
3,9

, F e l i x K r u e g e r

10,11

,AnnalisaMupo

4,11

,

replacementtherapies.However,westil l l a c k t h e a b i l i t y t o f u l l y c o n t r o l t h e

epigeneticstatusofiPSCs,whichisamajorhurdlefortheirdownstream

applications.Epigenetic fidelity can be tracked by genomic imprinting, a
phenomenon dependent on DNA methylation, which is frequently perturbed
in iPSCs by yet unknown reasons. To try to understand the causes underlying
these defects, we conducted a thorough imprinting analysis using IMPLICON, a
high-throughput method measuring DNA methylation levels, in multiple
female and male murine iPSC lines generated under different experimental
conditions. Our results show that imprinting defects are remarkably common
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culturing25,26. The latter two likely affect processes that rely on strict
maintenance of DNA methylation, such as genomic imprinting24,27–29,
which serves as a good readout to study epigenetic fidelity in iPSCs.

Genomic imprinting is a parent-of-origin-specific epigenetic
mechanism that controls the monoallelic expression of ~150 genes in
the mammalian genome. Unlike the majority of genes, imprinted
genes are biased or exclusively expressed from the maternal or



Supplementary Data 2). For Prickle1, a slight drop in DNA methylation
levels was observed for female KSR-iPSCs (~50-70%) in both alleles
compared to parental MEFs (>90%), while it was completely lost in the
TX 2i ESC line (<10%), likely to be caused by 2i-induced
demethylation48–51.

For the 13 imprinted regions analysed, at both female and male
MEFs we observed the expected allele-specific methylation pattern at
ICRs, with 11 of the regions displaying methylation on the maternal
allele (PWS/AS, Peg3, Gnas, Commd1-Zrsr1, Mcts2-H13, Kcqn1-Kcnq1ot1,

Mest/Peg1, Plagl1/Zac1,Grb10, Igf2r and Impact) and two regions on the
paternal allele (Igf2-H19 andDlk1-Dio3) (Fig. 2A; Supplementary Fig. 2B;
Supplementary Data 2). This allele-specific pattern was mostly erased
in the TX 2i ESCs, confirming that the 2i-induced demethylation does
not spare imprinted loci as previously reported52,53. Strikingly, the
expected imprintingmethylation status (>75%onone and<25%on the
other allele) was not preserved in either female or male KSR-iPSCs.
First, we observed that reduction in methylation from the methylated
ICRs was a common trend to all KSR-iPSCs (Fig. 2A; Supplementary





(Supplementary Fig. 4E; Fig. 4C). Only the two paternally methylated
regions (Dlk1-Dio3 and Igf2-H19) analysed exhibit signs of hypermethy-
lation of the unmethylated ICR (Fig. 4B; Supplementary Fig. 4E). The
Igf2-H19 cluster shows a tendency to gain methylation at the unmethy-
lated allele (Fig. 4B; Supplementary Fig. 4E, F), however, this does not
seem to perturb the monoallelic expression of H19 (Fig. 4C). A stronger

gain of methylation was seen in the Dlk1-Dio3 region, where 4 out of 5
iPSC clones showed equivalent high methylation levels in both parental
alleles (Fig. 4B). While M FBS1 iPSCs, with normal methylation at the
Dlk1-Dio3 ICR showed monoallelic Meg3 expression, the hypermethy-
lated M FBS5 line showed lack of Meg3 expression (Supplementary
Fig. 5A). Con monoallelicMeg3



observed that the Dlk1-Dio3 cluster was the most labile locus among the
13 imprinted loci investigated in this study (Fig. 5A) with diverse
methylation outcomes affecting the allelic preference and levels of the
Meg3 gene located downstream of the Dlk1-Dio3 ICR (Supplementary

Fig. 5A,B; Supplementary Data 2). We also found that Meg3 levels were
consistently higher in KSR versus FBSmedium, but correlated negatively
with theDNAmethylation level atDlk1-Dio3 ICR (Supplementary Fig. 5B).
These results are important given the role attributed to this locus for the

Fig. 2 | Hypomethylation defects in KSR-iPSCs. A Methylation analysis of Peg3,
Dlk1-Dio3, Igf2-H19 and PWS/AS ICRs in female and male MEFs, female (F KSR1-6)
and male (M KSR1-6) iPSCs and TX 2i ESCs; Each graph represents the mean per-
centage ± SD methylation levels measured at each CpG within different genomic
regions per parental allele for each sample (number of CpG per locus - Peg3: n = 24;
Dlk1-Dio3: n = 27; Igf2-H19





methylation differs between female and male KSR- and FBS-iPSCs.
First, wemonitored the global 5-methylcytosine (5mC) levels by Liquid
Chromatography with tandem mass spectrometry (LC-MS/MS) in
female and male KSR- and FBS-iPSCs and TX 2i ESCs. LC-MS mea-
surements revealed that female iPSCs showed amarginal tendency for
lower 5mC levels when compared to male iPSCs irrespective of the
medium conditions (Fig. 5B). These are consistent with previous
findings showing that femalemouse ESCs/iPSCshave lower global 5mC
levels54,55,57. On the other hand, the modest shift towards increased
5mC levels fromKSR to FBS conditions for both female andmale iPSCs
was not found to be statistically significant (Fig. 5B). As expected, both
female and male KSR- and FBS-iPSCs have considerably higher 5mC
levels than the female TX 2i ESCs (Fig. 5B), consistent with minimal
methylation levels associated with 2i medium conditions50,51. There-
fore, our iPSCs showed relatively mild changes in overall DNA
methylation and yet have marked imprinting defects.

