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Abstract
The epigenetic regulation of imprinted genes via monoallelic DNA methylation of either maternal
or paternal alleles is critical for embryonic growth and development1. Imprinted genes were
recently shown to be expressed in mammalian adult stem cells to support self-renewal of neural
and lung stem cells2, 3,4; however, a role for imprinting per se in adult stem cells remains elusive.
Here we show up-regulation of growth-restricting imprinted genes, including within the H19-Igf2
locus5, in long-term hematopoietic stem cells (LT-HSCs) and their down-regulation upon HSC
activation and proliferation. A differentially methylated region (DMR) upstream of H19 (H19-
DMR), serving as the imprinting control region, determines the reciprocal expression of H19 from
the maternal allele and Igf2 from the paternal allele1. In addition, H19 also serves as a source of
miR-675, which restricts Igf1r expression6. We demonstrated that conditional deletion of the
maternal but not the paternal H19-DMR reduced adult HSC quiescence, a state required for long-
term maintenance of HSCs, and compromised HSC function. Maternal-specific H19-DMR
deletion resulted in activation of the Igf2-Igfr1 pathway as revealed by the translocation of
phosphorylated Foxo3 (an inactive form) from nucleus to cytoplasm and the release of Foxo3-
mediated cell-cycle arrest, thus leading to increased activation, proliferation, and eventual
exhaustion of HSCs. Mechanistically, maternal-specific H19-DMR deletion led to Igf2 up-
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regulation and increased translation of Igf1r, which is normally suppressed by H19-derived
miR-675. Similarly, genetic inactivation of Igf1r partially rescued the H19-DMR deletion
phenotype. Our work establishes a novel role for this unique form of epigenetic control at the
H19-Igf2 locus in maintaining adult stem cells.

Our earlier studies had revealed that imprinted genes, including those within the H19-Igf2
locus (Fig. 1a), are differentially expressed in hematopoietic stem and progenitor cells
(HSPCs)7. To explore this further, we systematically analyzed imprinted gene expression in
quiescent-enriched long-term (LT) HSC, more active short-term (ST) HSC, and multipotent
progenitor (MPP) populations (Fig. 1b)8. Out of 88 imprinted genes, 23 were differentially
expressed in these populations. Of these 23, 15 were preferentially expressed in LT-HSCs,
while the others were predominantly expressed in ST-HSCs and MPPs (Fig. 1c).
Intriguingly, 80% of the imprinted genes with predominant expression in LT-HSCs were
associated with growth restriction, including H19, Cdkn1c/p57, Ndn, Rb, Gtl2 and Grb109.
In contrast, imprinted genes expressed preferentially in ST-HSCs and MPPs, including
Ascl2, Peg12, Sfmbt2, Pon3, Atp10a, and Osbp15, were associated with growth-promotion
and increased metabolism10. The expression of several representative genes was confirmed
by qRTPCR (Supp.Fig. 1a).

Given the critical role of H19 during embryonic development and its preferential expression
in LT-HSCs, we hypothesized that H19 plays a role in restricting LT-HSC activation. To
test this idea, we conditionally deleted H19-DMR (an epigenetic regulator that controls
expression of H19) by breeding H19flDMR/flDMR mice with Mx1-Cre mice to generate
maternal (mH19ΔDMR/+) and paternal (pH19ΔDMR/+) allele specific mutants (Supp.Fig. 1b).
The DMR region was deleted with 100% efficiency in LT-HSC (Supp.Fig. 1c,e–g,)11. As
early as 6 weeks, flow cytometric analysis revealed a substantial decrease in frequency and
absolute number of LT-HSCs in mH19ΔDMR/+ mice (Fig. 1 d–f, Supp.Fig. 1d), but not in
pH19ΔDMR/+ mice (Fig. 1e, Supp.Fig. 2a,b). Concurrently, we observed a significant
increase in frequency and absolute number of ST-HSCs (Fig. 1d–f); however, the total
number of BM cells remained unchanged (Fig. 1g). By 6 months, both LT- and ST-HSCs
were significantly decreased in frequency and absolute number while BM cellularity
increased only in mH19ΔDMR/+ mice (Fig. 1d–g and Supp.Fig. 2c,d).

