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Abstract

Differentiation of mammalian pluripotent cells involves large-scale changes in transcription and,
among the molecules that orchestrate these changes, chromatin remodellers are essential to
initiate, establish and maintain a new gene regulatory network. The Nucleosome Remodelling and
Deacetylation (NURD) complex is a highly conserved chromatin remodeller which fine-tunes gene
expression in embryonic stem cells. While the function of NuRD in mouse pluripotent cells has
been well defined, no study yet has defined NuRD function in human pluripotent cells. Here we
find that while NuRD activity is required for lineage commitment from primed pluripotency in both
human and mouse cells, the nature of this requirement is surprisingly different. While mouse
embryonic stem cells (mESC) and epiblast stem cells (mEpiSC) require NuRD to maintain an
appropriate differentiation trajectory as judged by gene expression profiling, human induced
pluripotent stem cells (hiPSC) lacking NuRD fail to even initiate these trajectories. Further, while
NuRD activity is dispensable for self-renewal of mESCs and mEpiSCs, hiPSCs require NuRD to
maintain a stable self-renewing state. These studies reveal that failure to properly fine-tune gene
expression and/or to reduce transcriptional noise through the action of a highly conserved
chromatin remodeller can have different consequences in human and mouse pluripotent stem

cells.

Keywords: pluripotency, chromatin, lineage commitment, transcriptomics, iPS cell, epiStem cell
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1. Introduction

The identity of a eukaryotic cell is ultimately determined by its transcriptional output. The
process by which cells transition from one state to another is therefore necessarily subject to tight
transcriptional controls. For example, during development, in the absence of changes in external
cues, transcriptional programs must remain stable for the identity of that cell to be maintained.
Upon changes in external signals, transcription of some genes must be downregulated while that of
others must be increased and this results in a change in cellular identity. The mechanisms which act
either to maintain or change the expression state of a cell therefore underlie the ordered
progression of transitions that occur throughout embryonic development. Failure of regulation of
these gene expression patterns can prevent successful execution of developmental decisions,
leading to developmental abnormalities, tumorigenesis or death. A comprehensive understanding
of how cells control transcription during cell fate decisions is therefore critical for fields where it is
desirable to control or instruct cell fate decisions, such as in regenerative medicine or cancer
biology.

The ability of cells to activate or repress transcription relies largely on the conformation of
the chromatin in which these genes reside. A set of chromatin remodelling complexes function to
alter the structure of chromatin at regulatory elements to control gene expression (Hota and
Bruneau, 2016). One such complex in particular, the NuRD (Nucleosome Remodelling and
Deacetylation) complex, is important for cells to undergo the changes in identity associated with
the exit from pluripotency (Burgold et al., 2019; Kaji et al., 2006; Reynolds et al., 2012a). The NuRD
complex is a highly conserved multiprotein chromatin remodeller initially defined as a
transcriptional repressor (Tong et al., 1998; Wade et al., 1998; Xue et al., 1998; Zhang et al., 1998).
NuRD activity facilitates cell fate transitions in a range of different organisms and developmental
contexts (Signolet and Hendrich, 2015). The complex combines two enzymatic activities: class |

lysine deacetylation, encoded by the Histone Deacetylase (Hdac) 1 and 2 proteins, with the Swi/Snf-
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type ATPase and nucleosome remodelling of the Chromodomain Helicase DNA binding protein 4
(Chd4). This complex also contains histone chaperone proteins Rbbp4 and 7, one of the zinc-finger
proteins Gatad2a or Gatad2b, two MTA proteins (Mtal, Mta2, and/or Mta3), Cdk2ap1 and Mbd2 or
Mbd3 (Allen et al., 2013; Kloet et al., 2015; Mohd-Sarip et al., 2017). Mbd2 and Mbd3 are mutually
exclusive within NuRD and while Mbd2/NuRD can confer methyl-CpG binding on a variant NuRD
complex (aka MeCP1), MBD2 is dispensable for normal mouse development (Feng and Zhang, 2001;
Hendrich et al., 2001; Le Guezennec et al., 2006). In contrast Mbd3 is known to be required for
lineage commitment of pluripotent cells and is essential for early mammalian development,
demonstrating both that MBD2 cannot functionally substitute for MBD3 and that MBD3/NuRD is
the predominant NuRD complex in mammalian cells (Hendrich et al., 2001; Kaji et al., 2006; Kaji et
al., 2007). Structural and genetic work has found that Mbd3 physically links two biochemical and
functional NuRD subcomplexes: a remodelling subcomplex containing Chd4, the Gatad2 protein and
Cdk2ap1; and a histone deacetylase subcomplex containing the Hdac, the Rbbps and the Mta
proteins (Burgold et al., 2019; Low et al., 2016; Zhang et al., 2016). Mbd3 thus acts as a molecular
bridge between these subcomplexes and maintains the structural integrity of NuRD.

In mouse ESCs (mESCs) Mbd3/NuRD activity modulates the transcription of pluripotency-
associated genes, maintaining expression within a range that allows cells to effectively respond to
differentiation signals (Bornelov et al., 2018; Reynolds et al., 2012a). In contrast total NuRD-null
mESCs display increased transcriptional noise which exacerbates the lineage commitment defects
(Burgold et al., 2019). Despite profound developmental defects, Mbd3 deficiency in mESCs results
in only moderate gene expression changes, with the majority of genes changing by less than two-
fold. Rather than turning genes on or off, Mbd3/NuRD activity serves to fine-tune gene expression
in mESCs (Bornelov et al., 2018). Although this amounts to many small transcriptional changes, the

cumulative effect of this is nevertheless a profound phenotype: the inability of pluripotent cells to



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

undergo lineage commitment. While the function of Mbd3/NuRD in mouse pluripotent cells has
been well defined, no study yet has defined NuRD function in human pluripotent cells.

Human and mouse ESCs can both be derived from the inner cell mass (ICM) of pre-
implantation epiblasts. Yet the cell lines that emerge after culturing differ in transcriptomic,
epigenetic, and morphological features (Nichols and Smith, 2009). mESCs show early developmental
characteristics such as the expression of pluripotency genes, DNA hypomethylation and the activity
of both X chromosomes in females. Conventional human ESCs (hESCs) are developmentally more
advanced and resemble murine post-implantation epiblast or mouse epiblast stem cells (mEpiSCs),
and thus are considered to be primed pluripotent (Brons et al., 2007; Tesar et al. 2007). The study
of human pluripotent stem cells has been greatly accelerated by the advent of induced pluripotent
stem cells (iPSCs), which are derived from somatic cells and thus do not require destruction of a
human embryo (Nishikawa et al., 2008; Takahashi and Yamanaka, 2006). As far as can be
determined, human iPSCs show a similar level of potency as human ESCs, but also show the range
of differentiation biases seen in ESCs, possibly due to differences in culture history, genetic
differences between humans, and/or stochastic changes (Osafune et al., 2008; Yamanaka, 2009).
For this reason, the differences between two ES cell lines, or two iPS lines is likely to be more
significant than any differences between iPS cells and ES cells per se.

In this study we investigated the function of the MBD3/NuRD complex in a human iPSC line,
and compared this to its function in mEpiSCs. We find that while MBD3/NuRD is required in both
systems for cells to properly undergo lineage commitment, the way in which this function is exerted
appears different. Whereas in mouse primed stem cells, as in naive mESCs, NuRD is required for an
appropriate level of transcriptional response to differentiation signals, human cells require NuRD
activity to initiate these transcriptional responses. This difference in the transcriptional

consequences upon loss of an orthologous protein in two different mammalian pluripotent stem
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cell types indicates that mouse and human cells interpret and/or respond to induction of

differentiation differently.

