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SUMMARY

Lin28, a well-known RNA-binding protein, regulates
diverse cellular properties. All physiological func-
tions of Lin28A characterized so far have been attrib-
uted to its repression of let-7 miRNA biogenesis or
modulation of mRNA translational efficiency. Here
we show that Lin28A directly binds to a consensus
DNA sequence in vitro and in mouse embryonic
stem cells in vivo. ChiP-seq and RNA-seq reveal
enrichment of Lin28A binding around transcription
start sites and a positive correlation between its
genomic occupancy and expression of many associ-
ated genes. Mechanistically, Lin28A recruits 5-meth-
ylcytosine-dioxygenase Tetl to genomic binding
sites to orchestrate 5-methylcytosine and 5-hydrox-
ymethylcytosine dynamics. Either Lin28A or Tetl
knockdown leads to dysregulated DNA methylation
and expression of common target genes. These re-
sults reveal a surprising role for Lin28A in transcrip-
tional regulation via epigenetic DNA modifications
and have implications for understanding mecha-
nisms underlying versatile functions of Lin28A in
mammalian systems.

INTRODUCTION

Lin28 influences diverse aspects of cellular activities, including
stem cell self-renewal, somatic cell reprogramming, meta-
bolism, organismal growth and regeneration, and carcinogen-
esis (Shyh-Chang and Daley, 2013). Two paralogs of Lin28 in

P

G} CrossMark

Molecular Cell 67, 153-160, January 7, 2016 ©2016 Elsevier Inc.

mammals, Lin28A and Lin28B, exhibit different expression
patterns but similar functions. Lin28A is highly expressed in
embryos and embryonic stem cells (ESCs) and becomes down-
regulated during differentiation. Suppression of let-7 miRNA
maturation is among the best-studied molecular mechanisms
of Lin28A-mediated regulation of gene networks, whereas
Lin28A can also influence mRNA translation and splicing
(Shyh-Chang and Daley, 2013). One study in C. elegans also
suggested binding of Lin28A to the let-7 genomic locus (Van
Wynsberghe et al., 2011). Structurally, Lin28A is composed of
two classical nucleic acid binding domains: a cold-shock
domain (CSD) and a pair of CCHC-type zinc finger motifs
(Moss et al., 1997), both of which contribute to the affinity for
pre-let7 and repression of let-7 maturation (Loughlin et al.,
2012; Nam et al., 2011). Notably, CSD domains in other mole-
cules have been shown to bind DNA (Hudson and Ortlund,
2014), raising the possibility that Lin28A may also exhibit
DNA binding activity.

5-methylcytosine (5mC), a key epigenetic modification, regu-
lates gene expression and many cellular processes (Suzuki and
Bird, 2008). Ten-eleven translocation (Tet) family proteins can
sequentially convert 5mC to 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine (5CaC), leading
to DNA demethylation (Wu and Zhang, 2014). The molecular
mechanism underlying recruitment of Tet1 to specific genomic
loci for region-specific DNA demethylation remains poorly
understood. Here we reveal a DNA-binding feature of
Lin28A and demonstrate its association with Tet1. Character-
ization of Lin28A interactions with DNA in mouse ESCs
(MESCs) suggests a promoter-binding signature and its role
in recruiting Tet1 to co-targeted genomic loci for epigenetic
regulation. Our study unravels a DNA-based regulatory role of
Lin28A in mESCs and functionally links it to the epigenetic
regulator Tet1.
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RESULTS

