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Fetal hematopoietic stem and progenitor cells (HSPCs) hold promise to cure a wide array of hematological diseases,
and we previously found a role for the RNA-binding protein (RBP) Lin28b in respecifying adult HSPCs to resemble
their fetal counterparts. Here we show by single-cell RNA sequencing that Lin28b alone was insufficient for com-
plete reprogramming of gene expression from the adult toward the fetal pattern. Using proteomics and in situ
analyses, we found that Lin28b (and its closely related paralog, Lin28a) directly interacted with Igf2bp3, another
RBP, and their enforced co-expression in adult HSPCs reactivated fetal-like B-cell development in vivo more effi-
ciently than either factor alone. In B-cell progenitors, Lin28b and Igf2bp3 jointly stabilized thousands of mRNAs by
binding at the same sites, including those of the B-cell regulators Pax5 and Arid3a as well as Igf2bp3mRNA itself,
forming an autoregulatory loop. Our results suggest that Lin28b and Igf2bp3 are at the center of a gene regulatory
network that mediates the fetal–adult hematopoietic switch. A method to efficiently generate induced fetal-like
hematopoietic stem cells (ifHSCs) will facilitate basic studies of their biology and possibly pave a path toward their
clinical application.
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During mammalian development, the primary site of de-
finitive hematopoiesis shifts from the fetal liver (FL) to
the bone marrow (BM) around the time of birth (Kikuchi
and Kondo 2006). The genetic program underlying this
developmental transition as well as fetal hematopoiesis
is poorly understood. The evolutionary conservation of
these two distinct waves of hematopoiesis suggests that
it may be important for optimal development of the
immune system in mice and humans and should be con-
sidered to improve hematopoietic regeneration in the clin-
ic. In current clinical practice, hematopoietic stem cell
(HSC) transplantations use healthy adult donors as the
source of BM-derived stem cells, consequently bypassing
the fetal wave of hematopoiesis and regenerating only
the adult layers of hematopoiesis. As a result, the reconsti-

tuted immune system in such patients may be missing
subsets of cells that normally develop early during life.
The recent report that innate lymphoid cells (ILCs) are
not reconstituted in severe combined immunodeficiency
(SCID) patients treated by nonmyeloablative BM HSC
transplantation (Vély et al. 2016) provides an example
suggesting that current methods may not be ideal. In the
age of precision medicine, primary immunodeficiencies
should be diagnosed prior to birth, and the transplantation
of FL HSCs in utero may represent an ideal strategy for
generating an intact immune system in these patients
that would in theory cure them upon birth before major
symptoms arise. Such an approach succeeded in sheep
and monkeys (Flake et al. 1986; Harrison et al. 1989).
However, acquiring human FL HSCs is challenging due
to restrictions on obtaining healthy embryos from the sec-
ond or third trimester (Panikkar et al. 2012). To address
this unmet need, we propose a more efficient strategy to5These authors contributed equally to this work
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reprogram adult HSCs into their fetal-like counterparts,
perhaps obviating the need for human FL donors. Specifi-
cally, we can induce such a reprogramming more effi-
ciently using two defined factors, Lin28b and Igf2bp3,
compared with either alone.
We discovered previously that expression of the cyto-

plasmic RNA-binding protein (RBP) Lin28b is associated
with fetal but not adult hematopoiesis and that it is suffi-
cient for orchestrating the genetic program that specifies
fetal hematopoiesis (Yuan et al. 2012). In support of this
idea, enforced expression of either Lin28 protein in hema-
topoietic stem and progenitor cells (HSPCs) from adult
BM is sufficient to reactivate fetal-like lymphocyte devel-
opment. A robust signature of fetal B-cell development is
the generation of CD5+ innate-like B cells (referred to as B-
1a). In contrast, the BM of adults mainly generate conven-
tional B cells (referred to as B-2) (Yuan et al. 2012; Zhou
et al. 2015; Kristiansen et al. 2016). Furthermore, the
transduction of LIN28B is also sufficient to induce expres-
sion of fetal hemoglobin in adult human erythroblasts
(Lee et al. 2013). While it appears that Lin28b is capable
of autonomously specifying HSPC fate, the efficiency is
not known. Here we took advantage of new RNA seq-
uencing (RNA-seq) technology to assess the extent of
transcriptome reprogramming at the single-cell level. Fur-
thermore,molecularmechanisms of its posttranscription-
al regulatory activity in hematopoietic cells have not been
systematically defined.
Lin28 was first discovered as one of the heterochronic

