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Parental imprinting and embryogenesis 

Genomic imprinting is an epigenetic process that leads to 
the expression of a small set of genes in a parental origin-
specific manner so that they are expressed either from 
the maternal or the paternal set of chromosomes (1). So 
far, only ~100 genes have been identified as parentally 
imprinted, and it is well known that they play crucial roles 
in embryogenesis, fetal growth, the totipotent state of the 
zygote, and the pluripotency of developmentally early stem 
cells (1-3). Genomic imprinting is also the most important 
mechanism preventing parthenogenesis (4,5). Deregulation 
of the expression of imprinted genes during embryogenesis 
also leads to developmental disorders such as Beckwith-
Wiedemann syndrome, Angelman syndrome, and Prader-
Willi syndrome (1). 

Most imprinted genes are organized into clusters that 
contain a region with differential methylation (methylated 
or unmethylated), which has different methylation patterns 
depending on the parental origin of the chromosome, 
i.e., from the mother or father. This DNA region, called 
a differentially methylated region (DMR), is the main 
epigenetic mark that controls appropriate monoallelic 
expression of imprinted genes (6). Interestingly, most 
DMRs are methylated on the maternal chromosome and 
only a few on the paternal chromosome, and it seems that 
these latter DMRs are highly important (7). 

Among imprinted genes, two paternally imprinted loci 
that regulate expression of the tandem genes Igf2–H19 and 
Dlk1–Gtl2 are of special interest (Figure 1A). These tandem 
genes contain DMRs located between Igf2 and H19 and 
between Dlk1 and Gtl2, respectively. While Igf2 encodes 

insulin-like growth factor 2, Dlk1 encodes delta-like 
homolog 1, a cell-surface transmembrane protein belonging 
to the epidermal growth factor-like homeotic family. The 
other segments of the two tandem genes are the H19 and 
Gtl2 loci, which encode noncoding RNAs (ncRNA) that are 
processed into several miRNAs regulating the expression of 
many genes involved in cell proliferation and metabolism 
(8,9). 

During embryogenesis, the DMRs in both the Igf2–
H19 and Dlk1–Gtl2 loci become erased in migrating 
primordial germ cells (PGCs), which are precursor cells 
of gametes (10). This erasure results in downregulation of 
Igf2 and Dlk1 expression and upregulation of the ncRNAs 
transcribed from the H19 and Gtl2 loci in these cells, which 
are endowed with developmental totipotency. This gene 
regulation results in PGC quiescence and prevents them 
from teratoma formation. Proper reestablishment of a 
somatic type of imprint within the Igf2–H19 and Dlk1–Gtl2 
loci in male gametes occurs after remethylation of the erased 
DMR after the first meiotic division, when the number of 
chromosomes in the precursors of sperm cells is reduced to 
the haploid number (11). Thus, at the time of fertilization, 
the DMRs within the Igf2–H19 and Dlk1–Gtl2 loci are 
remethylated on the paternal chromosomes; however, they 
stay unmethylated on the maternal chromosomes, which 
is the basis for the monoallelic expression from these loci, 
resulting in the balanced expression of growth-promoting 
Igf2 and Dlk1 genes and growth-suppressing H19 and 
Gtl2 genes (Figure 1A). The proper intracellular ratio of 
the products of both tandem genes is required for normal 
embryonic development.  
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Figure 1 Proposed regulation of HSC quiescence by paternally imprinted DMRs. (A) In somatic cells there is a balance between expression 
of the ncRNAs transcribed from the H19 and Gtl2 genes located on maternal (M) chromosomes and proteins encoded by the Igf2 and 
Dlk1 genes located on paternal (P) chromosomes. Methylated and unmethylated CpG sites in DMRs are shown in filled and open circles, 
respectively. (B) Due to changes in the methylation of DMRs in LT-HSCs, Igf2 expression is downregulated, whereas there is enrichment 
in the H19 ncRNA transcript, which leads to higher levels of miR-675 and a reduction in Igf1r expression. At the same time, enrichment 
in the Gtl2 ncRNA transcript with downstream miRNA cluster (for example, as a result of potential changes in methylation of the DMR 
within Dlk1–Gtl2) may result in increased levels of several miRNAs that target Igf1r, Igf2, and several components of the PI3K-mTOR 
pathway. The inhibition of Igf2/Igf1–Igf1r signaling as well as inhibition of the PI3K-mTOR pathway inhibits mitochondrial biogenesis 
and metabolic activity and increases the ROS level in LT-HSCs, leading to impaired hematopoiesis. The DMRs methylation state at the 
Dlk1–Gtl2 locus on the maternal and paternal chromosomes requires further study. HSC, hematopoietic stem cell; DMRs, differentially 
methylated regions; DMR, differentially methylated region; L-HSCs, long-term repopulating HSCs.
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Seminal studies describing the creation of viable 
bimaternal mice, which contain two maternal haploid sets 
of chromosomes from two oocytes (one non-growing and 
the other fully grown) demonstrated that proper expression 
of these two tandem genes is crucial for embryogenesis in 
the same way as in somatic cells (5,12). This was achieved 
by creating two oocytes (fertilized zygotes), with the 
DMR sequences for both the Igf2–H19 and Dlk1–Gtl2 loci 
deleted in one of the oocytes. This experimental procedure 
allows both tandem gene products to be expressed at a 
physiological ratio and mimics the situation encountered 
in normal zygotes, which are created after fertilization 
of the oocyte by the sperm. Moreover, by employing a 
bimaternal mouse model, it was demonstrated that both the 
Igf2 and Dlk1 genes are required for proper fetal liver (FL) 
hematopoiesis (13).