Lin28A Binds to Specific Genomic Loci in Mouse ESCs
and Directly Binds DNA

Our previous protein microarray-based screen of the protein-
DNA interactome identified Lin28A as one of over 4,000 proteins
that interact with DNA oligos on protein array (Hu et al., 2009).
Lin28A, present in both nucleus and cytoplasm of mESCs (Ka-
wahara et al.,, 2011), is a well-known RNA-binding protein
(Shyh-Chang and Daley, 2013). To determine whether Lin28A
indeed binds to genomic DNA in mammalian cells, we generated
a stable mESC line expressing exogenous FLAG-tagged Lin28A
and performed chromatin immunoprecipitation (ChIP) coupled
with high-throughput sequencing (ChIP-seq). A total of 7,874
high-confidence peaks (with an average false discovery rate
FDR = 3.69) were identified (Table S1). Lin28A was enriched at
transcription starting sites (TSS)/promoters/5’ UTR of annotated
genes, followed by gene bodies and CpG islands (Figures 1A,
1B, and S1A; Table S1). Analysis of best-scored ChIP peaks
by MEME or Homer predicted a major consensus sequence
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We next used an electrophoretic mobility
shift assay (EMSA) to examine direct inter-
action between purified recombinant
Lin28A and DNA motifs (Figure S1C). Lin28A showed similar bind-
ing to both the RNA and DNA analog of the pre-let-7 stem-loop,
which is the best-characterized Lin28A RNA binding site (Fig-
ure S1D). EMSA showed similar Lin28A binding to three out of
four promoter sequences identified from ChlP-seq analyses (Fig-
ures 1D and 1E). We further performed ChIP-seq of mMESCs using
antibodies that recognized endogenous Lin28A (Cho et al., 2012;
Wilbert et al., 2012) and found significant overlap between our
two datasets, but not with endogenous H3K4me1 or input peaks
(Figure S1E). Endogenous Lin28A-ChIP mapped reads also dis-
played significant enrichment on gene TSS/promoters (Fig-
ure S1F). Collectively, our in vivo and in vitro analyses identified
Lin28A as a DNA-binding protein, in addition to its well-known
RNA-binding ability. Unless otherwise specified, all “Lin28A tar-
gets” mentioned hereafter refer to DNA associates.

Lin28A Is Primarily Associated with Transcribed Genes
in mESCs

We next asked whether Lin28A occupancy was correlated with
gene expression in mESCs. Lin28A binding to TSS displayed a
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Figure 2. Lin28A Is Primarily Associated with Actively Transcribed Genes in mESCs

(A) Lin28A ChlIP-seq mapped reads were plotted on gene bodies with their expression levels ranked in a descending order for the heatmap view. mESC RNA-seq
FPKM values (fragments per kilobase of transcript per million mapped reads) were obtained from a published dataset (Shen et al., 2012).

(B) Lin28A ChIP-seq peaks substantially overlapped with RNA Pol || ChlP-seq peaks (Handoko et al., 2011).

(C) Lin28A-binding sites were enriched with active histone marks, but were diffused with histone modifications for repressive or enhancer markers. Regions
between start and end define boundaries of Lin28A-binding sites. ChIP-seq mapped reads of various histone modifications either from ENCODE or generated in-
house were plotted in heatmap views. The Lin28A binding sites were ranked by peak intensity.

(D) Replicated samples from stable mESC lines expressing Lin28A shRNA or its scrambled control were subjected to RNA-seq. A total of 2,975 genes were
substantially downregulated in Lin28A KD mESCs compared to the scrambled control (logoFPKM ratio < —0.5; upper panel). Among those downregulated genes
upon Lin28A depletion, 430 genes were directly bound by Lin28A based on Lin28A ChlP-seq analysis (p = 0.02; chi-square test). A total of 2,208 genes were
upregulated (log,FPKM ratio > 0.5) upon Lin28A KD in mESCs, with 272 genes directly bound by Lin28A (lower panel; p = 0.00004; chi-square test).

(E) Examples of genes either downregulated or upregulated in mESCs with Lin28A KD. GAPDH was used as an internal control, and relative mRNA values were
calculated based on comparison with the scrambled control. Two different Lin28A shRNAs were used. Values represent mean + SD (n = 4; *p < 0.05; **p < 0.01;

Student’s t test).
See also Figure S2.

positive correlation with the expression of associated genes (Fig-
ure 2A) (Shen et al., 2012). Fifty-six percent of Lin28A ChIP-seq
peaks overlapped with RNA polymerase Il (Pol Il) peaks (Fig-
ure 2B). Furthermore, histone markers that are associated
with active transcription, such as H3K4me3, H3K9ac, and
H3K27ac, were highly enriched at Lin28A binding sites,
whereas the transcription repressive marker (H3K27me3) and
enhancer marker (H3K4me1) were much more diffusely distrib-
uted (Figure 2C).