genes regulating Caenorhabditis elegans larval develop-
ment (Ambros and Horvitz 1984; Moss et al. 1997), and
mammals encode two paralogs: Lin28a and Lin28b (we re-
fer to both paralogs together as “Lin28” here unless one of
them is specified).However, onlyLin28b is expressed in fe-
talHSPCs (Yuanetal. 2012).Thecold-shockdomain (CSD)
and twozinc fingers (ZnFs) of Lin28 togethermediateRNA
bindingwithhighaffinityanddistinct sequence specificity
(Namet al. 2011;Graf et al. 2013). It iswellunderstood that
Lin28 posttranscriptionally inhibits the maturation of the
microRNA let-7 family (Heo et al. 2008; Newman et al.
2008; Rybak et al. 2008; Viswanathan et al. 2008). Never-
theless, this is unlikely to be its only function, considering
that Lin28 proteins have been shown to bind thousands of
transcripts and possibly affect their abundance and/or
translation (Polesskaya et al. 2007; Xu and Huang 2009;
Xu et al. 2009; Cho et al. 2012; Wilbert et al. 2012; Graf
etal. 2013;Hafneret al. 2013).However, theLin28-induced
effects reported thus far tended to be marginal. Further-
more, the previously determined mRNA targets of
Lin28b do not explain the mechanisms that promote fetal
hematopoiesis. We reasoned that its key substrates and/or
interacting partners could be specific to cellular context
and thus searched for an experimentally tractable system
to investigate Lin28b’s mechanisms of action in HSPCs.
Here we uncover gene regulatory networks (GRNs) con-
nected to Lin28b to elucidate its role in (re)programming
hematopoietic cell fate. As a result, we discovered Igf2bp3
to be a novel partner of Lin28b and provide a comprehen-
sive blueprint of the genetic targets downstream from
these two RBPs.

Results

A model system to expand the Lin28b GRN

As an in vivo model system to reproducibly generate
induced fetal-like HSCs (ifHSCs), we used a mouse engi-
neered to express in a doxycycline (Dox)-inducible man-
ner LIN28B tagged at the N terminus with the Flag
epitope (Zhu et al. 2011), referred to here as the iLIN28B
mouse (Supplemental Fig. S1A,B). We validated in this
system that transgenic Flag-LIN28B protein is expressed
in nearly 100% of HSPCs (Supplemental Fig. S1A). We
showed previously that ectopic expression of either
LIN28A or LIN28B phenotypically confers fetal-like prop-
erties to adult HSPCs (Yuan et al. 2012), but its effect on
the transcriptome has not been characterized at the sin-
gle-cell level. To address this, we performed single-cell
RNA-seq (scRNA-seq) of common lymphoid progenitor
(CLP) cells sorted from mouse FLs, adult BM of iLIN28B
mice, and control mice either treated or untreated with
Dox (Fig. 1A; Supplemental Table 1). We chose to analyze
CLPs because we were particularly interested in how
LIN28B might influence lymphoid lineage commitment.
t-SNE (t-distributed stochastic neighbor embedding) anal-
ysis using the Seurat computational pipeline (Butler et al.
2018) revealed that FL CLPs consisted of two clusters of
cells harboring distinct transcriptomes. One of them
(the upper cluster) was characterized by the expression
of the cell lineage determining transcription factor Ebf1
that is essential for B-cell development and has known
function in FL CLPs (Fig. 1B; Lin and Grosschedl 1995;
Zandi et al. 2008; Vilagos et al. 2012). In addition, Ebf1’s
direct target genes, including Cd79a, Igll1, and Chchd10
(Mansson et al. 2012), are also expressed, suggesting
that it is functionally active (Fig. 1B). Intracellular fluores-
cence-activated cell sorting (icFACS) analysis confirmed
that a fraction of FL CLPs are Ebf1+ (Supplemental Fig.
S1C), consistent with the scRNA-seq result. While
iLIN28B CLPs also up-regulate Ebf1 protein compared
with adult BM CLPs, the levels are lower than in Ebf1+