Parental imprinting and its newly recognized 
impact on adult stem cells

For many years the regulation of gene expression by 
epigenetic changes within DMRs was attributed to stem 
cells only during embryonic development. However, as we 
demonstrated almost a decade ago, these epigenetic changes 
also play a role in regulating the fate of postnatal stem cells, 
such as in a population of rare and quiescent pluripotent/
multipotent stem cells known as very small embryonic-
like stem cells (VSELs) isolated from murine bone marrow 
(BM) and FL (14,15). These cells are believed to be at 
the top of the stem cell hierarchy in adult tissues and in 
several set of experiments have been reported to give rise 
to hematopoietic stem cells (HSCs) (16). Based on their 
potential for hematopoietic specification, we proposed that 
VSELs are precursors of long-term repopulating HSCs 
(LT-HSCs).

 

Igf2-H19 locus as master regulator of HSCs fate 

It has been demonstrated that VSELs freshly isolated from 
murine BM erase the paternally methylated imprints at 
regulatory DMRs, such as within the Igf2–H19 and Rasgrf1 
loci. However, they also hypermethylate the maternally 
methylated imprints at DMRs for the Igf2 receptor (Igf2r), 
Kcnq1-p57KIP2, and Peg1 loci. Because paternally expressed 
imprinted genes (Igf2 and Rasgrf1) enhance embryonic 
growth, and maternally expressed genes (H19, p57KIP2, 
and Igf2r) inhibit cell proliferation, the unique genomic 
imprinting pattern observed in VSELs demonstrates the 

growth-repressive influence of imprinted genes, including 
the Igf2–H19 locus, on the proliferation of these cells. 
One miRNA derived from the H19 ncRNA has been 
demonstrated to inhibit expression of the signaling receptor 
for Igf2, the insulin-like growth factor 1 receptor (Igf1r) (8), 
and in addition we have proposed the same phenomenon 
for the insulin receptor itself (17). Therefore, VSELs are in 
a quiescent state because of attenuation of insulin/insulin-
like growth factor signaling (18,19). 

In line with this observation, Li and colleagues reported 
on a model of the maternal type of imprinting (mimicking 
erasure within the Igf2–H19 locus) that maintained the 
quiescence of murine LT-HSCs (20). In well-designed 
experiments involving several murine knockouts, it was 
demonstrated that conditional deletion of the maternal 
but not the paternal DMR for the Igf2–H19 locus reduces 
adult HSC quiescence, a state required for long-term 
maintenance of HSCs, and compromises HSC function (20).  
Thus, this work confirmed our results obtained with VSELs 
that epigenetic regulation of Igf2–H19 at the paternal 
chromosome, which is so critical for embryonic growth and 
development, operates also in regulating the quiescence of 
stem cells isolated from adult tissues. Again, as was proposed 
for VSELs (18-21), the Li group found that upregulation 
of H19 gives rise to miRNA-675, which suppresses Igf1r 
expression and inhibits Igf2–Igf1r signaling (20).

Dlk1-Meg3 locus as novel master regulator of HSCs fate 

In a more recently published paper, the Li group also 
reported exciting results for another imprinted tandem gene, 
Dlk1–Gtl2, and its involvement in hematopoiesis and LT-
HSC function (22). Apart from Dlk1, the Dlk1–Gtl2 locus 
also encodes two other proteins, Rtl1 and Dio3, which are 
both transcribed from the paternally inherited chromosome, 
whereas the maternally inherited chromosome is a source of 
the largest ncRNA mega-cluster in mammals, which gives 
rise to many different miRNAs (9). Besides the Ig2–H19 
locus the Dlk1–Gtl2 locus was shown in the bimaternal 
mouse model to play a crucial role in embryonic and adult 
stem cell biology and FL hematopoiesis (12,13). 