Cell cycle analysis of LT-HSCs at 6 weeks post pIpC induction revealed a decreased in the
G0 phase fraction and a concomitant increased in the G1 phase fraction in mH19ΔDMR/+

relative to control (Fig. 1h–j). We then tested the response of mH19ΔDMR/+ mice to BM
damage by administering 5-fluorouracil (5FU), which eliminates active HSPCs while
sparing quiescent HSCs. Surviving quiescent HSCs later replenish lost HSPCs12 (Fig. 1k).
In this context, a significant reduction in quiescent HSCs after 3 cycles of 5FU treatment led
to deficient BM recovery in the mH19ΔDMR/+ mutant compared to control (Fig. 1l, m and
Supp.Fig. 2f). Altogether, maternal but not paternal deletion of H19-DMR resulted in loss of
HSC quiescence, leading to progressive loss of LT-HSCs and then ST-HSCs, acommpanied
by increasing progenior cell proliferation and differentiation, thus ultimately increasing total
BM cellularity (Fig. 1g, Supp.Fig. 2e and Supp.Fig. 3a–d).

To functionally characterize the phenotype, we transplanted equal numbers of sorted LT-
HSCs from mutants and their control littermates. We observed a significant reduction in
reconstitution ability for LT-HSCs derived from mH19ΔDMR/+ but not pH19ΔDMR/+ mutants
compared to controls. While overall engraftment was reduced in primary and secondary
recipients, no mature lineage bias was apparent (Fig. 2a–f). Limiting dilution analysis to
quantify functional HSCs revealed a 2.5-fold decrease in mH19ΔDMR/+ mutant HSCs
relative to control (Fig. 2d). Reciprocal transplantation of Wt donor cells into either
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mH19ΔDMR/+ or control recipients did not result in alterations in hematopoiesis (Fig. 2g, h),
suggesting that an intrinsic change in the mH19ΔDMR/+ mutant HSCs was the primary cause
for the phenotype, although an environmental influence (such as an overall increase in Igf2
expression) may have enhanced the phenotype.

Next, we investigated whether H19-DMR controls the imprinted expression of H19 and Igf2
from the maternal and paternal alleles, respectively, in adult HSCs, as is observed in
embryos11. Our RNA-seq analysis revealed differential expression of H19 as well as Igf2 in
HSCs (Fig. 3a,b). By crossing H19flDMR/+ females with Mus castaneus (Cast) males, which
enables parental allele-discrimination by SNP analysis, we further detected exclusive
expression of Igf2 from the paternal allele in HSCs (Fig. 3c). However, after deletion of the
maternal H19-DMR, we detected H19 down-regulation and Igf2 up-regulation, which
resulted from biallelic Igf2 expression in HSCs (Fig. 3d–f). Igf2 was similarly up-regulated
in BM, including surrounding stromal cells, after maternal deletion of H19-DMR (Fig.
3g,h). However, as revealed by reciprocal transplantation, an extrinsic increase of Igf2
expression alone is not sufficient to cause the mH19ΔDMR/+ HSC phenotype. We next
investigated whether the Igf2 signaling13 pathway is activated in mH19ΔDMR/+ LT-HSCs.
Binding of Igf2 to Igf1r activates signaling, whereas Igf2 binding to Igf2r attenuates
signaling14. Igf2 and Igf1r levels were gradually increased from LT-HSCs to MPPs (Fig.
3i,j). However, mRNA, protein levels, and number of Igf1r+ cells was significantly
increased in mH19ΔDMR/+ LT-HSCs compared to controls (Fig. 3k,l,m), with no change in
Igf2r expression (Fig. 3k). Igf2-Igf1r signaling is known to activate PI3K-Akt, which
phosphorylates and inactivates FoxO3, a transcription factor that arrests the cell cycle15,16.
Inactive pFoxO3 was detected in only 15% of normal LT-HSCs but was substantially
increased in ST-HSCs and MPPs (Fig. 3n,o); however in mH19ΔDMR/+ pFoxO3 was
detected in 75% of LT-HSCs. Our data indicate that H19-DMR deletion increased Igf2
signaling, which released FoxO3-mediated suppression of HSC activation and proliferation.