FL CLPs (Supplemental Fig. S1C). A similar picture
emerged for Hmga2 (Copley et al. 2013), a DNA-binding
protein known to be expressed in FL HSPCs but not adult
(Supplemental Fig. S1C). On the other hand, adult BM
CLPs (±Dox) clustered separately from their FL counter-
parts and expressed, as expected, adult-specific markers
(Fig. 1B), exemplified by Dntt (Benedict et al. 2000) and
Myl10 (Oltz et al. 1992). icFACS of terminal deoxynucleo-
tidyl transferase (TdT), the protein encoded by Dntt, con-
firmed that it is expressed in adult BM but not FL CLPs or
progenitor B (pro-B) cells (Supplemental Fig. S1C); in both
iLIN28B CLPs and pro-B cells, TdT is partially down-
regulated but not as much as in FL. Of main interest in
the t-SNE plot, CLPs from iLIN28Bmice were in between
FL and BMCLPs, suggesting that their transcriptomes un-
derwent LIN28B-induced reprogramming toward FL CLPs
(Fig. 1A). To our surprise, almost none of the iLIN28B
CLPs fully adopt the FL phenotype. Consequently, we hy-
pothesized that LIN28B may require additional factors in
order to efficiently specify the fetal HSPC fate.
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Lin28b and Igf2bp3 are coexpressed in FL CLPs

To identify candidate Lin28 partners, we searched for tran-
scripts in HSPCs with an expression pattern similar to
Lin28b.We could not use our scRNA-seq data for this pur-
pose, since we did not reach the sequencing saturation to
detect many transcripts of interest (Supplemental Table
1; Ziegenhain et al. 2017). Thus, we performed bulk
RNA-seq of two subpopulations frommouse FL and adult
BM: lineage-negative (Lin−) Sca1+ c-kit+ (LSK) cells en-
riched for HSCs and CLP (Supplemental Table 2). Several
factors were coexpressed with Lin28b, most strikingly
Igf2bp1-3 (Fig. 1C; Supplemental Fig. S1D), another cyto-
plasmic RBP family that shares an oncofetal expression

pattern with Lin28 (Boyerinas et al. 2008; Bell et al.
2013). We confirmed using RT-qPCR that Lin28b and
Igf2bp1-3 were expressed in HSCs, CLPs, pro-B cells, and
precursor B (pre-B) cells isolated fromFL but not in the cor-
responding adult BM subsets (Fig. 1D; Supplemental Fig.
S1E–H). Furthermore, this mRNA profile translated to el-
evated Igf2bp3 protein levels in HSPCs from FL compared
with BM (Fig. 1E). To confirm at the single-cell level that
these two RBPs are coexpressed within the same cell, we
performed icFACS (Fig. 1F; Supplemental Fig. S1G). In-
deed, the protein expression levels of Lin28b and Igf2bp3
correlated in FL HSPCs. Thus, we hypothesized that
Igf2bp3andLin28bmight collaborate toposttranscription-
ally regulate the transcriptome of FL HSPCs.
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Figure 1. Expanding the Lin28b GRN. (A) The composite t-SNE plot depicts 3832 individual CLP cells color-coded by sample and com-
prising the following: 858 from adult BM of wild-type (WT) mice (black), 1083 from adult BM of WT mice treated with Dox (gray), 1238
from adult BM of iLIN28B mice treated with Dox (blue), and 653 from FLs of WTmice (orange). A few contaminating cells have been la-
beled as presumptive ILC progenitors based on gene expression. (B) The t-SNE plots are the same as in A, but color intensities represent
log-normalized mRNA levels of the indicated marker genes for adult BM CLPs (gray; top row) and FL CLPs (orange; bottom row) in indi-
vidual cells. (C ) The heat map shows expression patterns of select transcripts from low-input RNA-seq of lineage-negative (Lin−) Sca1+

