIM33-

Smad2/3 complex reduced the interaction between

TRIM33andHDAC1, but p300, a transcriptional coactivator

with HAT activity, interacts with TRIM33 independent of

Smad2/3 and enhances TRIM33 recruitment to mesendo-

dermal genes during early differentiation. Thus, TRIM33-

interacting p300 deposits both H3K18ac and H3K27ac on

chromatin, and the increased level of H3K18ac in turn aug-

ments recruitment of TRIM33 and p300. The facts that p300

null mice die around E9–E11.5 (Yao et al., 1998), p300 has

also been reported to play important roles in endoderm

development (Shikama et al., 2003), p300 but not CBP is

essential for proper hematopoietic differentiation (Rebel

et al., 2002), and Hdac1 null mice died around E9.5 (Mont-

gomery et al., 2007), together suggest that these factors are

essential for early development. Our proposed model of

TRIM33 regulation by p300 and HDAC1 is based on our

finding that the TRIM33-H3K18ac interaction is critically

important for activation of mesendodermal genes during

ESC differentiation. Thus, the H3K18ac landscape main-

tained by these histonemodifiers shapes the nodal response

via its interaction with TRIM33 in mesendodermal

differentiation.

TRIM33-Dependent Nodal Response and Chromatin

Accessibility

During early development, the spatiotemporal expression

of genes is tightly regulated. Chromatin regulation is

intimately involved in this process to establish cell-type-

specific transcription programs. Cell-type-specific gene

expression is highly correlatedwith the status of chromatin

accessibility at specific regulatory elements (Heintzman

et al., 2009; Song et al., 2011). We showed here that

TRIM33 maintains chromatin accessibility at mesendoder-

mal genes and promotes their activation upon nodal

signaling. First, TRIM33-dependent open chromatin re-

gions in EBs are mostly located at nodal target genes that
are activated during early development; second, TRIM33

binds to 40% of these open chromatin regions; third,

depletion of TRIM33 reduces the enrichment of H3K18ac

at certain promoter regions; fourth, mesendodermal genes

undergo a TRIM33-dependent increase in chromatin acces-

sibility at their promoters during EB formation and, more

importantly, the expression of these genes is dependent

on TRIM33.
EXPERIMENTAL PROCEDURES

Cell Lines and Differentiation Assays
Mouse ESCs E14Tg2a.IVandTrim33null ESCs (Xi et al., 2011) were

maintained in feeder-layer free leukemia inhibitory factor-supple-

mented medium (Keller, 1995). Stable HDAC1, HDAC2, p300, or

CBP knockdown in mESCs cells were done using LKO1 lentiviral

constructs expressing shRNA against mouse HDAC1, HDAC2,

p300, or CBP (for shRNA information, see Table S7). Lentiviral vec-

tor infections and plasmid transfection were performed as previ-

ously described (Sapkota et al., 2007; Stewart et al., 2003). mESCs

were maintained on gelatin-coated plates. Embryoid body (EB)

formation and differentiation were carried out according to the

protocol provided by the supplier (ATCC).

HEK293T human embryonic kidney cells were cultured in

Dulbecco’s modified Eagle’s medium supplemented with 10% fetal

bovine serum.

Chromatin Immunoprecipitation
EBs at 2.5 days were incubated with human recombinant activin A

(50 ng/mL, R&D Systems) or SB431542 (10 mM, Tocris) for 2 h.

Cells were then crosslinked with 1% formaldehyde at 37�C for

10min and quenchedwith 0.125Mglycine for 5min at room tem-

perature. ChIP was performed as described previously. The primer

pairs used to amplify the unrelated-control or promoter regions of

indicated genes were described previously (Wang et al., 2017b;

Xi et al., 2011).

CRISPR-dCas9-Sirt7 & MS2-Sirt7 Effector System
Lentiviral vector of dCas9-Sirt7 (CD) or dCas9-Sirt7 (HY) were con-

structed by inserting Sirt7 (CD) and Sirt7 (HY) cDNAs digestedwith

BamHI/BsrGI into BamHI/BsrGI cut lenti dCas9-VP64_Blast (Addg-

ene plasmid #61425). The same strategy was used to construct

the MS2-Sirt7 (CD or HY) with lentiviral vector, lenti MS2-P65-

HSF1_Hygro (Addgene plasmid #61426).

Specific targeting gRNA vector was cloned as described previ-

ously (Konermann et al., 2015). In brief, gRNA oligos 50-ACG
AAC CAA GCC CCC AAG AG-30 (forward), 50-TGC TTG GTT

CGG GGG TTC TC-30 (reverse) were annealed and cloned into

BsmBI enzyme site of lenti single guide RNA (MS2) zeocin back-

bone (Addgene plasmid #61427).

Statistical Analysis
All of the values of bar graphs are shown as mean ± SEM with a

two-way ANOVA test. The significance between different groups

was determined by Student’s t test, denoted in figures as *p<0.05,

**p< 0.01, and ***p< 0.001.
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