2 Materials and Methods

2.1 Cell lines and culture conditions

hiPSCs were a generous gift of Prof. Austin Smith (Takashima et al., 2014). Endogenously tagged
MBD3-3xFLAG hiPSCs were made using a CRISPR/Cas9 gene editing approach to insert 3xFLAG
immediately upstream of the MBD3 stop codon using a guide RNA targeting the sequence 5'-
GAGCGAGTGTAGCACAGGTG-3’ (Supplemental Fig. 1). MBD3-KO cells were generated replacing
exons 2 and 3 with a puromycin resistance cassette using CRISPR/Cas9-mediated targeting and
guide RNAs targeting the sequences 5- GGCGGTGGACCAGCCGCGCC-3’ and 5'-
GTCGCTCTTGACCTTGTTGC-3’. A correctly targeted heterozygous clone was then transiently
transfected with Dre recombinase prior to a second round of targeting to generate a homozygous
null line (Supplemental Fig. 1). The MBD3 Rescue line was made by transfecting the MBD3-KO iPS
line with a construct containing a CAG promoter driving expression of full-length MBD3-3xFLAG,
followed by an IRES and a hygromycin resistance gene, and a polyA sequence from the human PGK
gene. Hygromycin resistant cells were expanded and tested for MBD3-3xFLAG expression (e.g.
Figure 2A).

hiPSCs were cultured in mTESR1 (StemCell Technologies) media or E8 medium (made in house,
prepared according to (Chen et al., 2011)) on vitronectin coated plates. hiPSCs were passaged using
an enzyme-free passaging reagent (ReleSR, StemCell Technologies) and plated as small clumps.

Neuroectoderm differentiation was induced based on (Vallier et al., 2009). hiPSCs were plated
as clumps (day -1) in chemically defined medium with Polyvinyl Alcohol (CDM-PVA) supplemented
with hActivin A (10ng/ul) and FGF2 (12ng/ul) on 0.1% gelatin coated plates pre-treated overnight at

37°C with MEF media (Advanced DMEM-F12, 10% FBS, 2 mM L-glutamine, 1x
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penicillin/streptomycin). The original composition of CDM is 50% IMDM (Gibco) plus 50% F12
Nutrient-MIX (Gibco), supplemented with 4 ug/ml of insulin (Roche), 15 pg/ml transferrin (Roche),
450 uM monothioglycerol (Sigma), Chemically Defined lipid concentrate (Invitrogen). The next day
(day 0), hiPSCs were cultured in CDM-PVA supplemented with SB431542 (10 uM, Tocris), FGF2 (12
ng/ml, R and D Systems) and Noggin (15 ng/ml, Peprotech) for 12 additional days. The cells were
harvested using Accutase at 3, 6 and 12 days. The media was changed every day.

Definitive endoderm differentiation was induced according to (Yiangou et al., 2019). Cells were
cultured in CDM-PVA supplemented with 100 ng/ml Activin A (produced in house), 80 ng/ml FGF2
(produced in house), 10 ng/ml BMP4 (R&D Systems), 10 uM LY294002 (Promega) and 3uM
CHIR99021 for one day, with CHIR99021 omitted on the second day. From day three onwards, cells
were cultured in RPMI basal medium, supplemented with 100 ng/ml Activin A and 80 ng/ml FGF2
on day 3. From day 4 onwards, RPMI was supplemented with 50 ng/ml Activin A only. The cells were
harvested using Accutase at days 2, 4, 6 and 8. The media was changed every day.

mEpiSCs were derived from Mbd3f°/4 mESCs and subsequently transiently transfected with
Cre recombinase to create Mbd3%? cells. Mbd3%2 mEpiSCs were independently derived from
Mbd32/8 ES cells. mEpiSC cultures were maintained in N2B27 supplemented with FGF2 (12 ng/ul),
Activin A (20 ng/ul), XAV939 (2 mM, Sigma) on fibronectin (15 pg/ml) pre-coated plates. The cells
were harvested using Accutase at 2, 4 and 8 days. The media was changed every day. For neural
differentiation cells were plated on laminin-coated plates in N2B27 containing 1 uM A83-01

(StemMACS).

2.2 Gene expression analysis
This was carried out as described (Burgold et al., 2019). Briefly, total RNA was isolated using
RNA mini easy kit (Qiagen) and reverse transcribed using random hexamers and Superscript IV

Reverse Transcriptase (Invitrogen). Quantitative PCR was carried out using gene-specific primers
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and Sybrgreen incorporation, or Tagman reagents on a StepOne or ViiA7 real time PCR system

(both Applied Biosystems).

TAQMAN PROBES

GENE PROBE
L ACTIN Hs01120798_m1
GATA4 Hs00171403_m1
NANOG Hs04399610_gl
NESTIN Hs04187831 gl
PAX6 Hs00240871_m1
POU5F1 Hs04260367_gH
ZFP42 Hs01938187_s1
Nanog Mm02019550 s1
Pax6 Mm00443081_m1
Pou5f1 MmO03053917 g1l
Sox2 Mm03053810_s1
Zfp42 MmO03053975 g1

PRIMERS
GENE FORWARD PRIMER REVERSE PRIMER REFERENCE
CRB3 AGGTCAAAGACGCCCG TGAAGGCAAAACAGTGCTATTC
FOXA2 | GGGAGCGGTGAAGATGGA TCATGTTGGCTCACGGCGGCGTA
FOXG1 | TCACGAAGCACTTGTTGAGG | AGGAGGGCGAGAAGAAGAAC
INADL | GTGATGCCCTTGGAATCAGT | CTGCTCCTCTGTGTCTTCTG
SoxX2 GGACAGTTACGCGCACAT GCTGGTCATGGAGTTGTACT
SOX17 | GGCGCAGCAGAATCCAGA CCACGACTTGCCCAGCAT
ZEB1 CTGACTGTGAAGGTGTACCA | GTACATCCTGCTTCATCTGC Jiang et al 2018
Ascl1 CCTCTTAGCCCAGAGGAACA | GTCACTCTTCTCGTGTCTGG
Bcam GGTGATAGCAAAGGTCCAGG | CCGTTTCGGTACCATGTGAT
Ccn2 ATCTCCACCCGAGTTACCAA | TTTCATGATCTCGCCATCGG
Cdh1 GGCTTCAGTTCCGAGGTCTA | TCTCCAGCTTGTGGAGCTTT
Cdkn2a | GGTTCTTGGTCACTGTGAGG | GTTCGAATCTGCACCGTAGT
Dusp4 | GAGGAAAGGGAGGATTTCCA | GTACCTCCCAGCACCAATGA
Dusp9 | AGAACGAAGCGGAGGCTA AATCAGAGCTCAAGCACAGG
Epcam | CCGGGCAGACTCTGATTTAC | CGGCTAGGCATTAAGCTCTC
Lefty2 | ACACGCTGGACCTCAAGGAC | GCAGGTCCAGGTACATCTCC
Sox3 TTGCTGTTTAGCTTTGCTCG TCAACTGCAACAGAAGAACC
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2.3 Nuclear extraction, immunoprecipitation and Proteomics

Nuclear extraction was an immunoprecipitation was performed as described (Burgold et al., 2019).

Original western blot images are available on Mendeley Data:

http://dx.doi.org/10.17632/4t99j4c7gx.1. Antibodies used in this study are indicated below:

ANTIBODY RAISED IN COMPANY CATALOGUE DILUTION FOR WESTERN
NUMBER BLOT/IMMUNOFLUORESCENCE
oCHD4 Mouse Abcam ab70469 1:5000
oGATAD2B Rabbit Bethyl Labs A301-281A 1:2000
oLAMIN B1 Rabbit Abcam ab133741 1:10 000
aMBD3 Rabbit Abcam ab157464 1:5000/1:1000
aMTA2 Mouse Abcam ab50209 1:5000
aSOX2 Rat e-biosciences | 14-9811-82 1:500
oTuj Mouse Cymbus CBL412 1:1000

Mass spectrometry was carried out as described (Burgold et al., 2019; Kloet et al., 2018; Smits et

al., 2013). Briefly, nuclear extract was prepared from a human iPS cell line in which a 3xFLAG tag

was knocked in to the endogenous MBD3 locus, or from two independent mouse epiStem cell

lines similarly modified as described (Burgold et al., 2019). One preparation of nuclear extract

from each cell line was divided into thirds, which were independently processed for proteomic

analyses. Proteins associated with 3xFLAG-tagged MBD3 were purified using anti-FLAG sepharose

(Sigma) and processed for mass spectrometry as described (Smits et al., 2013). The resulting data

were processed as in (Kloet et al., 2018).