To complement this analysis, we investigated the methylation
levels at abundant retrotransposon elements in the genome, known to
be highly methylated in ESCs in serum conditions58. We studied the
intracisternal A particle (IAP), the most abundant Long Terminal
Repeat (LTR) from the class II of endogenous retroviruses (ERVs)59 as
well as, two subfamilies of young Long Interspersed Nuclear Element 1
(LINE1), LINE1-A (L1-A) and LINE1-T (L1-T), which comprise the most
frequent class of non-LTR elements in the mouse genome60. By per-
forming quantitative bisulfite-pyrosequencing at these retro-
transposon elements58, we showed that each class of retroelements
behaved differently according to the sex or medium formulation
(Fig. 5C). IAPs suffered a decrease of DNAmethylation in female iPSCs,
which was potentiated, surprisingly, by FBSmedium. L1-A methylation
levelswere alsodecreased in femaleKSRandFBS-iPSCs (Fig. 5C). These
fluctuations in DNAmethylation were modest compared to the severe
demethylation seen for the TX 2i ESCs (Fig. 5C) as expected58. Inter-



nor in non-affected (e.g., PWS/AS) imprinted regions. This suggests
that FBS medium does not lead to a progressive accumulation of
defects during culture maintenance within the time-frame explored,
nor attenuates or rescues existing defects.

Our data show that KSR-mediated hypomethylation defects at
imprinted regions occur independently of the reprogramming

process, while female and male iPSCs derived in FBS medium have
opposing imprinting defects, hypomethylation in females and hyper-
methylation inmales (Fig. 5A). Therefore, wenext exploredwhen these
imprinting defects arise in female andmale cells during FBSderivation.
Reprogramming intermediates, negative for the fibroblast marker
THY1 and positive for the stem cell marker SSEA1 (T−/S+), as well as
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formulation containing KSR and FBS in a 1:1 ratio, reasoning that
hypomethylation defects induced by KSR could be offset by FBS, while
the hypermethylation induced by FBS could be rescued by KSR. This
approach fully rescued the hypermethylation defects of the unme-
thylated allele of Igf2-H19 locus and substantially improved the ones on
the Dlk1-Dio3 region in 4 out of 6 KSR/FBS-iPSC lines (Fig. 7A). How-
ever, we could also detect additional hypomethylation defects at the
methylated allele of several loci (Mcts2-H13, Peg3, Igf2-H19 and
Commd1-Zrsr1) (Fig. 7A), accompanied by biallelic expression of
imprinted genes (Supplementary Fig. 9A). Despite some improve-
ments, the KSR/FBS formulation still induces hypomethylation
imprinting defects previously seen in KSR-iPSCs.

Our second approach consisted in adding VitC to the FBS med-
ium. FBS+VitC formulation was previously shown to strongly improve
the hypermethylation phenotype at the Dlk1-Dio3 ICR38, but its impact
on other imprinted regions has not been systematically investigated.
Under our reprogramming conditions, we observed no imprinting
errors in Peg3, PWS/AS and Commd1-Zrsr1





the methylation pattern of the non-imprinted gene Prickle1, follows
these 5mC fluctuations, suggesting that imprinting defects are not just
a reflection of overall DNA methylation dynamics (Supplementary
Fig. 7F). This decrease in 5mC levels is exacerbated in female cells
because these cells downregulate Xist, a sign of initiation of
X-chromosome reactivation (Fig. 6B). The 5hmC peak in females
(Supplementary Fig. 7E) suggests that active demethylation through



differences in medium requirements and epigenetic states between
mouse and human iPSCs. For instance, human female iPSCs do not



anaesthetic overdose and a necropsy was performed. Subcutaneous
tumours were harvested, fixed in 10% neutral-buffered formalin,
stained with hematoxylin and eosin and examined by a pathologist
blinded to experimental groups using a Leica DM2500 microscope
coupled to a Leica MC170 HD microscope camera.

Immunofluorescence (IF)
Cells previously seeded on gelatin-coated coverslips were fixed with
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https://github.com/FelixKrueger/IMPLICON


step in the processing, the first 8 bp of Read 2 were removed and
written into the readID of both reads as an in-line barcode, or Unique
Molecular Identifier (UMI). This UMI was then later used during the
deduplication step with “deduplicate bismark–barcode mapped_file.-
bam”. Raw sequence reads were then trimmed to remove both poor
quality calls and adapters using Trim Galore v0.5.0 (www.
bioinformatics.babraham.ac.uk/projects/trim_galore/, Cutadapt ver-
sion 1.15, parameters:–paired). Trimmed reads were aligned to the
mouse reference genome in paired-end mode. Alignments were car-
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