To assess the functional role of Lin28A in regulating gene
expression directly, we generated a stable mESC line with
Lin28A knockdown (KD) via lentivirus-mediated shRNA expres-
sion and performed RNA-seq (Figures S2A and S2B; Table
S1). Expression of pluripotency genes Oct4, Nanog, Sox2, and
KIf4 was not significantly altered by Lin28A KD (Figure S2C).
Among 2,975 genes that were at least 2°-°-fold downregulated

Molecular Cell 67, 153-160, January 7, 2016 ©2016 Elsevier Inc.

by Lin28A KD when compared to the scrambled shRNA control
(sh-control), 430 genes were bound by Lin28A on promoters
or gene bodies (p = 0.02; chi-square test; Figure 2D). In addi-
tion, 2,208 genes were at least 2%-°-fold upregulated in Lin28A
KD mESCs, 272 of which were Lin28A-bound (p = 0.00004;
chi-square test; Figure 2D). The influence of Lin28A KD on
mRNA levels of representative target genes was confirmed
by quantitative PCR (Figure 2E). To distinguish Lin28A-depen-
dent transcriptional regulation from post-transcriptional regula-
tion, we took advantage of a recently released analytical tool,
iRNA-seq, which performs a genome-wide assessment of
acute transcriptional activity based on analysis of intron
coverage from total RNA-seq data (Madsen et al., 2015). We
found 55%-64% overlap with standard RNA-seq analysis (Fig-
ure S2D), indicating a prime role of Lin28A in acute transcription
regulation.
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Figure 3. Lin28A Is Required to Recruit Tet1 to Their Common Genomic Target Sites

(A) Genome-wide Lin28A-binding regions substantially overlapped with Tet1-binding regions identified by ChIP-seq (Wu et al., 2011).

(B and C) Knocking down Lin28A decreased Tet1 binding on their co-target genes. An mESC line with HA-Tet1 knocked into the endogenous Rosa locus was
used for the ChIP experiment (B). Lin28A was knocked down by siRNA transfection. Relative enrichment on amplicons was calculated by comparing to the
scrambled control. Esrrb is a negative control amplicon without Lin28A binding. Values represent mean + SD (n = 3; *p < 0.05; **p < 0.01; Student’s t test). Also
shown is the endogenous Tet1 ChIP-seq result on genome average of Tet1 binding to TSS for all co-target genes with or without Lin28A KD (C).

(D and E) Triptolide treatment reduced genome-wide Lin28A binding on Lin28A-bound gene promoters in mESCs (D) and disrupted interaction of Lin28A and Tet1
(E). mESCs were treated with DMSO (control) or 1 uM triptolide for 5 hr before ChlP-seq (D) or IP-western analyses of Tet1 or Lin28A (E). Mapped ChlP-seq reads
on 5 kb upstream and downstream of Lin28A-bound TSS are shown in (D). Using Imaged, we quantified the IP-western blots (E) and calculated the relative
amount of immunoprecipitated Tet1/Lin28A with input cell lysate, then compared this ratio between control and triptolide-treated samples. Values represent
mean + SD (n = 5; *p < 0.05; Student’s t test).

(F) Lin28A bindings to various forms of Motif1. Binding affinities of Lin28A with single-stranded (ss) DNA, double-stranded (ds) DNA, double-stranded with 5-bp
mismatch (Mis.), and a “bubble” structure (Bub.) were examined by gel-shift assay. Values represent mean + SD (n = 3; *p < 0.05; **p < 0.01; Student’s t test).
(G) Real-time measurement of Ky, for binding of Lin28A to bubble-DNA and dsDNA by Octet QK® system. The concentrations for recombinant Lin28A protein were
5,10, and 20 pg/ml for different curves. The concentration for bubble-DNA or dsDNA was 500 nM. These data were used to extract association and dissociation
curves for three concentrations of Lin28A protein and fit the curves by 1:1 model to obtain Kp.

See also Figure S3.

Lin28A Forms a Complex with Tet1 to Recruit Tet1 to
Their Genomic Co-targets

To understand how Lin28A regulates gene expression, we
compared genome-wide Lin28A distribution with published da-
tabases. Interestingly, more than half (49.1%-71.5%) of Lin28A
binding sites were shared by Tet1 in mESCs (Williams et al.,
2011; Wu et al., 2011; Xu et al., 2011) (Figures 3A and S3A).
TSS and gene body regions co-occupied by Lin28A and Tet1
showed similar enrichment of histone modifications associated
with active transcription as those bound by Lin28A (Figure S3B).
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Furthermore, Tet1 binding motifs predicted by MEME of ChlIP-
seq analysis (Wu et al., 2011) also shared similarity to the 5
portion “CAGCACC” within the identified Lin28A motif (Figures
S3C and 1C; Table S2).