2.4 RNA-seq and analysis

Sequencing libraries were prepared using the NEXTflex Rapid Directional RNA-seq kit
(lumina) or SMARTer® Stranded Total RNA-Seq Kit v2—Pico Input Mammalian (Takara Bio) and
sequenced on the lllumina platform at the CRUK Cambridge Institute Genomics Core facility

(Cambridge, UK). lllumina sequence files were converted into FASTQ format. The short sequence
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reads (75 nucleotides) were aligned to the Human reference genome (hg38;
http://genome.ucsc.edu/) or to the Mouse reference genome (mm10; http://genome.ucsc.edu/)
and assigned to genes using BWA (Li and Durbin, 2009). We used the Subread package (R statistical
tool; http://www.r-project.org/) to count aligned reads. Differentially expressed genes were
identified using R package edgeR (Chen et al., 2016). We used no fold change filtering and results
were corrected for multi-testing by the method of the False Discovery Rate (FDR) at the 1% level.
Differentially expressed genes were clustered using the unsupervised classification method of the
Kmeans (Soukas et al., 2000). Heat maps were done using the pheatmap function (R statistical tool;
http://www.r-project.org/). Functional annotation enrichment for Gene Ontology (GO) terms were

realised using HumanMine [http://www.humanmine.org] (Smith et al., 2012)or MouseMine

database [http://www.mousemine.org]. Benjamini-Hochberg corrected P values of less than 0.01

were considered significant. GO terms were submitted to REVIGO, a web server that takes long lists
of GO terms and summarizes them in categories and clusters of differentially expressed genes by
removing redundant entries (Supek et al., 2011). We used i-cisTarget tool (Imrichova et al., 2015) to
look for enrichment in TF position weight matrices and potential binding sites in the regulatory
regions of co-expressed genes. i-cisTargetX computes statistical over representation of DNA motifs
and ChlIP-seq peaks in the non-coding DNA around sets of genes. The enrichment was considered

significant when the Normalized Enrichment Score (NES) was higher than 5.

2.5 Data Availability

RNA-seq data are available with the Array Express accession number E-MTAB-8753. The
mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier PXD016967. All original western blot

images are available at Mendeley Data: DOI: 10.17632/4t99j4c7gx.1.
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3 Results

3.1 NuRD complex structure is conserved in mouse and human pluripotent stem cells

In order to characterise human NuRD, we used genome editing to insert coding sequence for
a 3xFLAG epitope immediately upstream of the stop codon of one endogenous MBD3 allele in
human iPS cells (Fig. S1A, B). An equivalent C-terminally tagged murine endogenous MBD3 protein
shows genomic localisation identical to that found for wild type MBD3 protein in mouse ES cells,
and supports normal embryonic development in mice (Bornelév et al., 2018). Biochemical isolation
of MBD3/NuRD in MBD3-3xFLAG hiPSCs, or in mEpiSCs containing an identically modified Mbd3
allele, followed by mass spectrometry identified all known components of NuRD in both systems
(Fig 1A, B). A number of interacting proteins were also purified at much lower stoichiometries than
was seen for core NURD components. Comparison of mass spectrometry data between hiPSCs,
mEpiSCs and mouse naive ES cells (using MTA1-3 proteins for NuRD purification: (Burgold et al.,
2019)) showed that most interacting proteins identified in human cells also interact with mouse
NuRD (Fig 1C). Two cell-type specific interactors are VRTN and ZNF423, both of which are not
expressed in naive ES cells, but are found interacting with NuRD in primed PSCs (mEpiSCs and
hiPSCs; Fig 1C). Two nuclear proteins were identified interacting with human NuRD that were not
significantly enriched in the mouse datasets: PGBD3 and BEND3. PGBD3 is a transposase - derived
protein expressed as a fusion with ERCC6 not present in mice (Newman et al., 2008), but previously
reported to interact with NURD components in human cells (Hein et al., 2015). Although not
significantly detected in our mouse NuRD purifications, BEND3 has previously been shown to recruit
NuRD to major satellite repeats in mouse cells (Saksouk et al., 2014). WDR5, ZNF296 and ZNF462
were identified interacting with mouse NuRD as described (Burgold et al., 2019; Ee et al., 2017; Kloet
et al., 2018), but were beneath our significance cut off in purifications from human cells (Fig 1C).
We therefore conclude that NuRD structure and biochemical interactors are generally conserved

between mouse and human PSCs.
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3.2 NuRD mutant hiPS cells are unable to maintain a stable pluripotency state

We next asked what function was played by MBD3/NuRD in human PSCs. To this end we used
CRISPR/Cas9-mediated gene targeting to create an MBD3-KO iPSC line (Fig. 2A; Fig S1C).
Immunoprecipitation with the remodelling subunit of NuRD, CHD4, allowed for purification of other
complex components in wild type cells, but not in the MBD3-KO cells, indicating that human NuRD
does not form without MBD3 (Fig 2B). Interactions between CHD4 and other NuRD components
were restored when an MBD3 transgene was overexpressed in the null cells (“Rescue”, Fig 2A,B),
indicating that the transgenic MBD3 is sufficient for NuRD formation as it is in mESCs (Bornelov et
al., 2018; Reynolds et al., 2012b).

MBD3-KO hiPSCs were viable in standard culture conditions (mTESR or E8 (Chen et al., 2011)),
though unlike wild type cells null cultures showed some degree of spontaneous differentiation in
both culture conditions (Fig 2C). While wild type and Rescue cultures presented as morphologically
homogeneous colonies with clear boundaries, mutant cultures were mix of cells showing a compact,
undifferentiated morphology as well as a population of flatter, less dense colonies with irregular
boundaries, reminiscent of differentiated cells (Fig. 2C). This was surprising since Mbd3-KO mESCs
are resistant to differentiation (Kaji et al., 2006).

Wild type, mutant and Rescued hiPSCs were induced to differentiate towards a
neuroectodermal fate or a definitive endoderm fate to determine whether NuRD was required for
successful lineage commitment of human pluripotent cells (see Methods). After 20 days of
neuroectodermal differentiation, axon-like extensions were readily identifiable in wild type and
Rescue cultures (Fig. 2C). In contrast, no such appendages were found in MBD3-KO cultures,
indicating a requirement for MBD3/NuRD for successful completion of this differentiation process.
All three cell lines showed a decrease in expression of pluripotency markers across both

differentiation protocols, indicating that NuRD is not required for PSC to respond to differentiation
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signals (Fig. 2D, E). MBD3-KO cells failed to properly induce expression of some lineage-appropriate
genes in both differentiation protocols, but this ability was restored upon rescue with the MBD3
transgene (Fig. 2D, E). While NuRD is therefore required in human cells to faithfully maintain a self-
renewing state, it is also required for appropriate lineage determination in these two differentiation
protocols.

To determine how NuRD facilitates lineage commitment in hiPSCs, we analysed and
compared the transcriptomes of WT, MBD3-KO and Rescue cells at 0, 3, 6 and 12 days upon
neuroectodermal differentiation. Visualising the data using a multidimensional scaling plot (Ritchie
et al., 2015) separated each sample along the time of differentiation, represented by PC1, and the
genotype, represented by PC2 (Fig. 3A). Data from WT and Rescue cells clustered close to each other
and followed a similar developmental trajectory, indicating that overexpression of MBD3 does not
dramatically impair early stages of neural differentiation. In contrast, data from MBD3-KO cells
clustered separately, indicating that they are undergoing aberrant differentiation, consistent with
our RT-qPCR data (Fig. 2D). At day 0 NuRD mutant cells occupy a position further along the
differentiation trajectory (PC1) than do either WT or Rescue cells, likely resulting from the presence
of morphologically differentiated cells within the self-renewing MBD3-KO cultures (Fig. 2C).

To try to understand why MBD3-KO PSC were unable to stably maintain an undifferentiated
state, the transcriptomes of WT and MBD3-KO PSCs were compared in self-renewing conditions
(Fig. 3B). Null cells showed 823 differentially expressed genes compared to wild type cells (246 up-
and 577 down-regulated, FDR 1%). GO term enrichments performed on the set of down-regulated
genes showed terms related to pluripotency (Fig 3C, Table S1) consistent with a failure to maintain
a stable pluripotent state in the absence of MBD3/NuRD. Expression profiles of pluripotency
markers (NANOG, TDGF1, FOXD3 and FGF2) showed a significant down-regulation in mutant
cultures when compared to the WT or Rescue cells (Table S1). The 246 up-regulated genes showed

enrichment for terms related to the development of different lineages (Fig 3C, Table S1). Given that
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MBD3-KO cells failed to undergo programmed neural or endodermal differentiation despite
precociously expressing differentiation markers, we conclude that, like in mESCs (Burgold et al.,
2019), human NuRD functions to prevent inappropriate gene expression in undifferentiated
pluripotent cells, and this noise reduction function is important for faithful execution of lineage

decisions.

