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Covalent modification of histone 3 by methylation on 
lysine 4 residues (H3K4me) is an evolutionary conserved 
epigenetic modification in eukaryotes (1). H3K4 can be 
mono-, di-, and tri-methylated and is generally found to 
be associated with transcriptionally permissive chromatin 
and developmentally regulated bivalent promoters (2-4). 
Depending on domain of chromatin, the type of methylation 
varies. For example, H3K4 trimethylation (H3K4me3) 
is associated primarily with the promoter region whereas 
H3K4 monomethylation (H3K4me1) usually marks the 
regulatory enhancers (4,5). While MLL1/2 catalyzes 
H3K4me3, bulk of H3K4me1 is catalyzed by MLL3/4. 
MLL methyltransferase belongs to the complex of proteins 
associated with Set1 (COMPASS) family of proteins and are 
highly conserved from yeast to mammals. While in budding 
and fission yeast only one member is found, mammals have 
evolved six distinct SET1/MLL complexes viz., SET1A 
and SET1B, MLL1-2 (homolog of Drosophila Trx) and 
MLL3-4 (homolog of Drosophila Trr) collectively known as 

MLL family proteins (6). Since the basic function of these 
enzymes is H3K4 methylation, the existence of multiple 
SET1/MLL variants raises the issue of functional overlap 
and redundancy among these enzymes. However, studies 
in mll knockouts mice have shown that deletion of one set 
of enzyme could not be compensated by others. Moreover, 
all individual set1/mll knockout mice show embryonic 
lethality (1,5,7). These studies established two important 
facts (I) MLL complexes have non-redundant functions and 
(II) Enzymatic activity (H3K4me) of MLL complexes is 
absolutely crucial for mammalian development.

The roles of MLL complexes—particularly MLL1—in 
metazoan development and diseases are well documented. 
Although Mll1 homozygous mice exhibit embryonic lethality, 
deletion of MLL1 in ESCs had no significant influence on 
their self-renewal (8). The exact role of MLL1 and H3K4me 
in pluripotent stem cells therefore remained incompletely 
understood. Recently, Zhang et al. (9) unraveled a new role 
of MLL1 in early developmental processes. By employing 
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a MLL1 specific small molecule inhibitor MM-401, they 
found that MLL1 inhibition is sufficient to reprogram 
primed epiblast stem cells (EpiSC) to naïve pluripotent 
embryonic stem cells (ESC). 

After several rounds of asymmetric cell division of 
blastomeres, mammalian zygote forms blastocyst. This 
structure consists of outer trophoblasts and inner cell mass 
(ICM) in the inside. The ICM further produces the hypoblast 
(differentiates into extraembryonic lineages) and the epiblast. 
ESCs derived from this stage of epiblast cells are known as 
naïve epiblast cells (henceforth as ESCs), which are considered 
as developmental ground state and can differentiate to all 
cell lineages (10). EpiSCs are derived from ESCs at post-
implantation stage and are an in vitro equivalent of primed 
epiblast cells. EpiScs are also known as primed epiblast cells, 
although pluripotent, they differ from ESCs with respect 
to their potency to form germline, epigenetic state, cell 
morphology, etc. (10). Lack of inactivated X-chromosome is 
another hallmark of ESCs but not of EpiSCs. As naïve epiblast 
cells or ESCs represent a developmental ground state and rich 
source of true pluripotency, many successful efforts (such as 
overexpression of Klf2 and Nanog) have been made to revert 
the EpiSC into ESCs (11,12). The reprogramming efficiency 
of these methods however remained very poor even in the 
presence of leukemia inhibitory factor (LIF) and 2i (GSK3 and 
ERK inhibitor). The very fact of this poor reprogramming 
efficiency points to an alternative mechanism associated with 
this process.

Recent studies by Zhang et al. (9) demonstrated that 
MLL1 expression is regulated during ESC differentiation to 
EpiSCs. Expression of MLL1 showed positive correlation 
with the expression of EpiSC markers such as Fgf5 and a 
reverse correlation with the expression of ESC markers 
such as Nanog. Pharmacological inhibition or Mll1 knock 
out was sufficient to reprogram the primed EpiSCs to 
naïve pluripotent ESCs within 6 passages of cell culture in 
presence of the inhibitor. The robust reprogramming event 
was true for mice across different genetic backgrounds 
and gender. Among many signatures of naïve pluripotent 
state, they observed reappearance of intense AKP (alkaline 
phosphatase) staining and dome shaped cell colonies with 
compact cells in the center of the colony. In an elegant 
approach by using female mouse EpiSC line containing 
polymorphic X chromosome, they could also demonstrate 
reactivation of X chromosome in EpiSCs upon MLL1 
inhibition. 