Next, we explored the mechanism underlying co-occupancy
of Lin28A and Tet1 on target genes. We used a loss-of-function
approach to determine whether depletion of one protein would
affect the chromatin-binding property of the other in mESCs
that expressed either HA-tagged Tet1 knocked into the Rosa
locus (Figure S3D) or exogenous FLAG-tagged Lin28A. For a



group of ten genomic loci that showed Lin28A occupancy in
ChIP-seq, Lin28A KD decreased Tet1 enrichment on common
targets by 30%-60% (Figure 3B). ChlP-seq of Lin28A KD mESCs
using Tet1 antibodies also showed a similar pattern of decreased
Tet1 binding to common targets (Figure 3C). In contrast, Tet1 KD
did not affect Lin28A binding to chromatin (Figure S3E).
Together, our analyses revealed significant co-occupancy
across the genome between Lin28A and Tet1 in mESCs, and a
requirement for Lin28A to recruit Tet1 to common genomic tar-
gets, but not vice versa.

To further elucidate the mechanism of Lin28A-mediated
recruitment of Tet1 to genomic loci, we tested whether the two
proteins reside in the same complex in HEK293T cells co-ex-
pressing exogenous Lin28A and Tet1, as well as in mESCs
with or without exogenously expressed Lin28A. Co-immunopre-
cipitation (co-IP) analysis demonstrated the biochemical associ-
ation between Lin28A and Tet1 in HEK293T cells and mESCs
(Figures S3F-S3H). The catalytic domain of Tet1 (Tet1-CD) was
sufficient to form a complex with Lin28A, but neither its catalytic
activity nor the presence of DNA molecules was required for for-
mation of the complex (Figures S3I and S3J).

We then sought to investigate the regulatory mechanism for
recruiting Lin28A to its genomic binding loci. Given the positive
correlation between Lin28A genomic occupancy at TSS/pro-
moters and gene expression, as well as its co-occupancy with
Pol Il (Figures 2A and 2B), we asked whether active transcription
is required. We blocked transcription initiation, specifically at the
step of unwinding double-stranded DNA (dsDNA), by treatment
with RNA Pol Il inhibitor Triptolide (Bensaude, 2011). Triptolide
decreased Lin28A binding to chromatin (Figure 3D) and attenu-
ated Lin28A-Tet1 complex formation in mESCs (Figure 3E), sug-
gesting that active transcription is required for Lin28A to bind
chromatin and associate with Tet1.

Based on the bipartite character of the known Lin28A-RNA
structure (Loughlin et al., 2012; Nam et al., 2011) and similarity
between DNA and RNA consensus sequences (Figure S1B),
we predicted that a “bubble” structure would strengthen the
direct Lin28A-DNA interaction. We created a “bubble” structure
by inserting 5-bp random sequences on top of the mismatched
DNA oligo (Figures 3F and S3K). Indeed, EMSA showed that
Lin28A displayed the strongest binding to the DNA with “bubble”
structures containing both mismatches and insertions, with
weaker binding to mismatch-only DNA, single-stranded DNA,
and dsDNA oligo of motif 1 (Figure 3F). To quantitatively assess
Lin28A affinity to different forms of DNA in vitro, we performed
real-time Kp measurements and found a high affinity of Kp of
72 + 25 nM for Lin28A-“bubble” DNA binding and 186 =+
100 nM for Lin28A-dsDNA binding (Figure 3G). Together, our re-
sults suggest a hierarchical model in which Lin28A recognizes
transcription bubbles, then recruits Tet1 onsite.

Lin28A Coordinates with Tet1 to Regulate Cytosine
Modification Dynamics and Gene Expression

To investigate co-regulation of gene expression by Lin28A and
Tet1, we analyzed RNA-seq results from Lin28A KD and Tet1
KD in mESCs. Among 430 genes that were bound by Lin28A
and displayed reduced expression with Lin28A KD (Figure 2D),
219 genes (50.9%) showed similar reduced expression with

Molecular Cell 67, 153-160, January 7, 2016 ©2016 Elsevier Inc.

