
DNAmethylation compared with G1-C (Wilcoxon
rank sum test; P < 2.2 × 10−16) (Fig. 1C). This cor-
relation was not confounded by weight or age at
death (fig. S3).
In the C57BL/6J genome, rDNA is composed

of hundreds of copies in large arrays on chromo-
somes 12, 15, 18, and 19, but only a subset are
actively transcribed (6). Silenced copies aremeth-
ylated at a CpG site located 133-bp upstream of
the 45S-rRNA transcriptional start site (Fig. 1C),
and this prevents binding of the transcription
factor UBF (upstream binding factor) and assem-
bly of RNA polymerase I (7). We therefore focused
on CpG-133 in the rest of the study using high-
throughput sequencing (>1000X coverage) of bi-
sulfite polymerase chain reaction (PCR) amplicons
(bisPCR-seq). BisPCR-seq analysis of the same
samples profiled by RRBS revealed strong con-
cordance between the two methods (fig. S4) (t =
0.77, P = 1 × 10−5).
As rDNA copies within a single genome are

genetically polymorphic (8), we designed the bisPCR-
seq amplicon targeting CpG-133 to simultaneously
assay previously documented genetic variation at
position –104 (C or A, Fig. 2A). (Note that this
variant does not overlap a CpG site) (9). CpG-133
methylation levels were substantially lower for
the C-variant relative to the A-variant (Fig. 2A),
and there was no interaction between C-variant–
associatedCpG-133methylationandweaningweight
inG1-PRorG1-C sperm (fig. S5). On the other hand,
CpG-133 methylation levels of A-variant rDNA
(which we denote as CpG-133A) were negatively

correlatedwithweaningweight (Fig. 2B) (t = –0.43,
P = 0.017). Figure 2B incorporates additionalmales
(nine G1-PR and seven G1-C from litters not rep-
resented in the RRBS data), reinforcing the neg-
ative correlation between weaning weight and
total CpG-133 methylation observed in the RRBS
data set. BisPCR-seq analysis of in vitromethylated
samples confirmed that there was no amplification
bias associated with either variant (fig. S6). We also
confirmed sperm purity by analysis of several
parentally imprinted regions (fig. S7). Analysis of
liver using BisPCR-seq revealed a strong correla-
tion with sperm within individual G1-C (fig. S8)
(t = 0.72, P = 0.00028) or G1-PR animals (fig. S8)
(t = 0.54, P = 0.0041). Liver CpG-133Amethylation
was negatively correlated with weaning weight
in G1-PR (t = –0.46, n = 24, P = 0.0016) but not in
G1-C (n = 26) (Fig. 2C). Collectively, these data
demonstrate that PR exposure induces not just
rDNA hypermethylation but also a linear rela-
tionship between a phenotypic outcome (weaning
weight) and CpG-133A methylation in sperm and
liver, which is maintained into adulthood.
Further exploration of the bisPCR-seq data re-

vealed interindividual variation in the relative copy
number of rDNAharboring the A-variant at posi-
tion –104, even in an inbred genetic background.
This underlying copy number variation (whichwe
denote as %A, i.e., the percentage of A-variant
reads relative to total coverage for this amplicon)
was positively correlated between sperm and liver
of both G1-C (fig. S9) (t = 0.77, P = 7 × 10−5) and
G1-PR animals (fig. S9) (t = 0.73, P = 3.7 × 10−5).

The accuracy of the bisPCR-seq–derived estimates
of %A were confirmed by whole-genome rese-
quencing of six mice (fig. S10) (t = 1, P = 0.0028).
Furthermore, CpG-133A methylation correlated
positively with %A in G1-PR sperm (Fig. 2D) (t =
0.71,P= 1.9 × 10−5) and liver (fig. S11) (t = 0.31,P=
0.034) but not in G1-C sperm (Fig. 2D) or liver
(fig. S11). Therefore, early-life PR induces an in-
terdependence between underlying variation in
the relative abundance of a specific genetic var-
iant of rDNA and methylation state of this var-
iant at a functionally relevant CpG site.
rDNA copies that lack methylation at CpG-133

have the potential to be transcriptionally active
(7). As most methylation is localized to A-variant
rDNA, both the level of methylation at CpG-133A

and the relative abundance of this variant (i.e., %A)
will contribute toward transcriptional competency.
This interaction can be represented as the percent-
age of total rDNA copies that are both A-variant
and unmethylated at CpG-133 (which we denote
as %AUN). (Note that %AUN is different from sim-
ply considering the percentage of CpG-133A that
is unmethylated.) As expected, %AUN correlates
between the sperm and liver of G1-C and G1-PR
mice (fig. S12). To confirm the functional impor-
tance of %AUN, we analyzed a regulatory non-
coding RNA [promoter-associated RNA (pRNA)]
that spans the rDNA promoter (Fig. 3A). pRNA is
transcribed from early replicating and unmeth-
ylated rDNA copies (10). It functions in trans to
recruit nucleolar chromatin remodeling complex
andDNAmethyltransferase to silenced rDNA copies
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Fig. 3. Functional consequences of altered rDNA dynamics. (A) pRNA is transcribed from early
replicating rDNA copies (assumed to be unmethylated at CpG-133). Therefore, the percentage of
pRNA reads that encode an A at position –104 [pRNA(%A), indicated in blue, right] should reflect the
proportion of A-variant rDNA copies that are unmethylated at CpG-133 (%AUN) (B) pRNA(%A)
positively correlates with %AUN in both G1-C (black) and G1-PR (red) liver (total, n = 23, t = 0.61, P =
1.4 × 10−5). (C) %AUN is not correlated with the abundance of 45S-rRNA in liver of G1-C (black; n =
14, t = 0.03, P = 0.91), but is positively correlated in liver of G1-PR (red; n = 12, t = 0.52, P = 0.021).
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