In the placenta, H19 functions as a precursor of miR-675, which in turn suppresses Igf1r6.
We next investigated whether this regulation exists in adult HSCs. Expression of miR-675
was highest in LT-HSCs in the control mice but was substantially reduced in mH19ΔDMR/+

LT-HSCs (Fig. 4a). To explore the potential role of miR-675 in Igf1r regulation, we
transplanted BM cells over-expressing miR-675 into Wt mice. Over-expression of miR-675
increased the percentage of quiescent CD34−LSK cells but did not significantly affect active
CD34+ LSK cells (Fig. 4b). Western blot analysis showed a significant reduction of Igf1r by
miR-675 compared to control (Fig. 4c). Furthermore, Igf1r levels were lower in CD34−LSK
compared to CD34+LSK cells in the control. However, miR-675 overexpression
significantly decreased Igf1r (Fig. 4c–e). These data demonstrate that H19-derived miR-675
regulates Igf1r and the corresponding quiescent state in HSCs.

To further confirm that H19-DMR controls Igf2-Igf1r signaling, we crossed female
H19flDMR/+ mice with male Mx1-Cre:Igf1rfl/fl mice (Supp.Fig. 4a)17. While mH19 DMR/+

mutants (Fig. 3f,g) showed a decrease in LT-HSCs and an increase in ST-HSCs and MPPs,
Igf1r−/− mutants showed an increase in LT-HSCs and a decrease in MPPs. This suggests
that Igf1r regulates the transitions from LT-HSCs to ST-HSCs and further to MPPs.
Interestingly, mH19 DMR/+Igf1r−/− double mutants showed a partial restoration of LT-HSC
frequency (Fig. 4f), while the transition from ST-HSCs to MPPs was still blocked (Fig. 4f–
g). This suggests that Igf2-Igf1r signaling is partially responsible for the mH19 DMR/+

phenotype. An increase in ST-HSC frequency in double mutant mice was likely due to
blocked transition from ST-HSC to MPP by down-regulation of Igf1r. Furthermore, cell
cycle analysis and pFoxO3 staining in double mutants revealed partial rescue of the loss of
quiescence phenotype (Fig. 4h,i).
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To functionally demonstrate phenotypic rescue in mH19 DMR/+Igf1r−/− mice, we performed
BM transplantation assays. While mH19 DMR/+ mutants had significantly reduced
engraftment due to LT-HSC loss, engraftment of mH19 DMR/+Igf1r−/− BM cells increased
to a level between that of the mH19 DMR/+ and the Igf1r−/− single mutants, indicating a
partial functional rescue (Fig. 4j, Supp.Fig. 4b). These results indicate that the maternal
H19-DMR controls Igf2-Igf1r signaling which regulates HSC state; however, the partial
rescue suggests that deletion of H19-DMR also affects other pathways required for LT-HSC
maintenance. To investigate this possibility, we performed RNA-seq analysis of HSCs
isolated from control, mH19ΔDMR single, Igf1r−/− single, and mH19ΔDMR/+:Igf1r−/− double
mutants. mH19ΔDMR/+ HSPCs showed widespread alterations in expression of imprinted
genes in all three populations (Supp.Fig. 4c, and Supp.Fig. 5). Genes involved in cell cycle
arrest (Cdkn1c)18,19, tumor suppression and stem cell maintenance (Ndn, Gtl2)20,21 were
down-regulated in LT-HSCs. However, Igf1r−/− LT-HSCs largely maintained expression
patterns similar to control, with high expression levels of Cdkn1c, Ndn, Gtl2 and Dlk1. The
double mutants generally showed partial rescue of the alterations observed in single mutants,
suggesting either compensation in gene expression and/or existence of a proposed imprinted
gene network22,23 (Fig. 4k, Supp.Fig. 4c). Gene expression profiling of non-imprinted genes
showed many overlapping downstream genes and miRNAs that were abnormally expressed
in single mutants but partially rescued in double mutants (Fig. 4l–n, Supp.Fig. 6a–c and
Supp.Fig. 7e). These included components of the Wnt and Tgfβ/BMP pathways such as
Smad4, Id2, and Fzd824–27 as well as Let-7, which is known to repress cell proliferation28

and Igf signaling29 (Fig. 4l–n). Interestingly, H19-DMR potentially controls other miRNAs,
SnoRNAs, and genes, such as Dusp26, p2rx2, and Gpr63, independent of the Igf2-Igf1r
pathway (Supp.Fig. 7a–f). Dysregulation of some of these genes is known to cause cellular
hyperproliferation30,31. Taken together, our data reveal that maternal H19-DMR primarily
restricts Igf2-Igf1r signaling but also influences other imprinted and non-imprinted genes as
well as miRNAs involved in maintaining HSC quiescence.