Tet1 KD (Xu et al., 2011) (Figure 4A). In contrast, among 272
genes that were bound by Lin28A and upregulated by Lin28A
KD, only 67 genes (24.6%) were upregulated by Tet1 KD (Fig-
ure 4A). This observation indicates a ~2-fold dominance of
Lin28A-mediated coordination of Tet1 for their positively regu-
lated co-targets. This result is consistent with the previous
finding that Tet1 KD in mESCs leads to upregulation and down-
regulation of different genes (Huang et al., 2014; Williams et al.,
2011; Wu et al., 2011). Over 95% of up- or downregulated genes
bound by Lin28A were also bound by Tet1 on promoters or intra-
genic regions (Figure 4A), and co-binding sites exhibited similar
compositions of CpG island abundance (Figure S4A).

To further assess the physiological role of the Lin28A-Tet1 as-
sociation, we analyzed genome-wide 5hmC and 5mC levels in
Lin28A KD and sh-control mESCs. We employed previously
established methods for selective chemical labeling and enrich-
ment for 5hmC-containing DNA, and methylated DNA immuno-
precipitation (MeDIP), coupled with high-throughput sequencing
techniques. Lin28A KD resulted in a modest genome-wide
decrease of 5hmCs, concurrent with an increase of 5mC levels
in mESCs (Figures 4B, 4C, and S4B). Analysis of multiple target
genes co-regulated by Lin28A and Tet1 showed consistent pat-
terns of decreased 5hmCs and increased 5mCs at gene bodies
(Figures 4D and S4C). An increase in methylation levels upon
Lin28A KD was confirmed by T4-BGT-coupled methylation-spe-
cific Hpall/Mspl digestion analysis on multiple Lin28A-Tet1 co-
targets (Figure 4E). Collectively, our data indicated that Tet1
recruitment by Lin28A promotes 5mC-to-5hmC conversion
and demethylation at gene bodies.

DISCUSSION

In this study, we identified Lin28A DNA-binding properties both
in vitro and in vivo and its association with Tet1 in regulating
gene expression. Our results suggest a hierarchical model in
which Lin28A first recognizes DNA consensus sequences within
active transcriptional bubbles and recruits Tet1 to regulate gene
expression by modulating cytosine modification states. Our
study unravels the unique chromatin-association features of
Lin28A on a genome-wide scale and further links Lin28A to
epigenetic DNA modifications and associated gene regulation.
Our findings have significant implications for understanding mo-
lecular mechanisms underlying versatile roles of Lin28A in stem
cell pluripotency, differentiation, and transformation.

Lin28A protein contains a Cold Shock Domain, one of the most
ancient nucleic acid binding domains with the ability to interact
with a wide range of single-stranded RNA and DNA (Hudson
and Ortlund, 2014). Consistent with this idea, xtrLin28B CSD
has been shown to preferentially bind to single-stranded pyrim-
idine-rich oligonucleotides of both DNA and RNA with up to eight
bases in vitro (Mayr et al., 2012). Our in vivo ChIP-seq analyses
identified the consensus binding sequences (“CAGnACC”-nn-
“GGACAG”) for Lin28A in mESCs, which are highly similar to
the previously identified “GGAG(A)” motif found in Lin28A-
bound pre-miRNA and mRNA. These results suggest a shared
binding mechanism of Lin28A to nucleic acids, which makes it
challenging to distinguish the RNA-binding activity from its
DNA-binding activity via mutation analysis. Notably, Lin28A is
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Figure 4. Lin28A Coordinates with Tet1 to Regulate DNA Modification Dynamics on Target Genes

(A) Among a total of 2,975 downregulated genes upon Lin28A KD, 430 genes were bound by Lin28A. Among those, 219 genes were also shown to be down-
regulated in Tet1 KD mESCs (Xu et al., 2011). In comparison, 272 genes out of 2,208 upregulated genes upon Lin28A KD were bound by Lin28A. Only 67 were also
shown to be upregulated in Tet1 KD mESCs. The majority of Lin28A-bound genes with expression changes were co-bound by Tet1. RNA-seq values were
analyzed by Pearson’s chi-square test with Yates’ continuity correction (p < 2.2e ).

