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A B S T R A C T

Congenital cardiac malformations are among the most common birth defects in humans. Here we show that Trim33, a member of the Tif1 subfamily of tripartite
domain containing transcriptional cofactors, is required for appropriate differentiation of the pre-cardiogenic mesoderm during a narrow time window in late
gastrulation. While mesoderm-specific Trim33 mutants did not display noticeable phenotypes, epiblast-specific Trim33 mutant embryos developed ventricular septal
defects, showed sparse trabeculation and abnormally thin compact myocardium, and died as a result of cardiac failure during late gestation. Differentiating embryoid
bodies deficient in Trim33 showed an enrichment of gene sets associated with cardiac differentiation and contractility, while the total number of cardiac precursor cells
was reduced. Concordantly, cardiac progenitor cell proliferation was reduced in Trim33-deficient embryos. ChIP-Seq performed using antibodies against Trim33 in
differentiating embryoid bodies revealed more than 4000 peaks, which were significantly enriched close to genes implicated in stem cell maintenance and mesoderm
development. Nearly half of the Trim33 peaks overlapped with binding sites of the Ctcf insulator protein. Our results suggest that Trim33 is required for appropriate
differentiation of precardiogenic mesoderm during late gastrulation and that it will likely mediate some of its functions via multi-protein complexes, many of which
include the chromatin architectural and insulator protein Ctcf.
1. Introduction

Ventricular septal defects (VSDs) are the most common cardiac defect
in childhood (Minette and Sahn, 2006). They can be generally classified
as membranous or muscular VSDs depending on the location of the
defect. Membranous VSDs are caused by inadequate development or
misalignment of atrio-ventricular cushions, or inappropriate elongation
or alignment of outflow tract cushions, while muscular VSDs are caused
by disturbed alignment of myofibers or insufficient coalescence of
trabeculae (Gittenberger-de Groot et al., 2014). Studies using different
model systems have shown that many cell types, e.g., neural crest,
endocardial, myocardial and epicardial cells, as well as all morphoge-
netic signaling processes contribute to ventricular septum development
(Niessen and Karsan, 2008; Poelmann et al., 2016; Rao and Harris, 2018).
However, precise molecular control of such complicated cellular and
molecular processes is currently not well known. Here we have investi-
gated the regulatory role of Trim33, a poorly characterized transcrip-
tional co-factor in early cardiac development and its implications to
myocardial differentiation and ventricular septum formation.

Trim33 belongs to the Tif1 subfamily of tripartite domain containing
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proteins. In addition to the N-terminal tripartite domain (composed of a
RING finger domain, two B-box zinc finger domains and coiled coil re-
gion), Trim33 contains a Smad binding region, and a tandem of PHD and
Bromo domains at its C-terminal end (Venturini et al., 1999). These
structural characteristics imply that Trim33 possesses both E3 ubiquitin
ligase and chromatin binding activities. Subsequent studies have shown
that the effect of Trim33 on cellular function is plastic and highly context
dependent. In erythroid cells, Trim33 has been shown to function as an
elongation factor, while in epithelial and malignant cell lines, Trim33
was shown to repress TGF-β signaling by monoubiquitinating Smad4 via
a mechanism that involves Trim33-histone interactions (Agricola et al.,
2011; Dupont et al., 2009). An opposite role for Trim33 in regulation of
TGF-β signaling was suggested in mesendoderm induction (Xi et al.,
2011). In this context, Trim33 was shown to promote TGF-β signaling by
functioning as a chromatin reader, which regulates access of R-Smad:S-
mad4 transcriptional complexes to their bona fide response elements (Xi
et al., 2011). A common theme in Trim33-regulated biological events
seems to be that its functions are limited to situations where differenti-
ation of progenitor cell populations is required (Rajderkar et al., 2017);
thus Trim33 has little or no relevance in homeostatic cellular responses.
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Concordantly, tissue-specific Trim33mutants show defects in neural stem
cell differentiation (Falk et al., 2014), in hematopoiesis (Quere et al.,
2014; Tanaka et al., 2018; Wang et al., 2015), in malignant trans-
formation (Aucagne et al., 2011; Pommier et al., 2015; Vincent et al.,
2012) and in other physiological conditions where cellular plasticity is
required and/or intense tissue remodeling takes place, such as terminal
differentiation of mammary epithelium and lactation (Hesling et al.,
2013).

A previous study showed that mouse embryos lacking Trim33 (global
knockouts) die at gastrulation before E7.5 with severe defects in tissue
patterning and embryonic polarity (Morsut et al., 2010). These pheno-
types significantly differ from those described in two other studies (Isbel
et al., 2015; Kim and Kaartinen, 2008), which showed that global Trim33
knockout embryos undergo neurulation and die around E9.5 suggesting
that Trim33 is not required for gastrulation in vivo. To clarify the devel-
opmental role of Trim33 in the embryo proper during mesendoderm
induction, we deleted Trim33 specifically in the epiblast using the
Sox2Cre driver line. Our results show that epiblast-specific ablation of
Trim33 does not result in early embryonic death during or soon after
gastrulation. Instead, Trim33:Sox2Cre mutants develop ventricular
septal, trabecular and myocardial defects, while deletion of Trim33 in the
mesendoderm, cardiogenic mesoderm or in neural crest does not result in
major developmental phenotypes. Our results imply that Trim33 regu-
lates precardiogenic mesoderm development, and that its absence leads
to an aberrant cardiogenic differentiation ultimately resulting in
myocardial and ventricular septal defects during late gestation.

2. Experimental Procedures

2.1. Ethics statement

This research was conducted in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The experiments described here are
specifically approved by the Institutional Animal Care and Use Com-
mittee at the University of Michigan-Ann Arbor (Protocol Number:
PRO00007157).

2.2. Mice

Trim33FF, Nkx2-5Cre, Mox2Cre, Sox2Cre, Tie2Cre, Wnt1Cre, TCre and
UbcCreERT2 and Smad4FF have been described earlier (Danielian et al.,
1998; Kim and Kaartinen, 2008; Koni et al., 2001; Moses et al., 2001;
Perantoni et al., 2005; Tallquist and Soriano, 2000; Yang et al., 2002).
Timed matings between Trim33KO/WT and appropriate Creþ male and
Trim33FF or Trim33FWT female mice were used to obtain Trim33FKO:Creþ

tissue-specific mutant embryos. Controls were either Trim33FWT:Cre- or
on occasion Trim33FWT:Creþ when explicitly indicated. All animals used
in this study were in a mixed genetic background.

2.3. Establishment of embryonic stem cell lines and EB culture

Mouse ES cells were derived from Trim33FF:UbcCreERT2 blastocysts as
described in (Pieters et al., 2012). ESCs were passaged in
serum-containing medium (Life Technologies, Cat. No. 16141-061),
dissociating with TrypLE Express (Life Technologies, Cat. No.
12605-010) and maintained in serum replacement medium (Knock Out
Serum Replacement Cat. No. 10828-010, Life Technologies) in a base
medium of 1:1 Knock Out Dulbecco's Modified Eagle's Medium and
Ham's F12. Trim33FF:UbcCreERT2 ESCs were maintained under feeder-free
culture conditions on gelatin-coated dishes in the presence of 2i (1.0 μM
PD0325901 and 3 μM CHIR99021; Stemgent) and LIF (Millipore; ESG
1106). EB formation and differentiation were carried out per the ATCC
protocol in 20% serum containing medium (http://diyhpl.us/~bryan/irc
/protocol-online/protocol-cache/Embryoid_Body_Formation.pdf). Both
the media for non-differentiating and differentiating conditions were
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supplemented by Glutamine (GlutaMAX-l, Life Technologies, Cat. No.
35050-061), β-mercaptoethanol (Life Technologies, Cat. No. 21985-023)
and Penicillin/Streptomycin (Life Technologies, Cat. No.15140-122).
4-hydroxytamoxifen (4-OHT) (Sigma, Cat. No. T176) was added at
intended and precise time points in a concentration of 1 μg/ml. Per-
centage of contracting EBs were counted and averaged in 3 independent
sample pairs, in 6 separate areas of each culture dish, at the same time
point on days 9, 10 and 11 in a genotype-blind manner by 2 independent
observers.

