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Abstract

Lineage specification is a crucial step during development of multicellular organism that requires differential gene
expression. Epigenetic modifiers such as chromatin remodelers, histone modifiers, non-coding RNAs, and DNA methylases
enable differential gene expression. Polycomb group (PcG) proteins are one of the important histone modifier which are
involved in development as well as disease. PcG proteins assemble into large protein complexes termed Polycomb Repressive
Complexes (PRCs), which introduce histone modifications that leads to gene repression. The PcG proteins and the Polycomb
repressive complexes have been extensively studied in fruit flies and mice, and these studies show that PcG protein are crucial
determinants of lineage specification. However, for obvious ethical reasons, the activity of early lineage specification in early
human development has not been fully explored. This review attempts to update the readers about the role of Polycomb Group

(PcG) proteins during lineage specification from studies on human pluripotent and human adult stem cells.
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Introduction

Multicellular organisms arise from a single totipotent
cell, which undergoes multiple rounds of cell division. Large
group of these new cells specialize for specific functions,
these later form tissues. Epigenetics permits differential gene
expression that enables cells with same genetic material to
form specialized cells with distinct gene expression profile.
DNA methyltransferases, chromatin remodellers and histone
modifiers are some of the key epigenetic mechanisms used
during lineage specification. The histone modifications
such as H3K27me3/2, H3K9me3, H2AK119ub1l lead to
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gene repression while H3K4me3, H3K36me3 activate gene
expression [1-6]. Polycomb group (PcG) proteins include
large number of proteins that assemble into large complexes
- Polycomb Repressive Complexes (PRCs) which catalyze
histone modifications [7-9]. It has been shown in mice
that loss of PcG proteins such as Ezh2, Suz12, Eed, Pcgf6
and Ringlb causes death of the developing mice embryo;
while loss of others such as Bmil, Cbx2, cbx7 and Rybp
lead to developmental abnormalities [10-15]. Surprisingly,
when inner cell mass (ICM) was taken from mice embryos
lacking key PcG proteins they showed the characteristics
pluripotency features but were unable to differentiate in
vitro. These studies unequivocally showed that PcG protein
are critical for lineage specification. Polycomb group (PcG)
proteins have been extensively studied in lower animals
such as C.elegans and D.melanogaster [16-19], however,
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their role in mammalian development is being increasingly
explored. It is ethically and technically challenging to study
role of PcG proteins during human embryonic development.
Human pluripotent stem cells can be used to investigate role
of PcG proteins in lineage specification in vitro. This review
gives readers a glimpse into how Polycomb group proteins
regulate expression of specific genes required for lineage
specification based on the studies carried out with human
pluripotent stem cells.

Polycomb group proteins in human pluripotent
stem cells

RING1B is the main catalytic protein of the PRC1 and
has been shown to occupy promoters of neuronal specific
genes during neuronal differentiation of human pluripotent
stem cells, while some specific neuronal genes were shown
to be regulated by EZH2 [20]. Inhibition of RING1B using
a pharmaceutical inhibitor PRT4165 led to increased
expression of neuronal genes such as PAX6 and NESTIN
[21]. EZH2, the catalytic component of PRC2 complex
when inhibited led to reduced H3K27me3 mark; this favors
mesoderm differentiation of human embryonic stem cells
[22]. Using CRISPR-Cas9 system knockout of EZH2, EED and
SUZ12 were created in human embryonic stem cells (hESCs);
these cells lacking EZH2, EED and SUZ12 spontaneously
differentiated into meso-endoderm lineage, but ectoderm
differentiation was not seen [23]. Human embryonic stem
cells when differentiated into ectoderm, mesoderm and
endomderm, showed a distict expression profile of Polycomb
group (PcG) proteins such as RING1B, CBX2, BMI1, EZH2,
EED and SUZ12. [24]. Although, it seems certain PcG proteins
are associated with a specific lineage, however it is unlikely
that Polycomb group (PcG) proteins alone can bring about
lineage specification. The Polycomb repressive complexes
(PRCs) made up of various combinations of PcG proteins
must be guided by upstream signaling molecules and lineage
specific transcription factors.

