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Making choices—how stochastic decisions
determine disease progression
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In this issue of Genes & Development, Ginart and col-
leagues (pp. 567-578) study a mouse model for Russell-Sil-
ver syndrome (RSS) and show that similar cells within one
individual can display distinct gene expression patterns
because of epigenetic marks that are established stochas-
tically during early development. Their results provide an
excellent explanation for phenotypes seen in RSS and oth-
er imprinting disorders and especially help us understand
how patients with similar or even identical genetic muta-
tions can display distinct disease profiles.

Genomic imprinting is a developmental process (Demars
and Gicquel 2012). In all known cases, the imprint is es-
tablished in germ cells as a localized DNA methylation
mark that is specific to either the paternal or maternal
chromosome. After fertilization, the DNA methylation
mark is maintained even during the large-scale changes
in the methylome that are an essential part of early em-
bryonic development. These methylation differences con-
tinue to be maintained throughout life in somatic cells,
where they result in the parent of origin-specific gene ex-
pression that is the hallmark of imprinted genes.

Disruption in the imprinting process at any of these
stages can result in loss of allele-specific expression and
thus change the dosage of an imprinted gene from 1x to ei-
ther Ox or 2x depending on the specifics of the locus. In hu-
mans, Russell-Silver syndrome (RSS) and Beckwith-
Wiedemann syndrome (BWS) are growth disorders associ-
ated with loss of imprinting at genes on chromosome
11p.15. There are multiple genetic lesions that can lead
to RSS and BWS, but the majority of cases is associated
with epigenetic defects in methylation imprints (Fig. 1;
Demars and Gicquel 2012).

BWS is an overgrowth syndrome associated with either
gain of methylation at imprinting control region 1 (ICR1)
on the maternal chromosome or loss of methylation at
ICR2 on the maternal chromosome. RSS is an under-
growth syndrome that is associated primarily with loss
of methylation of ICR1 on the paternal chromosome, lead-
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ing to loss of IGF2 expression with concomitant expres-
sion of paternal H19.

In previous work, Bartolomei’s group (Engel et al. 2004)
had established a model for RSS by introducing base pair
changes into ICR1. These mutations do not prevent meth-
ylation of ICR1 during spermatogenesis. Thus, mutant
progeny begin life as zygotes with correctly marked
ICR1 methylation imprints. However, the mutations evi-
dently make this mark precarious because examination
of tissues in neonates shows that paternal DNA methy-
lation is only partially maintained. Consequently, these
tissues show decreased levels of Igf2 and biallelic expres-
sion of H19.

Here Ginart et al. (2016) use this same mouse model but
apply new RNA FISH technologies to quantify allele-spe-
cific expression of H19 and Igf2 in single cells. They show
that there are actually two distinct cell populations. Many
cells are fully wild type and express only maternal H19
and paternal Igf2. Moreover, these cells have faithfully
maintained the paternal-specific DNA methylation
mark. However, other cells have lost the paternal-specific
methylation at ICR1 and express no Igf2 but equal
amounts of paternal and maternal H19.

Most importantly, Ginart et al. (2016) show that these
two cell populations are stable and pass on their epigenet-
ic marks and gene expression patterns during cell division.
In sum, the net effect of their original DNA mutations is
really just to increase the probability that an epigenetic
mistake will be made during early embryogenesis. Then,
wherever the imprint is lost stochastically, the mistake
is faithfully propagated, leading to an individual with
patches of epigenetically mutant cells.

Ginart et al. (2016) do not address timing to see when
the epigenetic mutations first arise. However, recent stud-
ies offer insights into when the epigenome might be most
susceptible to alteration. Shipony et al. (2014) compared
expression and DNA methylation in pluripotent and
somatic cells and found that mechanisms for maintain-
ing epigenetic patterns are distinct in the two cell types.
In pluripotent cells, the epigenome is regulated by the
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Figure 1. Cartoon depiction of the 11p15 locus. DNA methyla-
tion (filled lollipops) of imprinting control region 1 (ICR1) on the
paternal chromosome allows activation of paternal IGF2 by
downstream enhancers and also silences the adjacent paternal
H19 promoter. On the paternal chromosome, expression of the
KCNQI1OT1 antisense transcript prevents expression of
KCNQ1 and CDKNIC in cis, while maternal-specific methyla-
tion of ICR2 silences the KCNQ1OT1 promoter, thus facilitating
KCNQ1 and CDKNI1C transcription.
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balance of trans factors interacting with regulatory DNA,
and the epigenome is relatively amenable to change. In
more differentiated cells, the epigenome is regulated
mostly by mechanisms designed to faithfully copy the
parent cell.

The study by Ginart et al. (2016) has direct implications
for understanding the nature of and especially the wide
variability in phenotypes in RSS, BWS, and other imprint-
ing disorders. Patients carry mutations that make their
imprinting marks vulnerable. Therefore, the stochastic
nature of the loss or gain of DNA methylation marks
makes every patient unique in regard to the frequency
and tissue distribution of epigenetically mutant cells. It
is important to note that imprinting disorders are only
one extreme case of monoallelic expression. Recent
studies suggest that 5%-10% of genes show random
monoallelic expression (Savova et al. 2013). Phenotypes
associated with these genes might also be unusually sen-
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sitive to stochastic changes in the epigenome. Finally, the
implications of the current study might also extend to in-
dividuals carrying alleles that are not monoallelic per se
but where alleles are variable in function due to inherited
genetic defects. This new study is truly groundbreaking,
and it is exciting to see the results of collaboration be-
tween classic genetics and new technologies.
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