c-kit+ (LSK) and CLP cells sorted from FL or BM. Three housekeeping transcripts are included as controls. For each transcript, the ratios
of FKPM (fragments per kilobase of transcript per millionmapped reads) in sample over the rowmean are plotted according to color scale.
(D) The RT-qPCR analyses quantify Lin28b and Igf2bp3 mRNA expression normalized to Hprt1 in LSK and CLP cells sorted from FL or
BM. (n.d.) Not detectable; (∗∗) P≤0.01; (∗∗∗) P≤ 0.001, two-tailed t-test. Error bars represent standard deviation of three biological repli-
cates. (E) The histograms show Lin28b and Igf2bp3 expression in LSK andCLP cells fromBM (gray) and FL (orange) based on FACS. Isotype
IgG controls are also shown (green, dashed). The geometric means of fluorescence intensities (MFI) from biological replicates are plotted.
(∗∗∗) P≤ 0.001; (∗∗∗∗) P≤ 0.0001, two-tailed t-test. Error bars represent standard deviation of four to five biological replicates. (F ) The dot
plots quantify Lin28b (X-axis) and Igf2bp3 (Y-axis) protein coexpression in LSK and CLP cells from BM and FL based on FACS. Results
are representative of two independent experiments. Dots represent individual cells color-coded by sample.
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Since our scRNA-seq results revealed that Lin28b may
be involved in B lineage priming during fetal hematopoie-
sis, we adopted a B-cell-centric focus for the remainder of
this study and chose as a model system 220-8, an immor-
talized mouse pro-B-cell line that provided us sufficient
material for our studies (Alt et al. 1981, 1984; Muljo and
Schlissel 2003). 220-8 cells were derived from adult BM
and do not express either of the two Lin28 paralogs; there-
fore, we used retroviral vectors encoding human LIN28A
or LIN28B tagged at theN terminuswith the Flag-HA tan-
dem epitopes (referred to here as 220-8-FH-LIN28A and
-FH-LIN28B, respectively) to enforce stable expression
and facilitate affinity purification. We determined that
FH-LIN28A and FH-LIN28B were expressed at ∼264,000
and ∼66,000 copies per cell, respectively (Supplemental
Fig. S2A,B), and were functional, considering that they
suppressed mature let-7 microRNA (miRNA) expression
(Supplemental Fig. S2C). For most of our in vitro experi-
ments, we used the 220-8-FH-LIN28A cell line whose
FH-LIN28A expression level approached endogenous
LIN28B in the K562 erythroleukemia cell line, ∼650,000
copies per cell (Hafner et al. 2013).
To identify proteins interacting with LIN28, we used

mass spectrometry to analyze anti-Flag immunoprecipi-
tates from lysates of 220-8-FH-LIN28A compared with
untransduced cells (Fig. 2A; Supplemental Table 3). Inter-
estingly, Igf2bp3 was one of the strongest LIN28-interact-
ing proteins. This suggested that these two RBPs not only
were coexpressed in fetalHSPCsbut also formedaphysical
complex.Wevalidated these immunoprecipitation results
byWestern blotting and found that the LIN28–Igf2bp3 in-
teractionwasweakened but persisted after treatmentwith
RNase (Fig. 2B,C), suggesting that LIN28 and Igf2bp3 form
a ribonucleoprotein (RNP) complex. Reciprocal immuno-
precipitation of FH-IGF2BP3 confirmed its interaction
with LIN28A (Fig. 2C). In addition, FH-IGF2BP3 pulled
down endogenous Igf2bp3 (Fig. 2C), consistent with the
ability of the Igf2bp family to formhomodimers and heter-
odimers (Nielsen et al. 2004). Finally, both recombinant
Lin28a and Igf2bp3 proteins purified from Escherichia
coli also interacted, suggesting that formation of this com-
plex did not require additional mammalian proteins or
RNA (Fig. 2D). Taken together, our results affirmed our
earlier hypothesis that Igf2bp3 collaborates with Lin28
proteins.