For relevant experiments, control and Trim33 mutant EBs were
treated with 100 ng/ml of rh/m/rActivin A (R&D Systems, Cat. No.
A338-AC) for 40min.

2.4. Histology

Mouse embryos were harvested in sterile DPBS and fixed overnight in
commercial 10% formalin or freshly made 4% paraformaldehyde in PBS
at 4 �C overnight. Samples for histology as well as immunohistochemistry
were processed in a standard paraffin-embedding protocol. Briefly, em-
bryonic tissues were washed, dehydrated, oriented in the desired plane
and embedded in fresh Blue Ribbon Tissue Embedding/Infiltration Me-
dium (Leica Surgipath). 7 μm serial sections were mounted on Superfrost
plus slides (Fisher) and stored at either room temperature or 4 �C. He-
matoxylin and eosin staining was performed using a standard protocol.

Thickness of the compact myocardium was measured by using the
Olympus DP73 software package. Five independent sample pairs in 6
separate areas per sample in serial sections were used. The thickness
measurement was correlated with the number of cell layers present by
counting nuclei across the thickness of the wall; control measurements
were consistent with previously described data (Sedmera et al., 2000).

The extent of trabeculation was measured on histological sections by
analyzing the area the trabeculae covered in ventricles by using ImageJ.
The results were presented as percentage of surface area covered by
trabecular tissue over total area of the standard size field. The fields were
chosen adjacent to the compact myocardium. At minimum, 4 sections per
sample were analyzed (n¼ 3 for each genotype).

DAPI-dilactate stainings were performed according to protocol of
Sandell et al. (2012). Stained embryos were photographed using the
Leica M165FC epifluorescence stereomicroscope with DP73 and
software.

2.5. RNA-Seq

Equivalent amounts/number of EBs were collected at Day 7 in
duplicate mutant-control pairs (4-OHT induction at day 4) in 100–200 μl
of commercially available (Qiagen) RLT buffer. Total RNAs were isolated
by using the Qiagen RNesy Mini Kit (Cat. No. 74104). Sequencing li-
braries were prepared by the University of Michigan DNA Sequencing
Core and reads were generated on Illumina HiSeq2000. After quality
assessment per sample, single-end, 52 base pair reads were aligned to
mm9 (mus musculus assembly July 2007) by using the STAR RNA Seq
aligner (Dobin et al., 2013). Read counts for differential expression were
obtained using HTSeq program. Differential expression analyses were
performed by using the DESeq program in the R Statistical Package htt
ps://bioconductor.org/packages/3.3/bioc/vignettes/DESeq/inst/doc/
DESeq.pdf.

2.6. Immunohistochemistry

Embryos were rinsed in PBS, fixed overnight in 4% buffered para-
formaldehyde at 4 �C, washed, processed through sucrose gradient to
OCT compound and embedded for frozen sectioning. 10 μm sections
were stained with primary antibodies overnight at 4 �C. Binding was
visualized with Alexafluor-594 or -488-conjugated secondary antibodies
(Life Technologies) on slides mounted with Vectashield/DAPI (Vector
Labs). For EdU assay, 100 μl of EdU labeling reagent (1mg/ml) was
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Table 2
In situ hybridization probes used in the study.

Gene Length Position Ref seq

Trim33 397 1155-1552a NM_05310.3
Foxa2 1441 1-1441 BC160375.1
T 1755 1-1755 NM_001161832

a Corresponds to sequences of exons 2–4, which are deleted in mutant cells.
The probe does not detect the mutant allele.
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injected IP, tissues were harvested 1 h later, and processed for sectioning.
Sections were stained using the Click-iT EdU Alexa Fluor 488 Imaging Kit
(Molecular Probes C10337). Hypoxic regions on palatal tissues were
analyzed using the Hypoxyprobe kit (Hypoxyprobe Inc HPI-100) ac-
cording to manufacturer's instructions.

2.7. Transfection, immunoprecipitation and western blot assays

EBs at day 6 of differentiation were dissociated with Trypsin, plated
and transfected with full-length Myc/Flag-tagged mTrim33 cDNA (Ori-
gene MR227454) and full-length mCtcf cDNA (Origene MC202667)
using ViaFect Transfection reagent (Promega PRE4981). After 48 h, cells,
embryoid bodies were lysed in Pierce IP-lysis buffer (Thermoscientific,
Prod. #87787) supplemented with Roche proteinase inhibitor cocktail
(11836153001), sodium fluoride (NaF) and sodium orthovanadate
(Na3VO4) to a final concentration of 1mM. The cleared lysates were
immunoprecipitated using a monoclonal anti-Flag antibody. The washed
precipitates were analyzed using Western blotting. Briefly, the protein
lysates were denatured in 2� Laemmli lysis buffer under reducing con-
ditions, proteins were resolved on NuPAGE BisTris SDS-PAGE gels
(Invitrogen) using the X-Cell SureLock Mini-Cell electrophoresis system
(Thermo-Fisher) according to the manufacturer's instructions. After
electrotransfer to nitrocellulose membrane (iBlot, Thermo-Fisher), the
filters were blocked (5% milk in TBST) and probed with specific anti-
bodies, followed by HRP-conjugated secondary antibodies. Immunoblots
were visualized using ECL reagents (Pierce) and BioSpectrumAC imaging
system (UVP). The band intensities were analyzed using BioSpectrum.

AC imaging system. The antibodies used have been summarized in
Table 1.

2.8. In situ hybridization

DIG-labeled RNA probes were made using a DIG-labeled NTP mix
(Roche Applied Sciences) according to manufacturer׳s instructions and
stored at �80 �C or at �20 �C when diluted in the hybridization buffer
(for details see Table 2). Embryos for whole mount ISH were fixed in
freshly thawed 4% paraformaldehyde in PBS overnight, washed in PBST,
dehydrated and stored in 95% methanol, 5% PBST at �20 �C. After
rehydration, the samples were treated with Proteinase K (Invitrogen, Cat.
No. 25530-049 in final concentration of 10 μg/ml), post-fixed and pre-
hybridized rotating for at least 1 h in standard non-SDS-based hybridi-
zation buffer, pH 5, at 70 �C. The probes were added in a final
Table 1
Antibodies used in the study.

Antigen Use Source Cat.no

Trim33 IHC, WB Sigma HPA004345
Trim33 ChIP Bethyl A301-060A
T IHC R&D AF2085
Mf20 IHC DSHB P3U-1
PHH3 IHC Cell Signaling 9701
Isl1 IHC DSHB 39.4d5
Mef2 IHC Santa Cruz Sc-313
Mesp1 WB Thermo-Fisher PA5-49441
Eomes WB Sigma SAB2104422
Foxa2 WB Novus NBP2-02088
Flag IP Cell Signaling 8146
Smad4 WB Cell Signaling 9515
Smad2 WB Cell Signaling 5339
pSmad2 WB Cell Signaling 8828
Ctcf WB Cell Signaling 3418
Ctcf ChIP Active Motif 61311
H3K27ac ChIP Active Motif 39133
Flk1 FACS BD Pharmingen 560680
Cxcr4 FACS BD Pharmingen 561734
Cd71 FACS BD Pharmingen 553266
Ter119 FACS BD Pharmingen 553673
Cd31 IHC eBioscience 11-0311
Pdgfrα IHC Sigma SAB4502140
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concentration of 0.1–1 ng/μl and left rolling overnight (o/n). Embryos
were subsequently washed in a roller set-up for 20min three times in
preheated hybridization buffer at 70 �C, once in hybridization buffer/
TBST, then in at least 6 changes TBST at room temperature (RT) over 1 h,
blocked in 2% Roche block (one hour) and rocked o/n at 4 �C with α-DIG
Fab fragments (Roche Applied Sciences, 1:2000–5000). Samples were
thoroughly washed with several changes of TBST the next day at room
temperature and then o/n at 4 �C. On Day 4, samples were equilibrated
for 10min (RT) twice in NTMT pH 9.5 in a roller set up, and stained with
BM Purple AP (Roche Applied Sciences) substrate at RT in the dark for
several hours. Stained embryos were washed thoroughly in PBS, fixed in
4% paraformaldehyde and stored at 4 �C. Stained embryos were imaged
immediately and processed for routine genotyping post-staining, post-
fixing upon satisfactory documentation of ISH results.