3.3 Human NuRD activity is required for appropriate transcriptional response to differentiation
signals

To better understand how human NuRD facilitates lineage commitment, we next asked how
gene expression changes during the differentiation time course differed in MBD3-KO cells as
compared to WT or Rescue cells. By considering both genotype and the time of differentiation in
our differential analysis, we identified genes showing expression changes in at least one cell line
compared to the others during differentiation. Clusters of co-expressed genes were identified using
K-means clustering (Li et al., 2018), resulting in 6 groups showing similar expression profiles (Figure
4A).

Cluster 1 is composed of 403 genes down-regulated during normal differentiation (Fig. 4A,
B; Table S2,S3 and S4). These genes were generally underexpressed in MBD3-KO hiPSCs, yet become
further down-regulated as cells are subjected to differentiation conditions. This cluster includes
pluripotency-associated genes such as POU5F1, NANOG, FOXD3, TDGF1, FGF2, ZSCAN10, DPPA4 and
PRDM 14, validating and extending our conclusion drawn from data shown in Fig. 3 that MBD3-KO
hiPSCs have a defect in maintaining the self-renewing state in standard conditions. Transcription
factor binding sites enriched within 10Kb of the TSS of genes in this cluster showed significant
enrichment of consensus binding sites for general transcription factors associated with activation
of pluripotency gene expression (i.e. MYC, ATF, CEBPB; Table 1), consistent with a decrease in

expression of pluripotency-associated genes. This analysis additionally identified consensus binding
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sites for SNAIL and ZEB1 (Table 1), transcription factors associated with epithelial to mesenchymal
transition as well as repression of pluripotency gene expression (Jiang et al., 2018; Moreno-Bueno
et al., 2008). Human ES cells undergo EMT as part of the differentiation process (Kim et al., 2014),
so this likely results from inappropriate expression of epithelial genes which would normally
precede an EMT event.
Genes in clusters 2-4 are predominantly associated with GO terms involved in differentiation
(Fig. 4B; Table S2, S3 and S4). Cluster 2 contains genes associated with neuroectodermal
differentiation and were induced in wild type and Rescue cells. While Cluster 2 genes (including
PAX6, OTX1 and SOX1) showed inappropriate expression in MBD3-KO cells at time 0 and remained
high throughout the differentiation time course. Cluster 3 genes, some of which are associated with
neuronal maturation (such as PLP1, SEMA3A, and APP) were expressed at a lower level in mutant
cells than in either WT or Rescue cells. Cluster 4 contains genes not induced in either WT or Rescue
cells, but which showed inappropriate expression in MBD3-KO cells at all time points (e.g. WNT5A,
FOXA2, PAX7; Fig 4B, Table S2). Cluster 5 contains only 27 genes which fail to be appropriately
silenced during differentiation in MBD3-KO cells, but show no significant enrichment with any GO
term, and genes in Cluster 6 show similar expression patterns in mutant and Rescue cells, and are
hence unlikely to contribute to the differentiation failure phenotype of MBD3-KO cells (Fig. S2).
Genes in Clusters 2 and 4 are not associated with any specific TF binding sites, while Cluster 3
genes show enrichment of binding sites for the general transcription factor SRF (Table 1). This lack
of evidence for misregulation of a specific transcriptional programme indicates that MBD3-KO
hiPSCs fail to interpret a range of different differentiation signals, as opposed to just one or two
main pathways. The silencing of pluripotency-associated genes (Cluster 1) in MBD3-KO cells
demonstrates an ability of these cells to respond to the loss of self-renewal signals, yet the failure
of genes in Clusters 2 and 5 to appropriately change expression during the differentiation time

course indicates that NuRD is required for cells to properly respond to differentiation signals.



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

3.4 MBD3/NuRD controls lineage commitment differently in human and mouse primed PSC

Mbd3/NuRD facilitates exit from the self-renewing state in mouse naive ESCs (Burgold et al.,
2019; Kaji et al., 2006) and thus it was surprising that human primed PSC required MBD3/NuRD to
properly maintain the self-renewing state. To determine whether this was a difference between
human and mouse cells, or between naive and primed pluripotent cells we next asked whether
NuRD was required to maintain the self-renewing state in mEpiSCs. Mbd3”~ mEpiSCs were derived
in culture from Mbd3”- mESCs or by transient Cre expression in mEpiSCs derived from Mbd3fo/-
mESCs (See Methods). Mbd37- mEpiSCs derived through either method were indistinguishable, and
appeared uniformly undifferentiated (Fig. 5A, B), indicating that the spontaneous differentiation
seen in hiPSCs does not reflect a general requirement for MBD3/NuRD to maintain primed PSC.

To further compare mouse and human primed PSC, gene expression was monitored across a
neural differentiation time course in two independent pairs of Floxed and Mbd37- mEpiSCs by RNA-
seq (Fig. 5A, S3; Table S5, S6 and S7) and RT-gPCR (Fig. S4). When the data are visualised using a
multidimensional scaling plot (Chen, Lun, & Smyth, 2016), each sample separates along PC1,
representing time of differentiation, and PC2, representing genotype (Fig 5C). Control and Mbd3”
cells occupy the same position along the differentiation trajectory (PC1), consistent with our
observation that mEpiSCs do not require MBD3/NuRD to maintain a morphologically
undifferentiated state.

As with the hiPSCs, we considered both the genotype and the time of differentiation in our
analysis and thus identified 699 differentially expressed genes. Co-expressed genes were grouped
using K-means clustering, resulting in 4 clusters showing similar expression profiles (Fig. 5D). In
contrast to the human cells which generally showed a lack of transcriptional response to the
differentiation time course, clusters identified in mouse cells showed transcriptional responses, but

these responses differed from those in wild type cells (Fig. 5E). Cluster 1 genes showed decreased
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expression in wild type cells across the time course, but increased expression in Mbd3” cells. Genes
in clusters 2 and 4 also show increases in both wild type and mutant cells, but Cluster 2 genes
showed a reduced response in mutant cells, whereas cluster 4 genes showed an increased response.
Cluster 3 genes decreased in expression in mutant cells across the time course, but showed no
overall change in wild type cells. In all clusters the genes are associated with very general GO terms,
and are unlikely to represent individual pathways or developmental trajectories (Fig. 5E; Table S6
and S7). These data indicate that in mEpiSC Mbd3/NuRD is not strictly required for cells to respond
to differentiation signals as was seen in hPSC, but rather is required for an appropriate level of
response, as it is in naive mESC (Burgold et al., 2019). Rather than being required for the
transcriptional response to differentiation cues as in the human differentiation course, Mbd3/NuRD
functions in mouse primed PSC to facilitate an appropriate transcriptional response to neural
induction.

Despite the differences in NuRD-dependent gene regulation observed in mouse and human
primed PSC described thus far, we asked whether there could be a conserved core set of genes
regulated similarly in primed PSC from both species, which might contribute to the shared
requirement for NuRD in lineage commitment. Comparing gene expression datasets between the
human and mouse experiments (Fig. 6A) identified 153 genes, the orthologues of which were
differentially expressed in both human and mouse cells. K-means clustering of data from human
and mouse cells separately segregated the genes into three or four main clusters respectively (Fig.
6; Table S8). We next assessed the impact of MBD3 mutation on the behaviour of clusters which
showed similar expression profiles in WT cells (Fig. 6; Table S9). Human cluster 1 and mouse cluster
3 were both induced in wild type cells across the differentiation time course, and were
overexpressed in both cell types at time 0, but in mouse cells these genes showed some degree of
further up-regulation across the time course, whereas there was no significant increase in

expression of these genes in human cells (Fig. 6B, top). These clusters have only 9 genes in common
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and return no significant GO terms (Table S9). The two other comparisons feature genes associated
with general developmental GO terms (Table S9) that are activated during differentiation (human
cluster 2/mouse cluster 4), or genes which are silenced upon normal differentiation and are
associated with epithelial development and cell-cell contacts (human cluster 3/mouse cluster 1;
Table S9). In both cases the behaviour of cluster genes in MBD3-null cells differs in the two species:
while human cluster 2 genes fail to be activated in MBD3-null cells, mouse cluster 4 genes do
increase in expression, but to a much lesser extent than in wild type cells. Human cluster 3 genes
are underexpressed in MBD3-null cells and remain low throughout the differentiation time course,
while mouse cluster 1 genes are expressed at inappropriately high levels in Mbd3-null mouse cells
and remain high during differentiation (Fig. 6). If, instead of clustering human and mouse genes
separately, we ask whether mouse genes orthologous to those in the human clusters behave
similarly, we get a similar picture: in general mouse genes do not behave the same as the human
genes (Fig. S6; Tables S9-S10). We therefore conclude that the transcriptional consequences of
Mbd3/NuRD loss are different in human versus mouse primed PSC, but in both cases this activity is

required for cells to properly undergo lineage commitment.