Igf2bp3 and LIN28B interact in situ

Next, we validated the interaction between Igf2bp3
and Lin28 proteins in situ. By confocal microscopy, we
confirmed that FH-LIN28A and Igf2bp3 can be stained in
cells using antibodies and localize primarily to the cyto-
plasm (Supplemental Fig. S2D). Proximity ligation assays
(PLAs) (Söderberg et al. 2006) in 220-8 pro-B cells further
revealed that Igf2bp3 colocalized with FH-LIN28A or
FH-LIN28B within ∼40 nm of each other (Fig. 2E; Supple-
mental Fig. S2E–G; Supplemental Movie 1). In contrast,
FH-LIN28Awas not in proximitywith two other cytoplas-
mic RBPs that served as specificity controls: Pumilio
RNA-binding family member 2 (Pum2) and trinucleotide

repeatcontaining6A (Tnrc6a; alsoknownasGW182) (Sup-
plemental Fig. S2F,G). We further confirmed in primary
pro-B cells from iLIN28B mice that endogenous Igf2bp3
colocalized with transgenic Flag-LIN28B protein (Fig.
2F). Finally, fluorescence lifetime imaging microscopy to
measure Förster resonance energy transfer (FLIM-FRET),
another nanoscale single-cell technique (Becker 2012),
confirmed that LIN28 proteins heterodimerized with
Igf2bp3 in 220-8 cells (Supplemental Fig. S2H,I) as well
as in primary pro-B cells purified from iLIN28B mice
(Fig. 2G).

Lin28b and Igf2bp3 share numerous overlapping binding
sites on mRNA targets

Based on their physical nanoscale proximity in the cyto-
plasm,we reasoned that Igf2bp3 and Lin28bwork together
to coregulate sharedmRNAtargetswithin the sameGRN.
Therefore, we mapped Lin28- and Igf2bp3-binding sites
transcriptome-wide at nucleotide resolution by photo-
activatable ribonucleoside-enhanced cross-linking and
immunoprecipitation (PAR-CLIP) (Hafner et al. 2010). Fol-
lowing metabolic labeling with 4-thiouridine (4SU) and
UV cross-linking, we isolated RNA covalently linked
to endogenous Igf2bp3 from 220-8 cells as well as FH-
LIN28Aor FH-LIN28B fromstable 220-8 cell lines express-
ing the respective transgenes (Supplemental Fig. S3A). The
RNArecovered fromfourbiological replicatesof eachwere
converted into cDNA and deep-sequenced (Supplemental
Table 4). Sequence reads uniquely aligning to the mouse
genome were grouped into clusters by PARalyzer (Cor-
coran et al. 2011) to identify those enriched for T-to-Cmu-
tations, a hallmark of 4SU-mediated cross-linking. As a
specificity control, we performed PAR-CLIP for Pum2, a
cytoplasmic RBP with a well-defined RNA recognition el-
ement (RRE) in 3′ untranslated regions (UTRs) of mRNAs
(Wang et al. 2002; Gerber et al. 2006; Hafner et al. 2010).
Most of the binding sites for all four RBPs distributed to