By studying the H19-DMR locus in an allele-specific manner, we demonstrate that a
specialized form of epigenetic control—genomic imprinting—is critical to the maintenance
of adult stem cells. This is accomplished by maintaining LT-HSC quiescence, which can be
attributed largely to Igf2-Igf1r dependent signaling, but also to additional Igf2-Igf1r
independent effects on the regulation of cell cycle, proliferation, and growth.

Full Methods
Animals

All mice used in this study were housed in the animal facility at the Stowers Institute for
Medical Research (SIMR) and handled according to SIMR and National Institutes of Health
(NIH) guidelines. All procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of SIMR. H19-DMR flDMR/flDMR mice on B6 background were kindly
provided by Dr. Marisa S. Bartolomei (University of Pennsylvania Perelman School of
Medicine)31. Conditional mutant Igf1rfl/+ was kindly provided by Thomas L Clemens
(Center for Musculoskeletal Research, Johns Hopkins Medicine, 601 North Caroline Street,
Baltimore, MD 21287)32. Interferon inducible Mx1-Cre or tamoxifen inducible Scl-Cre
mouse strains were used to delete the floxed H19-DMR and Igf1r. For Mx1-Cre activation,
250μg of pIpC was injected intraperitoneal every other day for 14 days at 5 weeks of age.
For Scl-CreER activation, 2mg tamoxifen dissolved in 0.1 ml of corn oil was injected
intraperitoneal every day for 5 days.
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Single-cell HSC Genotyping
Single CD34− Flk2− LSK cells were sorted into 96 well plates (1 cell/well) containing 50μl
MethoCult® complete media (M3434; Stem Cell Technologies, Vancouver, Canada) and
incubated (37°C, 5% CO2) for 12 days. Individual colonies were harvested separately, and
DNA was purified using QIAGENamp DNA Blood Kit (QIAGEN, Valencia, CA). PCR
genotyping of H19 locus was performed using G1, G5 and G7 primers described
elsewhere31.

Flow cytometry
Phenotypic analysis of hematopoietic cells harvested from BM (femur and tibia) and
peripheral blood were performed as described previously33,34. Cell sorting and analysis were
performed with a MoFlo (Dako) and/or CyAn ADP (Dako). Data analysis was performed
with FlowJo software (Ashland).

5 Fluorouracil treatment
Cohorts of mH19ΔDMR/+ and mH19flDMR/+ were injected with 5FU (Sigma-Aldrich) at 150
μ/g body weight (BW)34 4 weeks post pIpC induction. For one cycle, 5FU was injected once
intravenously, and for 3 cycles, 5FU was injected 3 times at 4-week intervals. BM cells were
analyzed 10 days after 5FU injections.

Cell cycle analysis
Cell cycle analysis of BM Lineage− Sca-1+cKit+ (LSKs) was performed. BM cells (5 × 106)
were stained for LSKs, fixed overnight at 4°C in 4% para-formaldehyde, and permeabilized
with 0.2% triton x-100. Cells were further stained with BD PharmingenTM FITC
conjugated-Mouse Anti-Human Ki67 Set (BD Pharmingen) according to manufacturer’s
instruction and 0.1ug/uL DAPI. This was followed by flow cytometric analysis with InFlux
Cell Sorter (BD Biosciences).