To further clarify how MLL1 inhibition resulted 
in reprogramming they performed gene expression 

analysis. Their finding showed MLL1i-rESCs (MLL1 
inhibited EpiSCs reverted into ESCs) displayed molecular 
features reminiscent of ground state ESCs, that is higher 
expression of naïve specific markers such as klf2/4, tbx3, 
Sox2 and Nanog and lower expression of epiblast markers 
such as Fgf5, Wnt8a. Moreover, ChIP-seq revealed that 
MLL1 binding was reduced to its target lineage specific 
transcription factors such as Klf5. This was in line with 
the observation by Cao et al. (13) that MM-401 disrupts 
MLL1 complex. Consequently, they could also observe a 
strong reduction in H3K4me1—not H3K4me3—marks 
at MLL1 target genes and thus rapid down regulation of 
MLL1 target genes. This altered status of MLL1 function 
represses characteristic molecular features of EpiSCs and 
gained a transcriptional signature resembles more to ESCs. 
These observations directly point toward a scenario where 
MLL1-mediated epigenetic changes have decisive roles in 
gaining naïve pluripotent state. 

One of the fascinating aspects of their study is the 
developmental competency of the MLL1i-rESCs as 
these reverted cells could successfully generate teratomas 
containing well-differentiated cells of all three germ layers. 
Besides, the ability of MLL1i-rESCs to give rise to chimeric 
mice underscores that MLL1 inhibition could efficiently 
reprogram them to authentic naïve pluripotent stem cell. 
Once the altered epigenetic event is initiated by MLL1 
inhibition it can be inherited stably into future generations 
of ESCs. This is corroborated nicely by the fact that the 
reprogrammed status in MLL1i-rESCs could be maintained 
stably for at least 30 passages even after withdrawal of MM-
401 from the culture medium. It indicates that MLL1 is an 
epigenetic gatekeeper supervising histone monomethylation 
in order to maintain primed pluripotent state (Figure 1). 
This would in turn drive further steps of embryogenesis. 
Interestingly, Mll1 knock out mice were able to develop 
till mid to late gestation (8). This argues that, although the 
loss of MLL1 is dispensable for early developmental events 
prior to formation of EpiSCs, it is however required to 
drive the later stages. In this context, it was proposed that 
MLL2 not MLL1 is the major methyltransferase during 
early embryonic development before the blastocyst stage, 
require to set up naïve epigenome (14,15).

Since loss of H3K4me1 at promoter regions was casually 
linked with lower expression of EpiSCs specific genes, it 
would be intriguing to address the epigenetic alteration 
on ESC specific genes that were re-expressed in MLL1i-
rESCs. Along this line, it would be interesting to check 
if the former event may be linked with the activation of 
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another COMPASS family of histone methyltransferase 
targeting to those re-activated genes. This argument is 
based on the fact that MLL2 was assigned as a major 
methyltransferase in mouse ESCs (16). In a different 
context, enhancer and promoter H3K4me1 has been 
shown to be primarily catalyzed by MLL3/4 and promoter 
monomethylation maintains a repressive transcriptional 
output in progenitor myoblast cells (17). MLL3/4-mediated 
repression was found to act as an epigenetic checkpoint 
that prevents premature differentiation from myoblasts to 
myotubes. In this light, the role of MLL3/4 in the context 
of EpiSC reprogramming would be an interesting scenario 
that requires further investigations.

Finally, another crucial fact emerging from this 
study (9) concerns the homogeneity of reversion. Earlier 
manipulations generated only 1–5% conversion rate, 
compared to nearly 50% homogenous reprogrammed 
cells into ESCs after pharmacological inhibition of MLL1. 
Thus, this study offered developmental biologist a new tool 
to obtain invaluable source of highly homogenous ground 
state pluripotent stem cells. 
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