4 Discussion

Differentiation of mammalian pluripotent cells involves large-scale changes in transcription,
which result in loss of one cell identity and gain of a new, more differentiated identity. Orchestrating
these changes in transcription are a large cast of different transcription factors and signalling
molecules, but there is also a set of chromatin remodellers whose activity is essential to initiate,
establish and maintain a new gene regulatory network (GRN) (Gokbuget and Blelloch, 2019; Hota
and Bruneau, 2016). When induced to differentiate, both mouse and human pluripotent stem cells
depend on NuRD activity to elicit an appropriate transcriptional response and undergo lineage

commitment, but the manner in which NuRD is used to facilitate this response differs. Induction to
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differentiate elicits changes in transcription from a range of genes in both human and mouse PSC,
though the identity of the specific genes largely differs in the two species (Fig. 6A). The absence of
MBD3/NuRD activity in human cells results in a subset of these genes failing to respond to the
differentiation cues, while in mutant mouse PSC the response is present and widespread, but often
muted or inappropriate (Figs 4, 5). This subtle difference in NuRD-dependent gene expression
changes could conceivably give rise to quite different downstreatm consequences, and may underlie
the rather low percentage of genes commonly misregulated during neural differentiation of mouse
or human PSC (Fig. 6A). NURD activity is additionally required to maintain the pluripotency GRN of
hiPSCs cultured in self-renewing conditions, but neither primed nor naive mouse PSCs display this
requirement (Fig. S3A and (Kaji et al., 2006)). We see no large-scale differences in the biochemical
make-up of NURD between human and mouse primed stem cells, which would be consistent with
the human and mouse complexes exerting similar, or identical biochemical functions. The observed
differences in the consequences of MBD3 deficiency are therefore likely to result from subtle
differences in how NuRD activity is used by the cells to respond to changes in environment.

One example of how human and mouse cells respond differently to loss of MBD3/NuRD is in
regulation of the ZEB1/Zeb1 genes. ZEB1 is overexpressed in self-renewing human PSC and remains
high through the neural induction time course, whereas in mouse cells Zeb1 is underexpressed in
self-renewing cells and fails to be activated during the time course (Fig. S5). ZEB1 has been shown
to repress polarity and gap-junction genes associated with an epithelial morphology, promoting an
epithelial to mesenchymal transition (EMT) (Aigner et al., 2007). This function is required for neural
differentiation in vivo and from hESCs in culture (Jiang et al., 2018; Singh et al., 2016). It is not
surprising, then, that Human Cluster 1 genes, which show reduced expression throughout the
differentiation time course in mutant cells and show enrichment for cell adhesion genes (p = 2x103;
Table S4 and S5), are also enriched for ZEB1 DNA binding motifs (Fig. 4B; Table 1). In mouse cells,

however, Zeb1l motifs were associated with the cluster of genes highly associated with cell-cell



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

junctions and showing inappropriately high expression levels at all time points (Cluster 1: Fig. 5D
and Table 1), consistent with aberrantly low expression of the Zebl repressor. While transgenic
overexpression of ZEB1 was reported to increase neural differentiation of hESCs (Jiang et al., 2018),
it did not lead to precocious differentiation of self-renewing hESCs, and hence is unlikely to be the
principal factor behind the precocious differentiation seen in hiPSCs lacking MBD3.

It is possible that differences in transcriptional responses to differentiation in human and
mouse cells could be due to the fact that, unlike mouse cells, human PSC are unable to maintain a
stable self-renewing state in the absence of MBD3/NuRD, and are, in effect, responding to loss of
self-renewal conditions when they have already started to differentiate. One possible, trivial
explanation for this difference in the ability of mouse and human PSC to self-renew could be due to
differences in the constituents of media used for self-renewal culture. Both mEpiSC culture and
hiPSC culture rely on FGF2 and activation of SMAD2/3 through addition of Activin or TGF[3 (Brons et
al., 2007; Chen et al., 2011; Tesar et al., 2007), while naive mouse ES cells are maintained through
LIF signalling and dual inhibition of GSK3 and MEK/ERK (Ying et al., 2008). One consistent difference
between mouse and human PSC culture media is the inclusion in human media of ascorbic acid
(Vitamin C). Ascorbic acid has been shown to increase the activity of TET enzymes, which promote
the demethylation of 5-methylCytosine in DNA, though this has been shown to promote a more
naive state, rather than promote differentiation (Blaschke et al., 2013; Yin et al., 2013). Mbd3-KO
mMESCs contain a reduced amount of DNA methylation relative to wild type cells (Latos et al., 2012),
consistent with them being less able to differentiate. It is therefore unlikely that an increase in TET
enzyme activity would be behind the precocious differentiation seen in hiPSC cultures. Rather, we
suggest that the differences observed between human and mouse PSC in self-renewal or the ability
to initiate an appropriate developmental response are most likely due to differences between the
two species. As pointed out previously (Takashima et al., 2014), primates have not evolved the

ability to undergo embryonic diapause (Nichols and Smith, 2012), and hence pluripotency may be a
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less stable state in humans than in mice, and consequently be less tolerant to the loss of a major
chromatin remodelling complex such as MBD3/NuRD.

The mouse and human NuRD complexes present in primed PSC appear to be biochemically
very similar, and our methods identified no notable species-specific interactors or alternate
stoichiometries (Fig. 1). By chromatin immunoprecipitation, NuRD is found at all active enhancers
and promoters in both mouse and human cells (Bornelov et al., 2018; Burgold et al., 2019; de
Dieuleveult et al., 2016; Gunther et al., 2013; Miller et al., 2016; Shimbo et al., 2013), but only a
relatively small proportion of these genes changes expression after MBD3 deletion (Figs. 4A, 5A)
(Bornelov et al., 2018). This is because NuRD acts to fine-tune expression through nucleosome
mobilisation, and to cement longer-term gene expression changes through histone deacetylation
activity (Bornelov et al., 2018; Liang et al., 2017). NuRD’s fine-tuning function also works to ensure
cells are able to respond appropriately when stem cells are induced to undergo lineage
commitment. Yet the actual series of molecular events through which chromatin remodellers
facilitate a cell’s ability to respond to differentiation cues remain ill-defined. The rapid development
of single molecule and single cell analyses should allow us to now define exactly how chromatin
remodellers, signalling molecules and transcription factors all interact at regulatory sequences to

allow cells to respond quickly to changes in the local environment.

5 Conclusions

NuRD acts to prevent transcriptional ‘noise’ amongst genes that should be off in pluripotent
cells, and it also modulates active transcription. In mouse cells the increased transcriptional noise
in the absence of MBD3/NuRD is tolerated by the cells and they can stably self-renew, whereas
human cells become destabilised by this noise and are unable to remain in a self-renewing state.
When induced to differentiate the human cells will not be in a homogeneous state and, as a

population, fail to induce the gene expression programmes necessary for successful lineage
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commitment. In contrast the mouse cells all remains in self-renewing state until induced to
differentiate when, though they can initiate many correct gene expression programmes, are unable
to maintain the differentiation trajectory and similarly fail to lineage commit. We propose this
difference arises due to a fundamental difference between mouse and human primed pluripotent

cells.

Acknowledgments

We thank Austin Smith for providing the hiPSC line, Sabine Dietmann, Maike Paramor, Vicki
Murray, Peter Humphreys and Sally Lees for technical assistance and advice, Sabine Dietmann,
Denis Seyres and Laurence Roder for comments on the manuscript and members of 4DCellFate
Consortium for useful discussions and suggestions.

Funding: Funding to the BH and MV labs was provided through EU FP7 Integrated Project
“ADCellFate” (277899). The BH lab further benefitted from grants from the Medical Research
Council (MR/R009759/1), the Wellcome Trust (206291/2/17/Z) and the Isaac Newton Trust
(17.24(aa)), and core funding to the Cambridge Stem Cell Institute from the Wellcome Trust and
Medical Research Council (203151/Z/16/Z). The Vermeulen lab is part of the Oncode Institute,

which is partly funded by the Dutch Cancer Society (KWF).