(B) Genome-wide 5hmC and 5mC reads in mESCs upon Lin28A KD and their scrambled controls were counted within 10-kb bins for the whole mouse genome. All
bins were normalized to sequencing coverage and plotted to compare the overall trend of 5ShmC and 5mC abundance between Lin28A KD mESCs versus their
scrambled control.

(C) The logs fold change ratio of 5hmC (red) and 5mC (blue) mapped reads on gene bodies between Lin28A KD and scrambled control were calculated and
plotted. The dashed line indicates non-changing points with log, (fold change) = 0. Plots below the dashed line indicate reduced value in Lin28A KD compared to
the scrambled control, and vice versa.

(D) Celsr3 locus as an example of a Lin28A-bound gene that showed reduced expression, and inverse changes of 5hmC and 5mC on the gene body upon
Lin28A KD.

(E) Quantification of 5mC levels by methylation-specific Hpall/Mspl digestion and T4-BGT mediated distinguishing of 5ShmC and 5mC, followed with quantitative

PCR. Values represent mean + SD (n = 4; *p < 0.05; **p < 0.01; Student’s t test).

See also Figure S4.

not the only protein that possesses dual binding affinity to DNA
and RNA. For example, recent studies have implicated a tran-
scriptional regulatory role for RNA-binding proteins (Mo et al.,
2013; Yue et al., 2010) as well as a functional link between
DNA methyltransferase Dnmt1 and RNA (Di Ruscio et al.,
2013). Together, these results argue for reconsidering the tradi-
tional boundary between RNA- and DNA-binding proteins, and it
will be interesting to examine other classical RNA-binding pro-
teins for their potential DNA-associated function.

Our results also reveal a molecular mechanism targeting Tet1
to specific genomic loci for epigenetic regulation. Although Tet1
possesses an N-terminal CXXC structure typical for DNA bind-
ing, this domain does not seem to recognize specific target
gene sequences for Tet1 (Frauer et al., 2011). Previously identi-
fied Tet1-interacting proteins, such as Mbd3, PcG, Sin3A, and

OGT, mostly lack a specific DNA-recognition capacity, making
them more “functional” partners than “recruiters” of Tet1 (Wu
and Zhang, 2014). Lin28A represents a qualitatively different
type of Tet1-associated proteins, with an ability to bind active
chromatin through consensus sequences and guide Tet1 in tar-
geting specific genomic loci to regulate gene expression. After
recruiting Tet1 onsite, Lin28A could help Tet1 maintain a hypo-
methylated state of active gene promoters or, alternatively,
Tet1 may further proceed along the gene body for 5mC to
5hmC conversion while Lin28A remains at the promoter to
function primarily as a recruiter. Since no direct protein-protein
interaction between Lin28A and Tet1 was detected in the GST
pull-down assay (data not shown), intermediate molecules might
combine with these two to form the protein complex. In addition,
it is possible that some Tet1 could form a complex with Lin28
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before being recruited to target transcription loci. Analogous to
our findings for Tet1, IDAX recognizes unmethylated CpG and in-
teracts with the Tet2 catalytic domain to recruit Tet2 onsite (Ko
et al., 2013). It is likely that there are multiple mechanisms to re-
cruit Tet1 to gene targets and more factors to be identified.

In summary, our study links the well-known RNA-binding pro-
tein Lin28A to epigenetic DNA modifications and establishes a
molecular mechanism targeting Tet1 to specific genomic loci
for epigenetic regulation. Our findings provide a mechanistic
context to understand the role of Lin28A in the regulation
of diverse biological processes and a direction for future
investigation.

EXPERIMENTAL PROCEDURES

Cell Cultures
The E14 mESC line was cultured on MEF feeder cells (Ma et al., 2008). mESCs
were transfected by electroporation using Nucleofector Kit from Lonza (VPH-
1001). Lentiviruses were generated as described (Duan et al., 2007). mESCs
were infected with the lentiviral supernatant and selected by 3 pug/ml puromy-
cin for 3 days.

RNA Extraction, Quantitative-RT-PCR, and Genomic DNA Extraction
Total RNA was extracted from mESCs by RNeasy (QIAGEN), and 1 pg total
RNA was primed with Oligo(dT)20 primers (Invitrogen) for cDNA synthesis, fol-
lowed by Q-PCR analysis (Guo et al., 2011). Total genomic DNA of mESCs was
extracted by QIAGEN DNeasy Blood and Tissue Kit (Guo et al., 2011).