Transplantation studies
For competitive repopulation assays, 2 × 105 BM cells congenic with the host (CD45.1+)
were included per mouse. One-hundred sorted LT-HSCs from mH19ΔDMR/+ or
mH19flDMR/+were transplanted intravenously into lethally irradiated (10 Gy) Ptprc
(CD45.1) recipient mice. Mice were placed on Baytril water 3 days prior to irradiation,
which continued for 2 weeks post irradiation. Each transplanted group consisted of 8–10
recipients. Donor-derived engraftment was assayed every 4 weeks post transplant by
collection of peripheral blood, RBC lysis and staining of CD45.1 (recipient) vs. CD45.2
(donor). Multi-lineage reconstitution was determined by CD3, B220 (for T and B lymphoid,
respectively) and Gr1, Mac-1 (for myeloid) gating on donor (CD45.2+) cells. Limiting
dilution experiments were performed by transplanting 3 doses (200K, 100K and 25K) of test
samples (n=2) from mH19ΔDMR/+ or mH19flDMR/+(CD45.2) along with fixed number of
2×105 rescue cells (CD45.2) into groups of 10 lethally irradiated (10gy) recipient mice
(CD45.1). CRU frequency was determined with L-Calc software (Stem Cell Technologies,
Inc.) based on Poisson statistics35. The plot was made based on percentage of recipient mice
containing 1% CD45.2+ cells in the peripheral blood at 16 weeks post transplant versus the
number of cells injected per mouse. For secondary transplantation, the original, primary
transplant recipients were sacrificed; BM was harvested from the femur and then
transplanted mouse-to-mouse at a dosage of 1×106 cells per mouse. For reciprocal
transplantation, wild-type congenic B6.SJL (CD45.1+) BM cells (1 × 106 cells per recipient)
were transplanted into lethally irradiated Mx-1 Cre induced mH19flDMR/+ and mH19ΔDMR/+

(CD45.2+) recipients. Complete donor cell engraftment by wild-type CD45.1+ cells was
confirmed by flow cytometric analysis. For rescue transplants 2 × 105 (CD45.2) BM cells
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from the mH19flDMR/+, Igf1r−/− and mH19ΔDMR/+Igf1r−/− mutants and the controls along
with 2 × 105 (CD45.1+) Ptprc BM cells were transplanted into CD45.1 recipient mice.
Complete donor cell engraftment by wild-type CD45.1+ cells was confirmed by flow
cytometric analysis.

Lentivirus infection
Mice were treated with 150 μg/g body weight of 5FU to activate and enrich for HSPCs35. 4
days later, BM was harvested and cultured overnight in ST media and transduced by
Magnetofection™ using ViroMag R/L particles according to the manufacturer’s protocol
(OZ Biosciences). Transplantation experiments conducted in the knockdown model were
done with unsorted 300,000 infected BM cells (CD45.2). The cells were transplanted into
each lethally irradiated (10Gy) Ptprc (CD45.1). 8 weeks post engraftment, BM cells double
positive for GFP and CD45.2 were sorted for CD34−LSK and CD34+LSK.

Lentivirus construction
The pSicoR-EF1α promoter-IRES-EGFP lentiviral construct was kindly provided by T. Xie
(SIMR).