Polycomb Group Proteins in Human Adult Stem
Cells

Human adipose derived mesenchymal stem cells (hASCs)
when cultured in osteo-inductive media showed up regulation
of Polycomb group (PcG) protein BMI1. Conversely, BMI1
knockdown reduced the ability of hASCs to differentiate into
osteogenic lineage. Curiously, the hASCs showed changes in
BMI1 protein but notin BMI1 mRNA [25], which is most likely
due to analytical methods used. Human neural stem cells are
difficult to isolate and expand in culture. shRNA mediated
knockdown of BMI1 in neural stem cells led to reduction in
their proliferation and self-renewal, however when BMI1
was forcibly overexpressed in the neural stem cells, these
cells showed enhanced self-renewal and proliferation. BMI1
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was found to regulate the expression of cell cycle inhibitor
INK4A/ARF genes, thus when BMI1 was overexpressed it led
to reduced INK4A/ARF and consequently enhanced neural
stem cell proliferation [26]. BMI1 knockdown in human
umbilical cord derived mesenchymal stem cells (hUC-MSCs)
reduced their proliferative ability under hypoxia conditions
as well as their immunomodulatory properties, hUC-MSCs
normally showed increased proliferation under hypoxia.
Since, mesenchymal stem cells are used clinically for their
immunomodulatory properties; BMI1 overexpression in
these cells might have yet untested clinical significance.

EZH2 inhibition by pharmaceutical inhibitor in
pancreatic explants led enhanced production of endocrine
cells in vitro [3]. Patients suffering from diabetes type I, can
be injected human pancreatic islets, however, this is limited
due to good quality endocrine cells from cadavers. The
endocrine cells from the cadaveric pancreatic tissue could
be increased by treating them with EZH2 inhibitor. Addition
of EZH2 inhibitor to human mesenchymal stem cells in vitro
led to increased osteogenesis but decreased adipogenesis,
this was due to expression of RUNX2 (osteogenic master
transcription factor) which under normal conditions is
repressed by EZH2 [28]. Human bone marrow derived
mesenchymal stem cells when treated with EZH2 inhibitor -
GSK126 and BMP2 led to enhanced ostogenic differentiation
in a 3D scaffold [29]. Polycomb group (PcG) proteins
BMI1 and EZH2 are involved in regulating adult stem cell
proliferation as well as differentiation. Thus, manipulating
the PcG proteins in adult stem cells using either shRNA
approach or via pharmaceutical inhibitors has great clinical
potential and this should be explored in preclinical models.

Future Perspectives

Epigenetic mechanisms play a major role in lineage
specification and histone modifications can fine tune gene
expression. Several of the Polycomb group (PcG) proteins
regulate cell proliferation, hence a lot of work on PcG
proteins is being done in cancer biology. Recently, the use
of small molecule inhibitors for PcG proteins such as EZH2
and BMI are in various clinical trial stages for treatment of
various kinds of cancers (https://www.clinicaltrials.gov/).
Since, PcG proteins regulate lineage specification; the small
molecule inhibitors such as DZNep, PRT4164, GSK126 could
be explored to achieve differentiation of human pluripotent
stem cells into desired cell type. Although human pluripotent
stem cells can be used to understand role of PcG protein in
early lineage specification, but due to inherent limitation
of 2D culture it has been difficult to explore their role that
would be seen physiologically. Organoids generated from
human pluripotent stem cells have shown to mimic in vivo
development, and the role of Polycomb group (PcG) protein
in lineage specification in humans could be explored using
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organoids. It would be essential to understand the proteins
that regulate various PcG proteins by post translational
modifications that regulate their activity. Polycomb group
(PcG) proteins are recruited to specific locations on the
chromatin, hence the upstream signals that recruit PcGs
to specific gene promoters should be investigated and this
would help in furthering our understanding the role of
Polycomb group (PcG) proteins in lineage specification.
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The PcG localization at specific gene promoters is retained
through several rounds of mitosis during differentiation,
but the mechanisms of PcG “memory” needs to be explored
further. Understanding how Polycomb group proteins
regulate lineage specification may have great implication
in cell and developmental biology as well as from clinical
perspective.

Image created with BioRender.com

Figure 1: The schematic shows that signalling pathways may lead to post translational modifications of Polycomb group (PcG)
proteins, these modifications may help assemble into large multimeric protein complexes - Polycomb repressive complexes
(well known are PRC1 and PRC2) at specific gene. The PRCs catalyze histone modifications that regulate lineage specific genes,
this leads to gene expression characteristic of germ lineages such as ectoderm, mesoderm and endoderm.
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