2.9. Echocardiography

At day 11.5 dpc, pregnant Trim33FF female mice crossed with
Trim33FKO:Sox2Creþ male mice were induced with anesthesia in an
enclosed container filled with 4% isoflurane. After induction, the mice
were placed on a warming pad to maintain body temperature. 1–1.5%
isoflurane was supplied via nose cone to maintain a surgical plane of
anesthesia. The hair was removed from the upper abdominal and
thoracic area with depilatory cream. Both uterine horns were surgically
accessed and embryos were monitored for ECG with non-invasive resting
ECG electrodes. Two-dimensional, M-mode, Doppler and tissue Doppler
echocardiographic images were recorded using a Visual.

Sonics' Vevo 770 high resolution ex vivo micro-imaging system for
each embryo in a genotype-blind manner. Data from each embryo
recording were systematically indexed and genotyping material was
collected to correlate with findings after the actual experiment. Data
were recorded for the following parameters: heart rate (HR) beats per
minute (BPM), velocity mm per second for both dorsal aorta (DA) and
umbilical artery (UA), Velocity Time Interval (VTI) in mm for DA and UA,
Ejection Time (ET) in msec measured in the DA.

2.10. FACS assays

Day 6 EBs were dissociated with trypsin. Embryonic livers harvested
at E13 were mechanically dissociated by pushing the tissues through a
70 μm cell strainer. Cells were immunostained at 4 �C in PBS/0.5% BSA
in the presence of fluoroprobe-conjugated antibodies (for details, see
Table 1). The cells were washed and analyzed on flow cytometer BD
FACSAria II from BD Biosciences.

2.11. ChIP-Seq

Embryoid bodies from 20 10-cm dishes were harvested at day 6 and
fixed immediately with 1% p-formaldehyde for 15min at room temper-
ature and quenched with 0.125M glycine. ChIP and Illumina sequencing
and data analyses were carried out in Active Motif Inc (Carlsbad, CA).
Briefly, chromatin was isolated by the addition of lysis buffer, followed
by disruption with a Dounce homogenizer. Lysates were sonicated and
the DNA sheared to an average length of 300–500 bp. Genomic DNA
(Input) was prepared by treating aliquots of chromatin with RNase,
proteinase K and heat for de-crosslinking, followed by ethanol
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precipitation. Pellets were resuspended and the resulting DNA was
quantified on a NanoDrop spectrophotometer. Extrapolation to the
original chromatin volume allowed quantitation of the total chromatin
yield.

An aliquot of chromatin (30 μg) was precleared with protein A
agarose beads (Invitrogen). Genomic DNA regions of interest were iso-
lated using 4 μg of antibody against Trim33 (Bethyl A301-060A), Ctcf
(Active Motif 61311) and H3K27ac (Active Motif 39133) (Table 1).
Complexes were washed, eluted from the beads with SDS buffer, and
subjected to RNase and proteinase K treatment. Crosslinks were reversed
by incubation overnight at 65 �C, and ChIP DNA was purified by phenol-
chloroform extraction and ethanol precipitation.

Illumina sequencing libraries were prepared from the ChIP and Input
DNAs by the standard consecutive enzymatic steps of end-polishing, dA-
addition, and adaptor ligation. After a final PCR amplification step, the
resulting DNA libraries were quantified and sequenced on Illumina's
NextSeq 500 (75 nt reads, single end). Reads were aligned to the mouse
genome (mm10) using the BWA algorithm (default settings). Duplicate
reads were removed and only uniquely mapped reads (mapping quality
�25) were used for further analysis. Alignments were extended in silico
at their 30-ends to a length of 200 bp, which is the average genomic
fragment length in the size-selected library, and assigned to 32-nt bins
along the genome. The resulting histograms (genomic “signal maps”)
were stored in bigWig files. Trim33, Ctcf and H3K27Ac peak locations
were determined using the MACS algorithm (v2.1.0) with a cutoff of p-
value¼ 1e-7 (Zhang et al., 2008). Peaks that were on the ENCODE
blacklist of known false ChIP-Seq peaks were removed. Signal maps and
peak locations were used as input data to Active Motifs proprietary
analysis program, which creates Excel tables containing detailed infor-
mation on sample comparison, peak metrics, peak locations and gene
annotations.
2.12. ChIP-qPCR

Control and mutant EBs were fixed cross-linked with 1% formalde-
hyde for 30min, washed and sonicated on ice for 8min (1s on - 1s off
sonication cycle; 50% power output) using the Sonic Ruptor 250 soni-
cator equipped with a microtip (Omni International). Chromatin immu-
noprecipitation using ChIP-qualified anti-Trim33 antibody (Bethyl A301-
060A) was carried out using the SimpleChIP Plus Sonication ChIP kit
(#56383 Cell Signaling Technology) following the manufacturer's in-
structions. qPCR reactions were carried out using the Applied Biosystems
ViiA7 real-time PCR system and Power SYBR Green PCR master mix
(Thermo Fisher 4367659). Primer sequences used in PCR reactions are
shown in Table 3. Binding efficiency was calculated using percentage of
IP'ed chromatin against input chromatin.
2.13. Statistical analyses

Three or more independent samples were analyzed in each assay
(details given in Figure texts). Averages, standard error and probability
Table 3
Primers used in ChIP-qPCR assays.

Target Primer Sequences Product

Ctgf intragenic-S 50cggctcccgggagcgtataa-30 Chr10:24595457-24595597
(140bp)Ctgf intragenic-AS 50gctgggctggggctgct-3

Gse1 intragenic-S 50cacgcacctggctcccctg30 Chr8:120528360-120528455
(95 bp)Gse1 intragenic-AS 50ggacctccaggcgctcttgc30

Cbfa2t2
50upstream-S

50cccggggagcttaaggtcatt30 Chr2:154428142-154428294
(152bp)

Cbfa2t2
50upstream -AS

50gctgctgcagctgggcc30

Phc2 intragenic -S 50cccccattgtccagcagagg30 Chr4:128511550-128711682
(132 bp)Phc2 intragenic

-AS
50cggcaaagcacggtatggaaaa30

104
(unpaired two-tailed Student's t-test) were calculated and p-values of less
than 0.05 were marked as significant.

3. Results

3.1. Trim33 is expressed in mouse embryos before, during and after
mesendoderm induction

To gain a deeper understanding of the role of Trim33 in mouse em-
bryos during and after mesoderm induction, we first assessed stage-
specific Trim33 expression in early mouse embryos using a specific
anti-Trim33 antibody in immunohistochemistry assays. We show that
Trim33 protein is abundantly expressed in pre-streak stage embryos.
Particularly, all epiblast cells display strong nuclear staining, while cells
in the visceral endoderm show scattered weak staining (Fig. 1A). In mid-
streak stage embryos, nuclear staining can be seen both in cells under-
going mesoderm induction (double positive for both Brachyury (T,
mesoderm marker) and for Trim33), and in T-negative ectoderm cells
(Fig. 1B). In the head-fold stage embryos, all ectoderm and mesoderm
cells show strong nuclear staining, while the endoderm is mostly negative
for Trim33 (Fig. 1C). In addition, many extra-embryonic tissues, e.g.,
chorion, allantois and amniotic ectoderm show positively staining nuclei
(Fig. 1C).