mir-675_Fwd
AGCGTGCGGCCCAGGGACTGGTGCGGAAAGGGCCCACAGTGGACTTGGTA
CACTGTATGCCCTAACCGCTCAGTCCCTGGGTCTGGCA

mir-675_Rev
GGCATGCCAGACCCAGGGACTGAGCGGTTAGGGCATACAGTGTACCAAGTC
CACTGTGGGCCC TTTCCGCACCAGTCCCTGGGCCGCA

IGF2 shRNA

FWD
AGCGCGCCCAAATTTGATTGGCTCTAAATAGTGAAGCCACAGATGTATTTA
G AGCCAATCAAATTTGGTCA

REV
GGCATGACCAAATTTGATTGGCTCTAAATACATCTGTGGCTTCACTATTTAG
A GCCAATCAAATTTGGGCG

Allele specific Igf2 expression
Male Castaneous mice (Cast) were crossed with female flDMR or ΔDMR. Heterozygous
progeny at SNPs differ between the two strains. In mice that inherited Cast allele paternally
and flDMR maternally, LT-HSCs, ST-HSCs and MPPs were sorted from total BM cells.
RNA was extracted and DNase treated using RQ1 RNase-Free DNase per manufacturer’s
instruction (Promega). This RNA was reversed transcribed in the presence of SuperScriptIII
Reverse Transcriptase (SSIII) using Igf2 specific primer Igf2-20r (5′-
gggttgtttagagccaatcaa-3′) per manufacturer’s instructions (Invitrogen); simultaneously, equal
concentrations of RNA were identically treated in the absence of SSIII (for minus (-) RT).
Equal volumes of RT and –RT were amplified using 0.5 μM of primers Igf2-18f
(5′atctgtgacctcctcttgagcagg-3′) and Igf2-20r and Go-Taq Green Master Mix (Promega) using
the following PCR conditions: 94°C 2min 1 cycle; 94°C 15 sec, 58°C 15 sec and 72°C 20
sec for 43 cycles. No product was detected in –RT samples. Amplified Igf2 was digested
with MluCI (NEB) and the paternal Cast product (165 bp) and the maternal B6 product (180
bp) products were resolved on a 15% polyacrylamide gel similar to methods described
earlier31.
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Microarray
RNA was extracted by conventional trizol method from sorted LT-HSCs, ST-HSCs and
MPPs (10,000 cells each)36. Samples were analyzed with Affymetrix MouseGenome430_2
arrays and scanned with a GeneChip Scanner 3000 7G using GeneChip Fluidics Station 450
and GeneChip Operating Software (GCOS 1.4). Heatmap data represent the fold change
between 2 populations from at least 3 independent biological samples. Three samples were
run on Affymetrix Mouse 430.2 arrays in triplicate, using the standard Affymetrix protocols.
CEL files were read into the R software environment http://www.cran.r-project.org/ and
normalized with RMA37–39. Normalized data were fit with a linear model using the limma
package40 and three contrasts were fit: CD34p/CD34n, FLK2p/CD34p, FLK2p/CD34n.
Probes that were significant for at least one contrast (BH adj p <= 0.05) went to further
analysis.

A list of imprinted genes was taken from the catalogue of imprinting genes at http://
igc.otago.ac.nz/1101Summary-table.pdf. Names were matched to MGI and Ensembl 63
genes and then converted to probeset ids. Of 125 input genes, 86 could be mapped to
probesets, and of these, 23 were significant. Sample expression coefficients per probeset
were averaged together by gene. Expression levels varied widely, from 4–14 in log2 scale,
which obscured the regulatory trend across samples during clustering. We constructed a
heatmap to show only the trending of expression, and not the magnitude, by subtracting the
mean from each row and dividing by the standard deviation. Thus the heatmap scale shows
expression z-scores. Row ordering reflects hierarchical clustering, average linkage, using
Pearson dissimilarity for distance. Microarray data are submitted to ArrayExpress with
accession number E-MTAB-1644.

qRT-PCR
Total RNA (2–50ng) was extracted from sorted LT-HSCs, ST-HSCs and MPPs directly into
trizol. This was followed by DNAse I treatment (Ambion) and reverse transcription with a
high capacity cDNA reverse transcription kit (Applied Biosystems). cDNA was pre-
amplified by TaqMan® PreAmplification master mix (Applied Biosystems) according to the
manufacturer’s instruction. TaqMan® gene expression assays (Applied Biosystems) were
performed on triplicate samples with a 7500 real-time cycler (Applied Biosystems). Data
were normalized relative to Gapdh and Hprt1. For mi-R-675-3p assay, extracted RNA were
reverse transcribed using TaqMan miRNA reverse transcription kit (Applied Biosystems).
TaqMan pre-amplification and TaqMan gene expression assay were performed per
manufacturer’s instruction. All the qRT-PCR was performed using TaqMan probes.

Immunostaining
Immunostaining was performed as described previously33. For immunostaining of sorted
cells, cells were sorted onto lysine-coated slides, fixed with chilled methanol for 10 minutes,
followed by blocking and staining with primary antibody41. The following primary
antibodies were used: Chicken anti Igf1r (Abcam, 1:100), Rabbit anti Igf2 (Abcam, 1:100),
Rabbit anti FoxO3a (1:100), Rabbit anti Foxo1/3/4-Pan and phosphor_Thr24/32 (Assay
biotech, 1:50).

RNA-seq
The RNA-sequencing library was prepared from approximately 200 ng of total RNA
(mH19ΔDMR/+ Igf1r−/−, mH19ΔDMR/+Igf1rf−/− and mH19flDMR/+) for each sample using
illumina TruSeq RNA Sample Prep Kit (Catalog #: FC-122-1001). The fragment size in the
generated library ranged from 220 to 500 bps with a pick at 280 bps. A total of 10 fmol
library fragments were loaded to cBot to generate clusters, followed by sequencing on an
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Illumina HiSeq 2000 to produce 10–30 million paired-end 100 bp reads per sample. Reads
were trimmed to 70bp due to quality and aligned to mm9 with Tophat 1.3.1 42 / Bowtie
0.12.743, using the Ensembl 63 GTF file for gene models. Parameters were -g 1 --mate-
inner-dist 200 --mate-std-dev 70 --segment-length 35 --segment-mismatches 2; this allows
for 4 mismatches per read (two per read half) and unique alignments only.