Author Contributions

NR and BH devised the study; SG, JC, OO, SK, TB, NR and BH generated the data; RR analysed
high throughput sequencing data, SK and MV generated and analysed proteomics data and RR and

BH wrote the manuscript with input from other authors.

Conflict of Interest Statement



518 The authors declare no conflicts of interest.



519 References

520 Aigner, K., Dampier, B., Descovich, L., Mikula, M., Sultan, A., Schreiber, M., Mikulits, W., Brabletz,
521 T, Strand, D., Obrist, P., et al. (2007). The transcription factor ZEB1 (deltaEF1) promotes tumour
522  cell dedifferentiation by repressing master regulators of epithelial polarity. Oncogene 26, 6979-
523  6988.

524  Allen, H.F., Wade, P.A,, and Kutateladze, T.G. (2013). The NuRD architecture. Cell Mol Life Sci 70,
525 3513-3524.

526  Blaschke, K., Ebata, K.T., Karimi, M.M., Zepeda-Martinez, J.A., Goyal, P., Mahapatra, S., Tam, A,,
527 Llaird, D.J., Hirst, M., Rao, A., et al. (2013). Vitamin C induces Tet-dependent DNA demethylation
528 and a blastocyst-like state in ES cells. Nature 500, 222-226.

529 Borneldyv, S., Reynolds, N., Xenophontos, M., Gharbi, S., Johnstone, E., Floyd, R., Ralser, M.,

530 Signolet, J., Loos, R., Dietmann, S., et al. (2018). The Nucleosome Remodeling and Deacetylation
531 Complex Modulates Chromatin Structure at Sites of Active Transcription to Fine-Tune Gene

532  Expression. Mol Cell 71, 56-72 e54.

533 Brons, I.G., Smithers, L.E., Trotter, M.W., Rugg-Gunn, P., Sun, B., Chuva de Sousa Lopes, S.M.,
534  Howlett, S.K., Clarkson, A., Ahrlund-Richter, L., Pedersen, R.A., et al. (2007). Derivation of
535 pluripotent epiblast stem cells from mammalian embryos. Nature 448, 191-195.

536  Burgold, T., Barber, M., Kloet, S., Cramard, J., Gharbi, S., Floyd, R., Kinoshita, M., Ralser, M.,
537 Vermeulen, M., Reynolds, N., et al. (2019). The Nucleosome Remodelling and Deacetylation
538 complex suppresses transcriptional noise during lineage commitment. EMBO J 38.

539 Chen, G., Gulbranson, D.R., Hou, Z., Bolin, J.M., Ruotti, V., Probasco, M.D., Smuga-Otto, K.,
540 Howden, S.E., Diol, N.R., Propson, N.E., et al. (2011). Chemically defined conditions for human iPSC
541  derivation and culture. Nat Methods 8, 424-429.

542  Chen, Y., Lun, A.T., and Smyth, G.K. (2016). From reads to genes to pathways: differential
543  expression analysis of RNA-Seq experiments using Rsubread and the edgeR quasi-likelihood
544  pipeline. F1000Res 5, 1438.

545  de Dieuleveult, M., Yen, K., Hmitou, |., Depaux, A., Boussouar, F., Bou Dargham, D., Jounier, S.,
546  Humbertclaude, H., Ribierre, F., Baulard, C., et al. (2016). Genome-wide nucleosome specificity
547  and function of chromatin remodellers in ES cells. Nature 530, 113-116.

548 Ee, L.S., McCannell, K.N., Tang, Y., Fernandes, N., Hardy, W.R., Green, M.R., Chu, F., and Fazzio,
549  T.G.(2017). An Embryonic Stem Cell-Specific NuRD Complex Functions through Interaction with
550 WDRS5. Stem Cell Reports 8, 1488-1496.

551 Feng, Q., and Zhang, Y. (2001). The MeCP1 complex represses transcription through preferential
552  binding, remodeling, and deacetylating methylated nucleosomes. Genes Dev 15, 827-832.

553  Gokbuget, D., and Blelloch, R. (2019). Epigenetic control of transcriptional regulation in
554  pluripotency and early differentiation. Development 146.

555  Gunther, K., Rust, M., Leers, J., Boettger, T., Scharfe, M., Jarek, M., Bartkuhn, M., and Renkawitz,
556  R.(2013). Differential roles for MBD2 and MBD3 at methylated CpG islands, active promoters and
557 binding to exon sequences. Nucleic Acids Res 41, 3010-3021.

558 Hein, M.Y., Hubner, N.C., Poser, I., Cox, J., Nagaraj, N., Toyoda, Y., Gak, I.A., Weisswange, .,
559  Mansfeld, J., Buchholz, F.,, et al. (2015). A human interactome in three quantitative dimensions
560 organized by stoichiometries and abundances. Cell 163, 712-723.



561
562
563

564
565

566
567
568

569
570
571

572
573

574
575

576
577

578
579
580
581

582
583
584
585

586
587
588

589
590
591

592
593

594
595

596
597

598
599
600

601
602
603

Hendrich, B., Guy, J., Ramsahoye, B., Wilson, V.A., and Bird, A. (2001). Closely related proteins
MBD2 and MBD3 play distinctive but interacting roles in mouse development. Genes Dev 15, 710-
723.

Hota, S.K., and Bruneau, B.G. (2016). ATP-dependent chromatin remodeling during mammalian
development. Development 143, 2882-2897.

Imrichova, H., Hulselmans, G., Atak, Z.K., Potier, D., and Aerts, S. (2015). i-cisTarget 2015 update:
generalized cis-regulatory enrichment analysis in human, mouse and fly. Nucleic Acids Res 43,
W57-64.

Jiang, Y., Yan, L., Xia, L., Lu, X., Zhu, W., Ding, D., Du, M., Zhang, D., Wang, H., and Hu, B. (2018).
Zinc finger E-box-binding homeobox 1 (ZEB1) is required for neural differentiation of human
embryonic stem cells. J Biol Chem 293, 19317-19329.

Kaji, K., Caballero, .M., MaclLeod, R., Nichols, J., Wilson, V.A., and Hendrich, B. (2006). The NuRD
component Mbd3 is required for pluripotency of embryonic stem cells. Nat Cell Biol 8, 285-292.

Kaji, K., Nichols, J., and Hendrich, B. (2007). Mbd3, a component of the NuRD co-repressor
complex, is required for development of pluripotent cells. Development 134, 1123-1132.

Kim, Y.S., Yi, B.R., Kim, N.H., and Choi, K.C. (2014). Role of the epithelial-mesenchymal transition
and its effects on embryonic stem cells. Exp Mol Med 46, e108.

Kloet, S.L., Baymaz, H.l., Makowski, M., Groenewold, V., Jansen, P.W., Berendsen, M., Niazi, H.,
Kops, G.J., and Vermeulen, M. (2015). Towards elucidating the stability, dynamics and architecture
of the nucleosome remodeling and deacetylase complex by using quantitative interaction
proteomics. FEBS J 282, 1774-1785.

Kloet, S.L., Karemaker, I.D., van Voorthuijsen, L., Lindeboom, R.G.H., Baltissen, M.P., Edupuganti,
R.R., Poramba-Liyanage, D.W., Jansen, P., and Vermeulen, M. (2018). NuRD-interacting protein
ZFP296 regulates genome-wide NuRD localization and differentiation of mouse embryonic stem
cells. Nat Commun 9, 4588.

Latos, P.A., Helliwell, C., Mosaku, O., Dudzinska, D.A., Stubbs, B., Berdasco, M., Esteller, M., and
Hendrich, B. (2012). NuRD-dependent DNA methylation prevents ES cells from accessing a
trophectoderm fate. Biology Open 1, 341-352.

Le Guezennec, X., Vermeulen, M., Brinkman, A.B., Hoeijmakers, W.A., Cohen, A., Lasonder, E., and
Stunnenberg, H.G. (2006). MBD2/NuRD and MBD3/NuRD, two distinct complexes with different
biochemical and functional properties. Mol Cell Biol 26, 843-851.

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 25, 1754-1760.

Li, T., Zhang, G., Wu, P., Duan, L., Li, G., Liu, Q., and Wang, J. (2018). Dissection of Myogenic
Differentiation Signatures in Chickens by RNA-Seq Analysis. Genes (Basel) 9.

Liang, Z., Brown, K.E., Carroll, T., Taylor, B., Vidal, I.F., Hendrich, B., Rueda, D., Fisher, A.G., and
Merkenschlager, M. (2017). A high-resolution map of transcriptional repression. Elife 6.