3.2. Trim33 is required in the cardiogenic mesoderm for normal cardiac
development during a narrow time window close to late gastrulation

Two previous studies have suggested a critical function for Trim33 in
mesendoderm formation (Morsut et al., 2010; Xi et al., 2011), while our
previous report (Kim and Kaartinen, 2008) and the study of Isbel et al.
(2015) concluded that Trim33 is not required for this process. To clarify
the role of Trim33 in mesendoderm induction and early lineage specifi-
cation, we generated epiblast-specific and mesendoderm-specific
knockouts by using the driver lines shown in Table 4. Detailed histo-
logical analyses of epiblast-specific Trim33:Sox2Cre mutants did not
show obvious morphological defects at E11.5 and they were obtained
nearly at the expected Mendelian frequency (60/278 vs. 73/278)
(Fig. 2B). At later stages starting at E13, we obtained fewer than expected
mutant embryos with very few surviving through E15 (Fig. 2B). No viable
Trim33FF:Sox2Cre embryos were obtained at birth. Cardiac edema
(n¼ 10) was frequently detected among the mutant embryos collected at
E13.5 (n¼ 31; Fig. 2C).

Gestational lethality in mouse embryos at E10-E13 has been attrib-
uted to two most likely causes: defects in cardiac/circulatory function
and/or a hematopoietic deficiency (Papaioannou and Behringer, 2012).
Previous studies have shown that Trim33 promotes erythroid differen-
tiation (He et al., 2006) and regulates transcriptional elongation of
erythroid genes (Bai et al., 2010, 2013). Thus we quantified premature
and mature erythroblasts in controls and Trim33FF:Sox2Cre mutants at
E13.5 by FACS (Koulnis et al., 2011). A modest reduction detected in
both CD71HITer119HI (proerythroblasts) and Ter119HICD71LO (erythro-
blasts) cell populations was too subtle to result in embryonic death
(Supplemental Fig. 1A). Immunostaining for CD31 (endothelial marker)
did not reveal any gross differences between controls and mutants sug-
gesting that, by and large, vasculature was not significantly affected
(Supplemental Fig. 1B). Next, we compared cardiac function between
control and Trim33FF:Sox2Cre mutants at E11.5 using echocardiography.
This assay identified 2 out of 4 Trim33FF:Sox2Cre mutants that displayed
arrhythmia and cardiac failure (Supplemental Fig. 1C), which, together
with our finding of cardiac edema (Fig. 1C) often associated with cardiac
failure, led us to investigate the cardiac phenotype of developing
Trim33FF:Sox2Cre mutants in detail.

Serial sections of cardiac tissues across all the examined Trim33FF:-
Sox2Cre mutants showed VSDs, sparse trabeculae and thinning of the
ventricular myocardium (Fig. 2D, D0, E, E0, 2G and Supplemental Fig. 2).
In addition, 2 embryos out of 15 analyzed showed AVSDs (Supplemental



Table 4
Summary of used Cre-lines and noticed phenotypes.

Driver Affected tissue
type

Developmental
phenotype

Viability
at birth

TCre(Perantoni et al.,
2005)

mesendoderm modest delay in
ventricular septation

viable

Nkx2-5Cre(Moses
et al., 2001)

cardiac
mesoderm

none detected viable

Wnt1Cre(Danielian
et al., 1998)

neural crest,
neural plate

none detected viable

Tie2Cre(Kisanuki et al.,
2001)

endothelium none detected viable

K14Cre(Andl et al.,
2004)

epiderm none detected viable

Sox2Cre(Hayashi et al.,
2002)

epiblast VSD, thin myocardium,
sparse trabeculae, cleft
palate, death

not viable

Mox2Cre(Tallquist and
Soriano, 2000)

epiblast VSD not viable

Fig. 1. Trim33 is expressed in mouse embryos before, during and after mesoderm induction. A, pre-streak (PS) stage, B, mid-streak (MS) stage, C, head-fold (HF)
stage embryos. Schematic drawings in A, B and C illustrate a lateral image of an embryo (re-drawn from ‘www.emouseatlas.org’); horizontal line depicts the level of
sections shown in A, B and C (left). Right hand image in C shows the lateral image of a HF-stage embryo (scale bars, 100 μm). EPI, epiblast; VE, visceral endoderm; MD,
mesoderm; RM, Reichert's membrane; Ch, chorion; EC, exocoelomic cavity; AC, amniotic cavity; Al, allantois; AmM, amniotic mesoderm; AmE, Amniotic ectoderm;
ED, ectoderm, nED, neural ectoderm; EN, endoderm; A, anterior; P, posterior. RM shows unspecific staining with T antibody (green).
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Fig. 2K). Despite of the obvious myocardial phenotype, we could see no
differences in the relative distribution of endocardial cells, myocardial
cells and cardiac fibroblasts (Supplemental Fig. 3). The muscular VSDs
and myocardial defects were recapitulated independently using the
Mox2Cre driver line (Tallquist and Soriano, 2000), which shows a
chimeric recombination pattern in the epiblast (Fig. 2J and K). Collec-
tively, these findings suggest that the death of the epiblast-specific
Trim33 mutants results from cardiac failure.

Histological analysis of mesendoderm-specific Trim33:TCre mutants
at E13 revealed a subtle delay in formation of the inter-ventricular
septum (Table 4 and Supplemental Fig. 4), while cardiac progenitor-
specific (Trim33:Nkx2-5Cre), endothelium-specific (Trim33:Tie2Cre)
and neural crest-specific (Trim33:Wnt1Cre) mutants did not display any
detectable external or histological phenotypes (Table 4). Interestingly,
those Trim33FF:Sox2Cre mutants that survived beyond E15 showed cleft
palate (Fig. 2L, M). However, deletion of Trim33 in cell types that criti-
cally contribute to palatogenesis, i.e., neural crest, endothelium and
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epithelium using Wnt1Cre, Tie2Cre or K14Cre drivers, respectively, did
not result in palatal defects (Table 4) (Lane et al., 2015). Therefore, we
examined whether the progressive cardiac failure would lead to hypoxia,
which has been shown to result in a failure of palatogenesis (Jones et al.,
2008). Indeed, Trim33:Sox2Cre mutants showed a notable increase in
hypoxic regions in the mesenchyme of prefusion palatal shelves (Fig. 2N
vs. O). In addition, we compared histological phenotypes of several
endoderm-derivatives, e.g., esophagus, bronchi and lungs between con-
trols and Trim33:Sox2Cre mutants; none of them showed detectable
phenotype in mutants when compared to control littermates (Supple-
mental Fig. 5). These experiments suggested that Trim33 is required for
normal embryogenesis during a narrow time window at late gastrulation
or soon after it, and that epiblast-specific Trim33 deficiency results in
cardiac and secondary craniofacial defects and premature death. How-
ever, Trim33 does not appear to be important for development of
mesodermal cell lineages after their initial specification.

It was previously reported that the epiblast-specific Trim33 mutants
die soon after gastrulation and show expansion of Nodal signaling in the
node (Morsut et al., 2010). In contrast, our Trim33FF:Sox2Cre mutants
survive until E13-15, and show no phenotypes associated with inappro-
priate Nodal signaling (e.g. A-P or L-R patterning defects). To examine
whether Smad-dependent Nodal/TGF-β signaling contributes to the
observed Trim33FF:Sox2Cre lethal phenotype, we generated
epiblast-specific Trim33 mutants, which were heterozygous for the
Smad4 gene (Trim33FF:Smad4FWT:Sox2Cre), and compared their survival
rate and cardiac phenotype to those of Trim33FF:Sox2Cre mutant and
Cre-negative control littermates. At E13, the survival rate of Trim33
mutants was about 40% of the expected frequency, while the corre-
sponding rate of Trim33FF:SmadFWT:Sox2Cremutants was more than 70%
((Fig. 2H) Chi-Sq X2(1)¼ 6; p> 0.05). Concordant with the increased
rate of survival, the compact myocardium was thicker in Trim33FF:S-
madFWT:Sox2Cre mutants than in Trim33FF:Sox2Cre mutants, albeit still
thinner than in controls (Fig. 2G). However, the trabecular phenotype
was not rescued by Smad4 heterozygosity. Likewise, at E13.5 most of the
Trim33 mutants that were heterozygous for Smad4 displayed VSDs
(Fig. 2G); no surviving Trim33FF:SmadFWT:Sox2Cre mutants could be