Protein Co-IP and ChIP

Co-IP was carried out with antibodies to FLAG (M2, Sigma), V5 (Invitrogen),
Lin28A (Abcam), or Tet1 (Millipore) as described (Kim et al., 2009). Five million
mESCs were used for ChlIP following procedures as described (Ma et al., 2009)
with antibodies to FLAG (M2, Sigma), HA (Sigma), Lin28A (Abcam), or Tet1
(Millipore), or normal mouse or Rabbit IgG (Millipore) as a control.

EMSA

Each binding reaction was carried out with 100 fmol of biotinylated dsDNA
probe and 1 pmol of purified protein (Guo et al., 2014). Human Lin28A protein
was purified as GST-Hisg fusion proteins from yeast (Zhu et al., 2001). Control
DNA is a 60-bp biotin end-labeled EBNA duplex in the Pierce kit. Sequences of
5'-biotinylated DNA probes are: Motif1 ssDNA (sense), 5'-CTTCTGGCGCT
GTCCATGGTGCTGAACCCAG-3, antisense 5'-CTGGGTTCAGCACCATGG
ACAGCGCCAGAAG-3'; Motif2 ssDNA (sense), 5'- GAA ACTGTCCGTG
GTGCTGAAACACAGCAGCA-3', antisense 5-TGCTGCTGTGTTTCAGCAC
CACGGACAGTTTC-3'. dsDNA was made by annealing sense strand and anti-
sense strand ssDNA. Mismatch duplex of Motif1 was constructed by anneal-
ing sense strand with mutant antisense strand (5'-CTGGGTTCAGCACCA
TTTTTTGCGCCAGAAG-3'); bubble duplex of motifi was made by annealing
mutant sense strand (5'-CTTCTGGCGCTGTCCATCACAAGGTGCTGAACC
CAG-3') with mutant antisense strand (5'- CTGGGTTCAGCACCATTTTTTGCG
CCAGAAG-3').

Kp Measurement by Octet QK® system

We followed the manufacturer’s protocol of Octet QK® systems (ForteBio) for
real-time, label-free analysis of affinity, kinetics, and concentration from
biomolecular interactions in 96 microplates. Data analysis software of the
Octet QK® system was used to extract association and dissociation curves
for Lin28A protein and fit curves by 1:1 model to obtain the Kp for each
condition.

5hmC-Specific Enrichment and MeDIP

Five micrograms of genomic DNA were used for selective chemical labeling
and enrichment for 5ShmC-containing DNA (Song et al., 2011). MeDIP experi-
ments were performed according to the manufacturer’s protocol (Active
Motif).
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Library Preparation and High-Throughput Sequencing

Enriched DNA from ChlIP, 5hmC-capture, and MeDIP was subjected to library
construction using the NEBNext ChIP-Seq Library Prep Reagent Set for
lllumina according the manufacturer’s protocol. Fifty-cycle single-end se-
quencings were performed using lllumina HiSeq 2000. RNA-seq libraries
were generated from duplicated samples per condition using the lllumina
TruSeq RNA Sample Preparation Kit v2 following manufacturer’s protocol.
The RNA-seq libraries were sequenced as 50-cycle pair-end runs using Illu-
mina HiSeq 2000.

Bioinformatics

Bioinformatics analyses for ChlP-seq, 5hmC-seq, and MeDIP-seq followed
methods described (Szulwach et al., 2011; Yao et al., 2014). Annotation and
motif analysis were performed by Hypergeometric Optimization of Motif
EnRichment (HOMER) v4.7 (http://homer.salk.edu/homer) (Heinz et al., 2010)
or MEME suite 4.10.1 (http://meme-suite.org/tools/meme) (Bailey et al,
2009). Acute transcription was further evaluated using iRNA-seq package
(Madsen et al., 2015).

Quantification of 5SmC/5hmC by Glucosylation and Hpall/Mspl
Digestion

Two micrograms of gDNA were treated with Epimark 5hmC and 5mC Analysis
Kit (New England Biolabs) according to the manufacturer’s protocol.

ACCESSION NUMBERS

The accession number for Lin28 ChIP-seq, RNA-seq, 5mC-seq, and 5hmC-
seq data reported in this study is GEO: GSE74254.
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