Low, J.K., Webb, S.R., Silva, A.P., Saathoff, H., Ryan, D.P., Torrado, M., Brofelth, M., Parker, B.L.,
Shepherd, N.E., and Mackay, J.P. (2016). CHD4 Is a Peripheral Component of the Nucleosome
Remodeling and Deacetylase Complex. J Biol Chem 291, 15853-15866.

Miller, A., Ralser, M., Kloet, S.L., Loos, R., Nishinakamura, R., Bertone, P., Vermeulen, M., and
Hendrich, B. (2016). Sall4 controls differentiation of pluripotent cells independently of the
Nucleosome Remodelling and Deacetylation (NURD) complex. Development 143, 3074-3084.



604
605
606
607

608
609

610
611
612

613

614
615

616
617

618
619
620

621
622
623
624

625
626
627

628
629
630

631
632
633

634
635
636

637
638

639
640
641

642
643
644

Mohd-Sarip, A., Teeuwssen, M., Bot, A.G., De Herdt, M.J., Willems, S.M., Baatenburg de Jong, R.J.,
Looijenga, L.H.J.,, Zatreanu, D., Bezstarosti, K., van Riet, J., et al. (2017). DOC1-Dependent
Recruitment of NURD Reveals Antagonism with SWI/SNF during Epithelial-Mesenchymal Transition
in Oral Cancer Cells. Cell Rep 20, 61-75.

Moreno-Bueno, G., Portillo, F., and Cano, A. (2008). Transcriptional regulation of cell polarity in
EMT and cancer. Oncogene 27, 6958-6969.

Newman, J.C., Bailey, A.D., Fan, H.Y., Pavelitz, T., and Weiner, A.M. (2008). An abundant
evolutionarily conserved CSB-PiggyBac fusion protein expressed in Cockayne syndrome. PLoS
Genet 4, e1000031.

Nichols, J., and Smith, A. (2009). Naive and primed pluripotent states. Cell Stem Cell 4, 487-492.

Nichols, J., and Smith, A. (2012). Pluripotency in the embryo and in culture. Cold Spring Harb
Perspect Biol 4, a008128.

Nishikawa, S., Goldstein, R.A., and Nierras, C.R. (2008). The promise of human induced pluripotent
stem cells for research and therapy. Nat Rev Mol Cell Biol 9, 725-729.

Osafune, K., Caron, L., Borowiak, M., Martinez, R.J., Fitz-Gerald, C.S., Sato, Y., Cowan, C.A,, Chien,
K.R., and Melton, D.A. (2008). Marked differences in differentiation propensity among human
embryonic stem cell lines. Nat Biotechnol 26, 313-315.

Reynolds, N., Latos, P., Hynes-Allen, A., Loos, R., Leaford, D., O'Shaughnessy, A., Mosaku, O.,
Signolet, J., Brennecke, P., Kalkan, T., et al. (2012a). NuRD suppresses pluripotency gene
expression to promote transcriptional heterogeneity and lineage commitment. Cell Stem Cell 10,
583-594.

Reynolds, N., Salmon-Divon, M., Dvinge, H., Hynes-Allen, A., Balasooriya, G., Leaford, D., Behrens,
A., Bertone, P., and Hendrich, B. (2012b). NuRD-mediated deacetylation of H3K27 facilitates
recruitment of Polycomb Repressive Complex 2 to direct gene repression. Embo J 31, 593-605.

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth, G.K. (2015). limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res 43,
e4’7.

Saksouk, N., Barth, T.K., Ziegler-Birling, C., Olova, N., Nowak, A., Rey, E., Mateos-Langerak, J.,
Urbach, S., Reik, W., Torres-Padilla, M.E., et al. (2014). Redundant mechanisms to form silent
chromatin at pericentromeric regions rely on BEND3 and DNA methylation. Mol Cell 56, 580-594.

Shimbo, T., Du, Y., Grimm, S.A., Dhasarathy, A., Mav, D., Shah, R.R., Shi, H., and Wade, P.A. (2013).
MBD3 localizes at promoters, gene bodies and enhancers of active genes. PLoS Genet 9,
€1004028.

Signolet, J., and Hendrich, B. (2015). The function of chromatin modifiers in lineage commitment
and cell fate specification. FEBS J 282, 1692-1702.

Singh, S., Howell, D., Trivedi, N., Kessler, K., Ong, T., Rosmaninho, P., Raposo, A.A., Robinson, G.,
Roussel, M.F., Castro, D.S., et al. (2016). Zeb1 controls neuron differentiation and germinal zone
exit by a mesenchymal-epithelial-like transition. Elife 5.

Smith, R.N., Aleksic, J., Butano, D., Carr, A., Contrino, S., Hu, F., Lyne, M., Lyne, R., Kalderimis, A.,
Rutherford, K., et al. (2012). InterMine: a flexible data warehouse system for the integration and
analysis of heterogeneous biological data. Bioinformatics 28, 3163-3165.



645
646
647

648
649

650
651

652
653

654
655
656

657
658
659

660
661

662
663
664

665
666
667

668
669
670

671

672
673
674

675
676
677

678
679

680
681
682
683

684
685
686

687

Smits, A.H., Jansen, P.W., Poser, I., Hyman, A.A., and Vermeulen, M. (2013). Stoichiometry of
chromatin-associated protein complexes revealed by label-free quantitative mass spectrometry-
based proteomics. Nucleic Acids Res 41, e28.

Soukas, A., Cohen, P., Socci, N.D., and Friedman, J.M. (2000). Leptin-specific patterns of gene
expression in white adipose tissue. Genes Dev 14, 963-980.

Supek, F., Bosnjak, M., Skunca, N., and Smuc, T. (2011). REVIGO summarizes and visualizes long
lists of gene ontology terms. PLoS One 6, €21800.

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors. Cell 126, 663-676.

Takashima, Y., Guo, G., Loos, R., Nichols, J., Ficz, G., Krueger, F., Oxley, D., Santos, F., Clarke, J.,
Mansfield, W., et al. (2014). Resetting Transcription Factor Control Circuitry toward Ground-State
Pluripotency in Human. Cell 158, 1254-1269.

Tesar, P.J., Chenoweth, J.G., Brook, F.A., Davies, T.J., Evans, E.P., Mack, D.L., Gardner, R.L., and
McKay, R.D. (2007). New cell lines from mouse epiblast share defining features with human
embryonic stem cells. Nature 448, 196-199.

Tong, J.K., Hassig, C.A., Schnitzler, G.R., Kingston, R.E., and Schreiber, S.L. (1998). Chromatin
deacetylation by an ATP-dependent nucleosome remodelling complex. Nature 395, 917-921.

Vallier, L., Touboul, T., Chng, Z., Brimpari, M., Hannan, N., Millan, E., Smithers, L.E., Trotter, M.,
Rugg-Gunn, P., Weber, A., et al. (2009). Early cell fate decisions of human embryonic stem cells
and mouse epiblast stem cells are controlled by the same signalling pathways. PLoS One 4, e6082.

Wade, P.A., Jones, P.L., Vermaak, D., and Wolffe, A.P. (1998). A multiple subunit Mi-2 histone
deacetylase from Xenopus laevis cofractionates with an associated Snf2 superfamily ATPase. Curr
Biol 8, 843-846.

Xue, Y., Wong, J., Moreno, G.T., Young, M.K., Coté, J., and Wang, W. (1998). NURD, a novel
complex with both ATP-dependent chromatin-remodeling and histone deacetylase activities. Mol
Cell 2, 851-861.

Yamanaka, S. (2009). A fresh look at iPS cells. Cell 137, 13-17.

Yiangou, L., Grandy, R.A., Osnato, A., Ortmann, D., Sinha, S., and Vallier, L. (2019). Cell cycle
regulators control mesoderm specification in human pluripotent stem cells. J Biol Chem 294,
17903-17914.

Yin, R., Mao, $.Q., Zhao, B., Chong, Z., Yang, Y., Zhao, C., Zhang, D., Huang, H., Gao, J., Li, Z., et al.
(2013). Ascorbic acid enhances Tet-mediated 5-methylcytosine oxidation and promotes DNA
demethylation in mammals. J Am Chem Soc 135, 10396-10403.

Ying, Q.L., Wray, J., Nichols, J., Batlle-Morera, L., Doble, B., Woodgett, J., Cohen, P., and Smith, A.
(2008). The ground state of embryonic stem cell self-renewal. Nature 453, 519-523.