Fig. 2. Epiblast-specific deletion of Trim33 results in embryonic death at E12-E15 in vivo. A, schematic presentation of Sox2Cre induced recombination of the
floxed Trim33 allele. B, epiblast-specific Trim33 mutant embryos die between embryonic days 13 and 15 (expected numbers given in parentheses). C, Trim33FF:-
Sox2Cre embryos often (10/31) display cardiac edema (C, white arrow). Scale bar, 1 mm. D-F, thin compact myocardium and VSD in Trim33FF:Sox2Creþ mutants (E,
E13.5), which can be partially rescued by Smad4 heterozygosity (F). D, control; E, Trim33 mutant; F, Trim33mutant heterozygote for Smad4 (scale bar, 100 μm). Boxed
regions in D, E and F are shown as higher magnification in D0, E0 and F0, respectively; 4-chamber view. Black arrows in D0 and E0 point to trabeculae, which are shorter
and sparser in mutants (E0); black arrowhead in E points to the VSD (D-F, n¼ 5; scale bar, 25 μm). G, left: quantification of compact myocardium thickness at E13.5
(n¼ 3); black bar, controls; gray bar, Trim33 mutants; white bar, Trim33 mutants heterozygous for Smad4; error bars, sem. G, right: quantification of trabeculation
(n¼ 3; for details – see Experimental Procedures); closed circles, controls; open circles, Trim33 mutants; closed squares, Trim33 mutants heterozygous for Smad4. G,
bottom: summary of VSD frequency. H, the bar graph illustrates a genetic rescue of the Trim33FF:Sox2Creþ lethal phenotype by Smad4 heterozygosity. Black bars,
recovered; gray bars, expected; X2 (1)¼ 6; p> 0.05, i.e., the probability that there is no difference in the survival rate between Trim33FF:Sox2Creþ and
Trim33FF:Smad4FWT:Sox2Creþ embryos (at E13) is more than 5%. I, the bar graph shows that the Trim33FF:Sox2Creþ mutants heterozygous for Smad4 do not survive
until E18. J-K, VSD in Trim33FF:Mox2Creþ mutants at E18. Boxed areas shown as high-magnification images in insets (J-K, n¼ 3). L-M, Trim33FF:Sox2Creþ mutants
(E15) display cleft palate; frontal orientation-eye level; L, control; M, mutant. Black arrowhead in M points to the fusing midline seam; black arrow in N points to the
cleft between palatal shelves (scale bar, 250 μm). N–O, increased hypoxia in Trim33FF:Sox2Creþ mutants (E13); frontal orientation-eye level; N, control; O, mutant;
Hypoxyprobe staining. White asterisk in O points to hypoxic regions in mutant palatal shelves (L-O, n¼ 3; scale bar, 250 μm).
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found at E18 (Fig. 2I). These data show that the lethal cardiac phenotype
of the present epiblast-specific Trim33 mutants can be partially rescued
by Smad4 haploinsufficiency suggesting that one possible role of Trim33
is to attenuate Smad-dependent TGF-β superfamily signaling in mouse
embryos during a narrow time window following mesoderm induction.
3.3. Trim33 is efficiently deleted already at the pre-streak stage in
Trim33:Sox2Cre embryos

Since our results showing that Trim33:Sox2Cremutants survived until
E13 significantly differed from those of Morsut et al. (2010), we
wondered whether this could be due to inability of Cre recombinase to
induce effective recombination in our conditional allele. We first used
whole-mount in situ hybridization and a specific probe, which recognizes
sequences encoded by exons 2–4 (flanked by loxP sites in the floxed
allele) of the Trim33 gene, to show that the Trim33 mRNA was efficiently
recombined at E8.5 (Fig. 3A and B). Next, we harvested both mutant and
control embryos at the pre-streak stage (TS9), mid-streak stage (TS10)
and head-fold stage (TS11) and analyzed them using antibodies that
specifically recognize Trim33 and T (Brachyury, mesendoderm marker)
(Fig. 3C-H). This assay demonstrated that Trim33 protein was efficiently
ablated already at the pre-streak stage before mesendoderm induction
(Fig. 3C-D). In addition, we analyzed E8.5 embryos for T expression to
Fig. 3. Sox2Cre-induced recombination abrogates Trim33 in the prestreak-stage
sequences in exons 2–4 (flanked by loxP sites in the mutant); A, control; B, mutan
immuno-staining for Trim33 and T in control (C, E, G) and Trim33FF:Sox2Cre (D, F, H
streak (MS; E, F) and head-fold (HS; G, H) stages. EPI, epiblast; VE, visceral endoderm
(C–H, n¼ 5). RM shows unspecific staining with T antibody (green); scale bars: C–F
K) and Trim33FF:Sox2Cre mutant (J, L) embryos at E8.0; I-J, lateral images; K-L, dorsa
scale bars: 200 μm in I-J; 150 μm in K-L (n¼ 3). M-N, Whole-mount in situ hybridiza
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see whether a similar expansion of the anterior node could be seen in our
mutants as what was reported by Morsut et al. (2010). Concordant with
the lack of early embryonic death soon after gastrulation, we could not
detect any differences in T expression between controls and mutants
(Fig. 3I-L). At the head-fold stage, we could not detect obvious differ-
ences in cardiac crescent-specific Nkx2-5 staining (Fig. 3M, N). These
results show that the Trim33 gene is effectively recombined by Sox2Cre
and that Trim33 protein was already ablated at the pre-streak stage, and
thus confirm that Trim33 is not required for mesendoderm induction in
mouse embryos in vivo.
3.4. Trim33 deficiency results in increased cardiogenic differentiation in
vitro

To further examine the role of Trim33 in cardiac progenitor cell dif-
ferentiation, we used an embryoid body (EB) culture assay and embry-
onic stem (ES) cells that were homozygous for the floxed Trim33 gene
(Kim and Kaartinen, 2008) and carried the ubiquitously expressed Cre
recombinase estrogen receptor fusion gene (Ruzankina et al., 2007)
(Fig. 4A). This cell system allows for controlled inactivation of Trim33 in
EB cultures by 4-OHT (4-hydroxytamoxifen) treatment at day 4 of dif-
ferentiation, i.e., during later stages of mesoderm induction (Fig. 4B).
Since our objective was to investigate the role of Trim33 in
embryos. A-B, whole mount in situ hybridization using a probe that recognizes
t (asterisk in B indicates a staining artifact) (n¼ 3; scale bars, 200 μm). C–H,
) sections prepared from embryos harvested at pre-streak stage (PS; C, D), mid-
; RM, Reichert's membrane (RM shows unspecific T-ab binding); MD, mesoderm
, 50 μm; G-H, 100 μm). I-L, whole-mount in situ hybridization for T in control (I,
l-caudal images; black arrows (K, L) point to the positive signal in the notochord;
tion for Nkx2-5 at HF-stage; frontal images (n¼ 5); scale bars, 500 μm.