To better address the role of the Dlk1–Gtl2 locus in 
murine hematopoiesis, Qian et al. performed transcriptome 
profiling in 17 subpopulations of HSCs, progenitors, 
and mature lineages and found an ncRNA expression 
fingerprint unique to each subpopulation (22). Interestingly, 
the main enrichment in LT-HSCs was observed for 
ncRNAs transcribed from the Dlk1–Gtl2 locus. Based on 
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this finding, the authors decided to better characterize the 
role of this region in maintaining the quiescent phenotype 
of LT-HSCs. By creating several knockout animals, they 
were able to show that deletion of the DMR for the Dlk1–
Gtl2 locus or the Gtl2 gene on the maternal chromosome 
results in downregulation of a Gtl2-derived ncRNA and 
downstream miRNAs cluster, which results in activation of 
the PI3K–mTOR pathway and an increase in mitochondrial 
biogenesis and metabolic activity. The resulting enhanced 
ROS eventually leads to the apoptosis of HSCs. Moreover, 
the authors were able to confirm that this observed 
phenotype is not the result of overexpression of Dlk1 but 
the effect of downregulation of several miRNAs processed 
from the ncRNA transcribed from the Gtl2 locus.

Since some of the knockouts were lethal after day 
E16, several experiments were performed employing FL 
HSCs, which led to a further intriguing observation. Even 
though adult LT-HSCs, in contrast to fetal HSCs, were 
kept in a quiescent state, both FL HSCs and LT-HSCs 
shared a similar ncRNA expression pattern, especially 
with respect to ncRNAs transcribed from the Gtl2 locus. 
This finding suggests that Gtl2-derived ncRNAs play 
a role in maintaining both fetal and adult HSCs, and a 
manipulation that led to a decrease in Gtl2 expression 
resulted in an impaired long-term reconstitution capacity 
of HSCs by affecting their function through mitochondrial 
metabolic activation. To confirm the effect of miRNAs on 
the reconstitution capacity of HSCs, 10 highly expressed 
miRNAs from the Dlk1–Gtl2 locus were overexpressed 
in fetal HSCs from mice with a maternal deletion of the 
Dlk1–Gtl2 DMR and low expression of the Gtl2-derived 
miRNA. It has been observed that, in mice 16 weeks 
after transplantation of HSCs transduced with Gtl2-
derived miRNAs, the absolute number of HSCs and their 
repopulation potential was higher than in mice transplanted 
with control HSCs. This suggests that miRNAs derived 
from the ncRNA transcribed from Gtl2 locus plays a role in 
the maintenance of LT-HSCs. 

It is important to emphasize that there are similarities 
in the roles of ncRNAs transcribed from the Igf2–H19 
and Dlk1–Gtl2 loci, as H19 ncRNA and Gtl2 ncRNA with 
downstream miRNA cluster give rise to miRNAs that target 
the Igf2–Igf1r signaling pathway, which emphasizes the 
predominant role of this axis in regulating the quiescent 
state of LT-HSCs (Figure 1B). The attenuation of this 
signaling has been proposed by us to be involved in 
maintaining the quiescent state of VSELs (18,19).

However, even though much work has been done by 

the Li group to characterize the role of the Gtl2–Dlk1 
locus in maintaining LT-HSC function, one question 
still remains: what is the mechanism that regulates the 
increased expression of Gtl2-derived miRNAs in LT-
HSCs? While the authors were able to show convincingly 
that imprinting within the Dlk1–Gtl2 locus is crucial in 
regulating hematopoiesis, unfortunately, they did not study 
in detail the differences in methylation state of the DMR 
at the Dlk1–Gtl2 locus between different subpopulations 
of hematopoietic cells that they analyzed, and perhaps 
these differences could explain the ncRNA fingerprints 
that differed between the cell populations employed in this 
interesting study.

Conclusions 

Based on these intriguing results, we can expect more 
results in the near future addressing the role of imprinted 
genes in the regulatory biology of LT-HSCs as well as 
other types of adult stem cells. As an example, RasGrf1 is 
another interesting paternally imprinted gene candidate in 
mice which encodes GTP exchange factor (GEF) (23). The 
DMR for this gene has been found to be erased in VSELs 
isolated from postnatal BM (18). It would be interesting to 
address in more detail its role in regulating the biology of 
LT-HSCs, particularly because RasGrf1, like GEF protein, 
is involved in Igf1r and insulin receptor signaling.
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