Zhang, W., Aubert, A., Gomez de Segura, J.M., Karuppasamy, M., Basu, S., Murthy, A.S., Diamante,
A., Drury, T.A., Balmer, J., Cramard, J., et al. (2016). The Nucleosome Remodeling and Deacetylase
Complex NuRD Is Built from Preformed Catalytically Active Sub-modules. J] Mol Biol 428, 2931-
2942,

Zhang, Y., LeRoy, G., Seelig, H.-P., Lane, W.S., and Reinberg, D. (1998). The dermatomyositis-
specific autoantigen Mi2 is a component of a complex containing histone deacetylase and
nucleosome remodeling activites. Cell 95, 279-289.



688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

Figure Legends

Figure 1. Comparison of human and mouse NuRD complexes. A) and B). Proteins associated with
MBD3/NuRD in hiPSCs (A) or mEpiSCs (B) were identified by immunoprecipitation and mass
spectrometry. Proteins significantly associating with MBD3 are indicated, with NuURD component
proteins indicated in red. The human data comprise three independent immunoprecipitations from
one preparation of nuclear extract, while the mouse data comprise three independent
immunoprecipitations each from nuclear extract preparations made from two independent cell
lines. C) Overlap of proteins significantly associating with MBD3 in hiPSCs, Mbd3 in mEpiSCs, and
Mtal, 2 or 3 in mouse ESCs (taken from (Burgold et al., 2019)) is displayed. The numbers in
parentheses indicate the number of significantly enriched proteins in each experiment. D) Relative
enrichment of indicated proteins normalised to the bait protein for each experiment: for mouse,
ESC data (a combination of mass spectrometry experiments using Mtal, Mta2 and Mta3 as bait,
taken from (Burgold et al., 2019); blue) were normalised to two MTA proteins, while for both the
EpiSC (purple) and hiPSC (red) experiments the data were normalised to one MBD3 protein. Error
bars represent standard deviation of three (hiPSCs), six (mEpiSCs) or nine (mESCs) replicates.
Asterisks indicate situations where the protein enrichment was not significant in this cell type, but

the stoichiometry is displayed for comparison.

Figure 2. Human iPS cells lacking MBD3/NuRD fail to undergo programmed differentiation. A)
Western blot of nuclear extracts from wild type (WT), MBD3-KO and MBD3-KO hiPSCs rescued with
an MBD3-3xFLAG transgene (“Rescue”). The blot was probed with antibodies indicated at left. The
closed arrowhead indicates native MBD3, while the open arrowhead indicates the MBD3-3xFLAG
fusion protein. B) Nuclear extracts from wild type, MBD3-KO and Rescued cells was
immunoprecipitated with anti-Chd4, western blotted and probed with antibodies indicated at right.

Arrowheads as in Panel A. C) Scheme of the differentiation experiment (top) and images of indicated
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cell cultures at Day 0, 7 or 20 of differentiation. Scale bar indicates 100 um. D) Expression of
pluripotency (POU5F1, SOX2 and NANOG) and lineage specific genes (FOXG1, PAX6 and NESTIN)
during neural differentiation was measured by qRT-PCR. Y-axis represents expression relative to
that in wild type cells at Day 0, while the X-axis represents the time in days. Error bars represent the
standard deviation of >3 biological replicates. E) as in panel D, but for definitive endoderm
differentiation protocol. Pluripotency-associated genes (POU5F1, NANOG, ZFP42) on the left, and

differentiation-associated genes (GATA4, FOXA2, SOX17) at right.

Figure 3. NuRD is required to maintain a stable pluripotency state in hiPSCs A) MDS plot made
from RNA-seq data of wild type, MBD3-KO and Rescued hiPSCs across a neural differentiation
timecourse. Each point represents a biological replicate, and shapes indicate the days of
differentiation. B) Heat map of genes found to be differentially expressed between WT and MBD3-
KO cells in self-renewing conditions (day 0; FDR 5%). C) GO terms associated with genes significantly
activated (open bars) or repressed (filled bars) in MBD3-KO cells relative to WT hiPSCs in self-

renewing conditions.

Figure 4. NuRD is required for transcriptional responsiveness in hiPSCs. A) Scheme of the
experiment. Wild type (WT), MBD3-KO or Rescued cells maintained in mTESR1 media were
subjected to neural differentiation. Cultures were sampled at indicated time points for RNA-seq,
leading to the identification of 1150 annotated differentially expressed genes (DEG; FDR 1%).
Kmeans clustering of genes by expression pattern led to the heat map shown at right, with six major
gene clusters. B) Mean expression for genes in each cluster is displayed across the differentiation
time course for each cell line. Error bars indicate standard deviations of average expression. The

four most significant GO terms associated with each cluster are plotted as solid bars, while up to



737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758
759

two pathways (P.adj<0.01) are also plotted in open bars. A full list of GO terms and pathways is

available in Table S4 and S5.

Figure 5. NuRD facilitates an appropriate transcriptional response in mEpiSCs. A) An outline of the
experiment, as in Figure 4. B) Phase contrast images of wild type or Mbd3-KO mEpiSCs in self-
renewing conditions. C) MDS plot of gene expression data collected across the neural differentiation
time course, as in Figure 3A. D) Heat map of DEG (FDR 1%) separated into four clusters by K-means
clustering. E) Mean expression and most significant GO terms for each cluster as in Figure 4B. A full
list of GO terms and pathways is available in Table S6 and S7. Gene expression changes during neural
differentiation of an independent pair of WT and Mbd3-KO EpiSCs, verifying the results of the RNA-

seq shown here, is displayed in Figure S4.

Figure 6. MBD3/NuRD deficiency elicits a different response in human and mouse primed
pluripotent stem cells. A) Schematic of the analysis: the Venn diagram shows the overlap of
differentially expressed genes identified in human cells, and the identified human orthologues of
those identified in mEpiSCs. K-means clustering of this set of 153 genes in human data led to the
formation of three gene clusters and to four gene clusters in mouse data. B). Expression profiles are
shown for the different gene clusters. Error bars indicate standard deviations of average expression.
Expression profiles of human and mouse gene clusters with similar expression patterns in wild type
cells are displayed together, and the number of common genes is shown. GO terms are available in

Table S9.



760 Table 1: Transcription factor binding sites associated with gene clusters

Human Cluster |(TF NES score
MYC 7.99
ATF4 7.27
Cluster 1 CEBPB 6.57
SNAI2 5.85
/EB1 5.25
Cluster 2 NA NA
Cluster 3 SRF 6.06
Cluster 4 NA NA
Cluster 5 NA NA
TP53 8.07
Cluster 6
GFI1B 6.23
Mouse Cluster (TF NES score
Zebl 6.62
Rela 5.85
Smarccl 5.74
Cluster 1
Fos/Jun 5.57
KIfl 5.21
Tead3 5.12
Cluster 2 NA NA
Cluster 3 NA NA
Cluster 4 Trp73 5.05
Overlap Cluster [TF NES score
RBBP9 5.33
Cluster 1
SF1 5.01
ZEB1 5.54
SNAI2 5.43
Cluster 2
RNF114 5.25
PPARG 5.10
PSMAG6 5.25
Cluster 3
SOX6 5.04
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Table 1: Transcription factor binding sites associated with gene clusters

Human
Cluster TF NES score
MYC 7.99
ATF4 127
Cluster 1 CEBPB 6.57
SNAI2 5.85
ZEB1 5.25
Cluster 2 NA NA
Cluster 3 SRF 6.06
Cluster 4 NA NA
Cluster 5 NA NA
Cluster 6 153 .07
GFl1B 6.23
Mouse Cluster TF NES score
Zeb1 6.62
Rela 5.85
BlusiorA Smarcci 574
Fos/Jun 557
KIf1 5.21
Tead3 5.12
Cluster 2 NA NA
Cluster 3 NA NA
Cluster 4 Trp73 5.05
Overlap
Cluster TF NES score
RBBP9 5.33
Cluster 1 SF1 501
ZEB1 5.54
SNAI2 543
Clostera RNF114 5.25
PPARG 5.10
PSMAG6 5.25
Cluster 3 SOX6 504




	RhagebSCRRevised_Submit
	Ragheb_GraphAbs2
	Fig 2
	Fig1
	Fig3
	Fig4
	Fig5
	Fig6
	FigS1
	FigS2
	FigS3
	FigS4
	FigS5
	FigS6
	Table 1