Fig. 4. Loss of Trim33 after mesoderm induction impairs normal embryoid body differentiation in vitro. A, a schematic presentation outlining the estab-
lishment of ESC cultures. B, qRT-PCR analysis of Gcs expression in EBs (n ¼ 3). Closed circles, 4-OHT- (controls); open circles, 4-OHTþ (Trim33mutants); induced with
4-OHT at day 4 (red triangle); horizontal lines, mean; vertical lines, sem. C-D, control and mutant EBs (4-OHT induction at day 4) on day 7 of differentiation. Scale
bars, 200 μm. E, examples of GSEA indicated gene sets that were up-regulated in mutant EBs at day 7.0 (4-OHT induction at day 4; NES, normalized enrichment score).
F, quantification of beating clusters in EBs at days 9–11 of differentiation; black bars, controls; gray bars, mutants; error bars, sem (n ¼ 3; more than 100 EBs were
counted in each set; p ¼ 0.2463). G-H, control (G) and mutant EBs (day 7 of differentiation; 4-OHT induction at day 4) stained for Trim33 (red) and the sarcomeric
marker MF20 (green); counter staining with DAPI (blue) (n ¼ 5) (please note that non-nuclear red fluorescence in G and H is released by dead cells; scale bars,
100 μm). I-J, FACS analysis of Flk1þ and Cxcr4þ cardiac precursors at day 6 of differentiation; I, control EBs; J, Trim33 mutant EBs (4-OHT induction at day 4). K, bar
graph depicting a reduced number of Flk1þ:Cxcr4þ cardiac progenitor cells in mutants (opes circles) compared to controls (closed circles); error bars, sem; n ¼ 3; *,
p < 0.05. L, examples of GSEA indicated gene sets that were down-regulated in mutants at day 7.0 (4-OHT induction at day 4; NES, normalized enrichment score). M-
N, whole-mount in situ hybridization for Foxa2 in control (M) and Trim33FF:Sox2Cre mutant (N) embryos at E7.0 (displayed 2 representative embryos per genotype).
Black arrows point to the presumptive cardiogenic region; black arrowheads point to the definitive endoderm (scale bars, 50 μm). O–P, control and mutant EBs (4-
OHT induction at day 4) were harvested on days 4, 5, 6 and 7 of differentiation and protein extracts were subjected to Western blot analysis. O, representative blots
showing Trim33, Mesp1, Eomes, Foxa2 and Smad4; γ-tubulin was used as a normalizer. P, the bar graphs show relative protein quantification of Trim33, Mesp1,
Eomes, Foxa2 and Smad4 in control (black columns) and mutant EBs (gray columns) corresponding to the image in O (normalized to γ-tubulin; error bars, sem; *,
p < 0.05; n ¼ 3 [see also Supplemental Fig. 6]).
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developmental events mimicking in vivo embryogenesis as closely as
possible (within the limits of the EB culture technique), ES cells were
allowed to undergo spontaneous differentiation in a suspension culture
on ultra-low attachment dishes (Xi et al., 2011). Cre-induction by 4-OHT
administration resulted in gradual decrease on Trim33 protein levels,
and no Trim33 protein was detected after the second day of induction
(Fig. 4O). In contrast, Gsc mRNA expression levels were comparable
between 4-OHT-induced mutant (Trim33FF:UbcCreERT2, 4-OHTþ) and
non-induced control (Trim33FF:UbcCreERT2, 4-OHT-) cultures (on days 5
and 7) demonstrating that this treatment regimen allowed equivalent
initiation of mesoderm induction in both 4-OHT negative and -positive
cultures (Fig. 4B). Morphologically, control and mutant EBs remained
indistinguishable for three days after 4-OHT induction (Fig. 4C and D).

Next, we harvested both the Trim33 mutant and control EBs at day 7
and subjected them to genome-wide RNA-Seq transcriptome analysis. Of
the 523 differentially expressed Trim33-dependent genes (p< 0.05), 58
were down-regulated (fold change �0.66) and 16 were up-regulated
(fold change �1.5) when adjusted for False Discovery Rate of 0.1
(Table 1 in Appendix 1; GEO Submission GSE80166). Gene Set Enrich-
ment Assay (GSEA) showed that genes associated with contractile fibers,
muscle development and heart contraction were among those showing
highest upregulation in Trim33 mutant EBs (Fig. 4E and Supplemental
Table 1). Consistent with expression changes, the number of beating EBs
was higher in 4-OHT-induced than in non-induced cultures between days
9 and 11 of differentiation (Fig. 4F). We also stained both control and
mutant EBs for Trim33 and for sarcomeric myosin (anti-MF20 antibody).
Mutant EBs were completely negative for the strong nuclear Trim33
staining seen in controls (Fig. 4G vs. H), while staining patterns of MF20
were variable both in control and mutant EBs; some EBs showed large
MF20-positive clusters (Fig. 4G-left and Fig. 4H-left), others showed
more scattered MF20-positive cells (Fig. 4G-right and Fig. 4H-right).
Next, we quantified the number of cardiac progenitor cells in controls
and mutants at day 6 of EB differentiation using FACS together with
antibodies, which specifically recognize Cxcr4 and Flk1 antigens (Cai
et al., 2013). This assay showed that the mutant EBs displayed about 40%
reduction in a number of Cxcr4þ, Flk1þ -double positive cardiac pro-
genitor cells when compared to control EBs (Fig. 4I-K). Gene sets asso-
ciated with Foxa2 signaling, cytosolic ribosomes and peptide chain
elongation were among those that were down-regulated in mutant EBs
when compared to controls (Fig. 4L, and Supplemental Table 1).
Collectively these data suggest that deletion of Trim33 in EBs following
mesoderm induction results in accelerated myocardial differentiation,
while the size of the precardiac mesoderm progenitor cell population is
reduced.

Next we compared protein levels of Mesp1, Eomes, Foxa2 and Smad4,
i.e., transcription factors/co-regulators controlling definitive endoderm
and precardiac mesoderm formation, between control and mutant sam-
ples during EB differentiation (Fig. 4O, P and Supplemental Fig. 6).
Mesp1 and Smad4 did not show significant differences between control
and mutant EBs. Foxa2 protein levels were consistently higher in mutant
EBs at day 6 and lower at day 7 of differentiation, while Eomes levels in
mutants were comparable to those of controls at days 4 and 5 of differ-
entiation and lower at days 6 and 7 of differentiation. These findings
suggest that dynamic expression of Eomes and Foxa2 proteins was
modestly but consistently altered in mutant EBs during the course of EB
differentiation (Fig. 4O, P), and that, in this context, Trim33 does not
regulate Smad4 protein stability. A recent study showed that in addition
to the endoderm, Foxa2 is transiently expressed in cardiac progenitors
that give rise to ventricular myocardium (Bardot et al., 2017). In both
control and mutant embryos at E7.25-E7.50 (during gastrulation), Foxa2
was expressed with comparable intensity in the presumptive cardiogenic
region of the primitive streak (Fig. 4M, N). In contrast, Foxa2 expression
in the mutant endoderm consistently appeared relatively weak when
compared to that in control littermates (Fig. 4M, N).
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3.5. Isl1-positive cardiac progenitors show reduced proliferation in
Trim33:Sox2Cre mutants

To define the effect of Trim33 deficiency on cardiac progenitor cell
proliferation and survival, we stained the sections of E7.5-E8.0 embryos
for Isl1 (cardiac progenitor cell and second heart field [SHF] marker) (Ma
et al., 2008) and pHH3 (mitotic cell marker) or for Isl1 and cleaved
caspase-3 (apoptotic cell marker). We detected no differences in the rate
of apoptosis (data not shown), while Isl1-positive cardiac progenitors of
Trim33:Sox2Cre mutants showed reduced cell proliferation when
compared to those of age and stage-matched controls (Fig. 5A-L, O).
Concordantly, SHF-derivatives (right ventricle and OFT) appeared
smaller and shorter in stage-matched mutant embryos when compared to
those of controls (Supplemental Fig. 7). We also used EdU incorporation
assay to analyze cell proliferation in the Mef2-positive myocardial cells at
E10. This analysis revealed no noticeable differences in cell proliferation
between controls and Trim33 mutants in the working myocardium
(Fig. 5M–N, P). These results suggest that epiblast-specific Trim33 defi-
ciency results in transient reduction in cardiac progenitor cell prolifera-
tion during early cardiogenesis (at E7.5), while the rate of myocardial
proliferation later during heart development (at E10) is indistinguishable
between controls and mutants.