Gene expression was quantitated using Cufflinks 1.0.344. We chose any imprinted genes
with an absolute log-fold-change of 1.3. A total of 38 imprinted genes were selected this
way, 32 having measurements on both samples and 6 having measurements in only one
sample. We heatmapped the genes found in both samples using FPKMs only. For the genes
found in both, the range of expression was skewed enough to make visualization by heatmap
difficult, so we created a row-normalized heatmap as with the microarray data. RNA seq
data set were submitted to Array Express with accession number E-MTAB-1628.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Defective LT-HSC maintenance in mH19ΔDMR/+ mice
a, H19-Igf2 cluster. Top image- red box, maternally-expressed; blue box, paternally-
expressed; gray boxes, genes in the cluster. Bottom image- ○-unmethylated and ●-
methylated CpG dinucleotides. X, no expression; arrow, active transcription. b, Upper
cartoon- Hierarchical organization. Curved arrow, self-renewal. Lower image: FACS plot.
Left panel: gated on Lineage−Sca-1+cKit+(LSK) or right panel: CD34 and FLk2. c, Heatmap
of imprinted genes(n=3). d, FACS plot of mH19ΔDMR/+ (n=9) and mH19flDMRl/+(n=8. e,
%LT-HSCs of LSK. Absolute numbers of f, HSCs and g, total BM cells. h–j, Cell cycle
analysis 2W post-pIpC induction (n=5). k, 5FU cycles. l, Total BM cells(n=3). m, Cell cycle
analysis. Error bars, s.e.m.
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Figure 2. Compromised HSC function in mH19ΔDMR/+ mice
Competitive repopulation assay 16W post transplantation a, sorted 100 LT-HSCs, n=10 c,
primary transplant (test dosage of 2×105 BM cells), n=10 e, secondary transplant, n=10) g,
reciprocal transplant, n=4. d, Competitive repopulation unit (CRU) content within each
group of mice transplanted at each dose; (n = 60 mice total). Horizontal dashed line, 37% of
recipient mice failed to engraft; vertical dashed lines, various CRU frequencies for each
condition. Donor –derived lineage analysis after b, primary transplant f, secondary
transplant h, reciprocal transplant. Error bars, s.e.m.
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Figure 3. Activation of Igf2-FoxO3 signaling in mH19ΔDMR/+ mice
a, b, RNA-seq analysis of Igf2 and H19 transcripts. c,d, Allele-specific expression of the
Igf2 transcript. qRT-PCR 6W post pIpC induction (n=3) for e, H19 f, and Igf2 g, stromal
cells and h, total BM (n=5). i, j, Single-cell Igf1r and Igf2 staining from Wt BM cells and its
quantitation (n=4). k, Igf1r and Igf2r expression in sorted LT-HSCs. l,m, Igf1r immune-
staining and its quantitation (n=4). n,o, Single-cell phospho-FoxO1/3/4 staining and its
quantitation (n=4). FPKM, fragments per kilobase exon per million fragments mapped.
Scale bar 10μm. Error bars, s.e.m.

Venkatraman et al. Page 13

Nature. Author manuscript; available in PMC 2014 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Igf1r regulation and rescue by genetic blockage of Igf2-Igf1r signaling
a, miR-675 analysis by qRT-PCR (n=3). b, Frequency of CD34− vs. CD34+ LSK cells 8W
post-lentiviral infection. c, Immunoblot analysis of Igf1r in sorted BM cells (positive and
negative for GFP). d–e, Single-cell immunostaining of Igf1r 8W post-lentiviral infection and
its quantitation (n=4). f, Representative FACS plot with frequency (n=4) g, absolute number
and h, cell-cycle analysis. i, Pan-FoxO staining (n=3). j, Donor engraftment 12W post
transplantation. RNA sequencing analysis in sorted stem cells. k, imprinted genes, l–m, Wnt
and BMP signaling n, heatmap of miRNA expression. Error bars s.e.m.
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