3.6. Trim33:cofactor complexes bind to many potential target genes in day
6 EBs

As shown above, Trim33 plays an irreplaceable role in mouse em-
bryos in vivo and in mouse embryoid bodies in vitro during mesoderm
induction. Trim33 has been shown to act as a chromatin reader (Xi et al.,
2011), elongation factor (Bai et al., 2010), ubiquitin ligase (Dupont et al.,
2009) and transcriptional coregulator (Vincent et al., 2012). While our
present results provide partial evidence that, also in this context, a
possible role of Trim33 could be to suppress TGF-β superfamily signaling,
many questions, e.g., how TGF-β suppression is achieved and whether it
has other unrelated roles in this context remains unknown. Trim33 lacks
a DNA binding domain, and thus its interactions with DNA are thought to
be mediated by nuclear co-factors. To gain a better understanding of
mechanisms regulated by Trim33 during late gastrulation, and to identify
sites that bind Trim33:cofactor complexes during late mesoderm induc-
tion, ChIP-Seq analysis using ChIP-validated anti-Trim33 antibodies
(Isbel et al., 2015) was performed on chromatin prepared from EBs at day
6 of differentiation (Fig. 6A and B; GEO submission GSE 119874). This
assay indicated that there was a total of 4426 binding events; 23% of
them were located on promoter regions, 40% were intragenic and 37%
were intergenic (Fig. 6C). Gene ontology analysis using GREAT (McLean
et al., 2010) indicated that Trim33 was strongly enriched close to the
genes implicated in stem cell maintenance (132 regions, 53 genes) and
mesoderm development (80 regions, 39 genes) (Fig. 6D and Supple-
mental Table 2). List of genes associated with stem cell maintenance
included Fzd7, Sall4, Cbfa2t2, Sox2, Lin28a, Prdm14 and Klf4, and those
associated with mesoderm morphogenesis included Eomes, Fgf8, Nodal,
Smad2/3, Six2, Pax2 and Hnf1a (for a complete list of genes, see Sup-
plemental Tables 3A and 3B). However, binding to gene regions associ-
ated with mesendoderm induction, e.g., T andMixL1 (Xi et al., 2011) was
not observed. One of the highest-ranking developmental disease
ontology GO terms was VSD (17 gene regions); associated genes were
Tbx5, Nkx2-5, Pitx2, Rtn4 and Vegfa. To examine whether Trim33 peak
regions were enriched in specific binding motifs, Homer motif analysis
(Heinz et al., 2010) was performed. This assay revealed that the
consensus motifs for Ctcf, Tead and Isl1 were enriched (31.8%, 16.6%
and 12.8%, respectively) in the Trim33 peak sequences (Fig. 6E). Next,
ChIP-Seq analyses using specific ChIP-validated Ctcf and H3K27ac anti-
bodies were used to examine whether Trim33 binding regions were
enriched in Ctcf peaks and to examine the degree to which Trim33
binding took place in putative active enhancer regions. These assays
confirmed that 47% of Trim33 peaks overlapped with Ctcf binding sites;



Fig. 5. Trim33FF:Sox2Cre þ mutants show reduced rate of cardiac progenitor cell proliferation at E7.5 and E8.0. A-H, immunofluorescence microscopy of HF-
stage embryos stained to detect pHH3 (mitotic marker; green) and Isl1 (cardiac progenitor marker; red). A-D controls, E-H Trim33FF:Sox2Cre þ mutants (A, E, low
power images; B-D and F-H high power images; all different embryos; transverse orientation; counter staining with DAPI (blue). White arrows point to pHH3-positive
cells. CC, cardiac crescent; PE, pharyngeal endoderm, NF, neural folds; scale bars for B-H (shown in B), 100 μm). I-L, immunofluorescence microscopy of 6–8 somite-
stage embryos stained to detect pHH3 (mitotic marker; green) and Isl1 (cardiac progenitor marker; red). I-J, controls; K-L, Trim33FF:Sox2Cre þ mutants; transverse
orientation; counter staining with DAPI (blue). PE, pharyngeal endoderm; scale bars 200 μm. M-N, immunofluorescence microscopy of EdU-labeled E10.0 heart
sections stained to detect EdU (green) and Mef2 (cardiomyocytes; red). White arrows point to EdU-positive cells. RV, right ventricle; LV, left ventricle; scale bars,
100 μm. O, quantification of mitotic cells in control and mutant embryos at E7.5-E8.0. Black bars, controls; gray bars, mutants; error bars, sem; *, p < 0.05. P,
quantification of EdU-positive cells in control and mutant embryos at E10. Closed circles, controls; open circles, mutants; error bars, sem.
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about 40% of the Trim33 and Ctcf occupied sites were enriched for
H3K27 acetylation suggesting that these sites were active enhancers
(Fig. 6F). Fig. 6G shows examples of Trim33 peaks, which were shared
with H3K27ac but not with Ctcf (upstream of Cbfa2t2, a co-repressor of
stem cell differentiation (Tu et al., 2016)), which were shared with Ctcf
but not with H3K27ac (upstream of Foxc2 and Phc2 intragenic, regulators
of mesoderm specification) and which were shared both with Ctcf and
H3K27ac (Runx1 intragenic, regulator of hematopoiesis). Importantly,
Trim33 mutant cells showed a clear reduction of Trim33 occupancy in a
number of target genes (Fig. 6H). Co-transfection of EB cells (day 4 of
differentiation) with Trim33 and Ctcf cDNAs and subsequent immuno-
precipitation (day 6 of differentiation) demonstrated that Ctcf interacted,
either directly or indirectly, with Trim33 (Fig. 6I). Next, we analyzed the
functional association between Trim33 and Ctcf using a Bayesian
network-based multiple instance learning algorithm (Panwar et al.,
2016). This approach predicts gene-level functional associations through
integrating RNA-Seq, protein docking, protein domain and pseudo amino
acid compositions from available data sources. It yielded a probability
score of 0.8021 for Trim33 and Ctcf indicating a high probability for
functional association between these two genes. Since H3K27ac marks
are known epigenetic signatures of enhancers (Creyghton et al., 2010)
and Ctcf is known to be enriched in enhancer elements (DeMare et al.,
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2013; Song et al., 2011) and function in regulation of the cardiac epi-
genome (Monte et al., 2016; Rosa-Garrido et al., 2017), we explored the
possibility of overlap between Trim33, Ctcf and H3K27ac peaks from our
Chip-Seq data with that of published heart enhancer datasets. Interest-
ingly, 38 genomic regions showing co-occupancy of Trim33 with either
Ctcf or H3K27ac coincide with reproducible enhancer activity in the
heart among tested enhancer elements reported in the VISTA Enhancer
Browser (Visel et al., 2007) (Supplemental Table 4 and Supplemental
Fig. 8).

Together, these data imply that in EBs during late mesoderm differ-
entiation Trim33 participates in regulatory complexes that control many
different molecular and cellular functions including stem cell mainte-
nance and mesoderm differentiation, and that many of these complexes
include the chromatin architectural and insulator protein Ctcf.

4. Discussion

In this study, we used tissue-specific knockout mouse models and ES
cell-based in vitro differentiation assays to investigate the role of Trim33
in mouse development. We found that epiblast-specific Trim33 mutants
display a spectrum of cardiac defects including poorly formed trabeculae,
thin myocardium and VSDs, and die during late gestation. Muscular VSDs



Fig. 6. Identification of Trim33 target genes. A, heat map showing Trim33 ChIP-Seq read density around the merged peak regions. B, signal intensity plot rep-
resenting Trim33 and input ChIP-Seq profiles around the merged peak regions. C, pie chart displaying distributions of Trim33 peaks across promoter, intragenic and
intergenic regions. D, functional annotation analysis using GREAT reveals that Trim33 preferentially binds to genes associated with stem cell maintenance and
mesoderm formation (GO: Biological Process), and holoprosencephaly, VSD and craniosynostosis (GO: Disease Ontology (developmental diseases)). E, three most
common consensus motifs recognized by Trim33 are Ctcf, Tead and Isl1 motifs. F, venn diagram showing the overlap of Trim33, Ctcf and H3K27ac target genes as
identified by ChIP-Seq. G, examples of genome browser images depicting different Trim33, Ctcf and H3K27ac profiles. H, ChIP-qPCR at enriched regions found near
the four indicated genes; IP with the anti-Trim33 antibodies (controls, closed circles; mutants, open circles; n¼ 5 for Cbfa2t2l; n¼ 3 for Ctgf, Gse1 and Phc2; *,
p < 0.05). I, co-immunoprecipitation of Trim33 with Ctcf and Smad2 in EBs transfected with Flag-tagged Trim33 cDNA and un-tagged Ctcf cDNAs with or without
Activin stimulation (100 ng/ml, 40min); n¼ 3.
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have been thought to result from inadequate coalescence of trabeculae
(Anderson et al., 2014; Captur et al., 2016), and thus it is likely that VSDs
in Trim33mutants are secondary to trabecular defects. Deletion of Trim33
in EBs results in functional and molecular changes that are consistent
with increased myocardial differentiation with concomitant reduction of
the cardiac progenitor pool. This in vitro finding is concordant with
reduced proliferation of Isl1-positive cardiac progenitor cells in vivo. In
addition, mutant embryos displayed shorter OFT at E10.0–11.5 and
AVSDs (with incomplete penetrance) at E13.5; both phenotypes attrib-
uted to defects in the SHF (Black, 2007; Briggs et al., 2013). While a
partial rescue of the Trim33:Sox2Cre phenotype by Smad4 heterozygosity
imply that one potential role of Trim33 is to regulate canonical TGF-β
superfamily signaling, our ChIP-Seq assays reveal more than 4400
binding sites suggesting a large number of potential target genes and
proteins.

The role of Trim33 in Nodal-induced mesoderm induction is contro-
versial. Morsut et al. showed that Trim33 provides negative control to
Nodal-induced Smad-mediated signaling processes both in extraembry-
onic and embryonic tissues (Morsut et al., 2010), while in a more recent
study, Xi et al. suggested that proposed chromatin reader activity of
Trim33:Smad2 complexes is required for Smad4:Smad2 complexes to
gain access to Nodal response elements during mesoderm induction (Xi
et al., 2011). Furthermore, Xi et al. discussed that the discrepancy be-
tween their results and those of Morsut et al. could be explained by the
involvement of Trim33 in regulation of a negative feedback factor Lefty
by Nodal. This explanation ignored the finding of Morsut et al., who
showed that most of the epiblast-specific Trim33 mutants form meso-
derm. However, in that study, the recombination efficiency and protein
ablation dynamics were not addressed, and a possibility that the
observed phenotypes could have been influenced by factors, such as
incomplete recombination or extraordinary protein stability, was not
excluded. Our current study clarifies this controversy: Sox2Cre induces
the complete removal of the Trim33 protein already in the pre-streak
stage embryos, and thus our results unambiguously demonstrate that
the ability of the epiblast-specific mutant embryos to form the primitive
streak and induce mesoderm is similar to that of controls.

The phenotypes of epiblast-specific Trim33 mutants we describe here
and those of germline mutants we and others have described earlier
(Isbel et al., 2015; Kim and Kaartinen, 2008) differ from the phenotypes
described by Morsut et al. (2010). While we cannot definitively explain
the reasons behind these differences, it should be noted that the mice
used in our studies are in the mixed genetic background, while those
descripted by Morsut et al. were reported to be in the inbred C57BL6
background, although the substrain was not specified. Therefore, it is
possible that the genetic background modifies the outcome of Trim33
deletion.

Previous studies have shown that TGF-β superfamily signaling plays a
multifaceted role during early cardiogenesis (Cai et al., 2012; de Pater
et al., 2012). Activin signaling has been shown to repress cardiac dif-
ferentiation and promote endoderm differentiation (Cai et al., 2012),
while Id genes, the bona fide targets of BMPs, have been shown to be able
to override pro-endoderm cues and promote the cardiogenic mesoderm
differentiation program (Cunningham et al., 2017). Hence, it seems that a
delicate balance between BMP and Activin driven signaling processes
controls progenitor cell allocation to cardiac mesoderm and definitive
endoderm. Our current results suggest that at day 7 of EB differentiation,
the pro-endoderm program is attenuated (both Eomes and Foxa2 protein
levels, and Foxa2 pathway are reduced in Trim33 mutant EBs) and the
pro-cardiogenic program is promoted (the GSEA and EB contraction as-
says show enhanced cardiac differentiation). These findings, together
with reduced cardiac progenitor cell proliferation in Trim33 mutant
embryos and reduced number of cardiac progenitors in EBs, are consis-
tent with a model suggesting that Trim33 regulates a balance between
pro-endoderm and pro-cardiogenic mesoderm signals, and that its loss
results in premature cardiac progenitor cell differentiation and reduced
cardiac progenitor cell proliferation, ultimately resulting in myocardial
112
and septal defects in epiblast-specific Trim33mutant embryos during late
gestation.

While several studies have associated Trim33 to TGF-β superfamily
signaling (Dupont et al., 2005; He et al., 2006; Morsut et al., 2010; Xi
et al., 2011), it also has been shown to display functions that are not
related to TGF-βs (Bai et al., 2010; Isbel et al., 2015; Kulkarni et al., 2013;
Wang et al., 2015). Here we show that Smad4 haploinsufficiency
improved the cardiac phenotype of epiblast-specific Trim33 mutants;
however, the improvement was partial and not fully penetrant. To gain
deeper insights to mechanisms by which Trim33 mediates its function
during early embryogenesis, we screened binding sites of Trim33 protein
complexes in differentiating EBs using ChIP-Seq. This assay shows that
nearly half of more than 4000 Trim33 peaks were occupied by Ctcf, a
chromatin architectural protein and a highly conserved transcriptional
regulator. Ctcf, which also mediates long-range interactions and func-
tions as an insulator protein (Arzate-Mejia et al., 2018), has been shown
to recruit RSmads to specific subset of binding sites (Van Bortle et al.,
2015). While the roles of Ctcf in Trim33-regulated processes during early
embryogenesis are currently unknown, it is of interest to note that a
similar enrichment of Trim33 at Ctcf and at CtcfL (Ctcf paralog) (Boris)
binding sites in male mouse germ cells has recently been reported (Riv-
ero-Hinojosa et al., 2017). Trim33 interaction with Ctcf has also been
described in hematopoietic stem cells, in which Trim33 has been shown
to function as an elongation factor regulating erythropoiesis (Bai et al.,
2010). In this context, Trim33 and another elongation factor Cdk9,
together with Pol-II and erythroid transcription factors, were shown to
bind to upstream enhancers on the Myb gene, and loop to the
Ctcf-binding site in Myb intron 1 (Stadhouders et al., 2012) to regulate
Myb transcription. Ctcf has been shown to mediate genetic interactions
underlying heart morphology and function (Gomez-Velazquez et al.,
2017), and cardiac-specific deletion of Ctcf induces cardiac failure in
mice (Rosa-Garrido et al., 2017). Concurrently, several genomic regions
showing co-occupancy of Trim33 with either Ctcf or H3K27ac in our
Chip-Seq data coincide with reproducible enhancer activity in the heart
among tested enhancer elements reported in the VISTA Enhancer
Browser. Given that the expression domains of enhancer elements in the
VISTA database are primarily reported for E11.5 stages and are not
stage-matched for our in vivo or EB data, we do not imply direct func-
tional relevance to our study; the coincidental overlap is open to more
detailed assessment from researchers studying gene-regulatory elements.

In summary, our study reveals that mouse embryos deficient in
Trim33 develop cardiac defects and cleft palate, which belong to the most
common congenital birth defects in humans. We show that Trim33 is
required for appropriate development of precardiogenic mesoderm in a
very narrow time window during late gastrulation. Thus, the epiblast-
specific Trim33 mutant embryos provide an example of a situation in
which common congenital birth defects are caused by an inappropriate
regulation of early signaling processes preceding the organ formation
itself, such as cardiogenesis or palatogenesis.
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