exonic mRNA sequences, particularly the 3′ UTR (Fig.
3A; Supplemental Table 5), consistent with their predom-
inantly cytoplasmic localization (Supplemental Fig. S2D).
While the FH-LIN28A- and FH-LIN28B-binding profiles,
as expected, were similar to each other (Hafner et al.
2013), Igf2bp3 unexpectedly bound a group of sites in com-
mon with LIN28 in addition to a distinct set of exclusive
targets (Fig. 3B–D). In total, we identified 23,630 and 8099
binding sites for FH-LIN28A and FH-LIN28B, respective-
ly, of which 59% were located in the 3′ UTR and largely
overlapped (odds ratio [OR] = 93.38) (Fig. 3C). Surprisingly,
56% of the 10,120 Igf2bp3 3′ UTR-binding sites and 58%
of the 6233 Igf2bp3-coding sequence (CDS)-binding sites
also overlapped with FH-LIN28A sites (OR=25.0 and
36.6, respectively) (Fig. 3B,C; Supplemental Fig. S3B). For
comparison, although 87% of Pum2 target mRNAs were
also bound by LIN28 proteins, only 23% of Pum2 and
FH-LIN28A 3′ UTR-binding sites overlapped (OR=3.66)
(Fig. 3C). These results are in agreementwith the direct in-
teraction between Lin28b and Igf2bp3 described above
(Fig. 2) and provided further evidence for a possible coregu-
lation of mRNAs by these two RBP families.
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Figure 2. Igf2bp3 and Lin28b proteins form an RNP complex. (A) Flag immunoprecipitation (Flag-IP) of lysates treated with or without
RNase A from 220-8 pro-B cells transduced with FH-LIN28A (lanes 1,3) or mock-transduced 220-8 cells (lanes 2,4) and marker (M) frac-
tionated by SDS-PAGE and silver-stained. Samples from the same immunoprecipitations were analyzed by mass spectrometry (Supple-
mental Table 3). (B) Flag-IP of lysates treated with or without RNase A from 220-8 cells either mock-transduced or transduced with
FH-LIN28A or FH-LIN28B subjected to Western blotting and probed with anti-Igf2bp3, anti-Actin, and anti-HA antibodies. Back-
ground-corrected intensities for the indicated bands are listed below in arbitrary units alongwith ratios (Igf2bp3/FH-LIN28).Western blot-
ting of corresponding amounts of input material from the same lysates serves as comparison. (C ) Western blotting of input and Flag-IP
material from lysates from 220-8 cells transduced first with either empty vector (MSCVpuro) or untagged LIN28A and then with either
empty vector (MSCVneo) or FH-IGF2BP3 and probed with anti-Igf2bp3, anti-Actin, and anti-LIN28A antibodies. (D) Recombinant Lin28a
and Igf2bp3 proteins purified from E. coliwere coincubated in vitro, immunoprecipitated, and probed on aWestern blot with the indicated
antibodies. (E) The in situ proximity ligation assay (PLA) was performed on 220-8 cells transduced with either empty vector (WT),
FH-LIN28A, or FH-LIN28B to detect Igf2bp3 proteins and Flag epitopes that are within ∼40 nm of each other. (Top row) Representative
confocal microscopic images show fluorescent foci (green) that result from PLA. Nuclei were stained with DAPI (blue). Scale bar, 5 µm.
(Bottom row) The number of fluorescent foci per cell is plotted for each sample. At least 90 cells from five random fields were counted per
sample. (∗∗∗∗) P≤ 0.0001,Mann-WhitneyU-test. (F ) PLAwas performed on adult BM pro-B cells from iLIN28Bmice orWT littermate con-
trols using anti-Flag and anti-Igf2bp3 primary antibodies similar to E. (∗∗∗∗) P≤ 0.0001,Mann-WhitneyU-test. (G) Fluorescence lifetime in
nanoseconds is plotted in a histogram in the presence of the donor only (anti-Igf2bp3 only; orange) or in the presence of a Förster resonance
energy transfer (FRET) partner (anti-Igf2bp3 and anti-Flag costaining; purple) in adult BM pro-B cells from an iLIN28B mouse.
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Figure 3. Lin28- and Igf2bp3-binding sites overlap extensively across the transcriptome. (A) Distributions of PAR-CLIP binding sites for
FH-LIN28A/B, Igf2bp3, and Pum2 across mRNA exonic regions (5′ UTR, CDS, and 3′ UTR) are plotted. The reference bar shows the es-
timated fraction of each region within the transcriptome. (B) The heat map compares PAR-CLIP sequence read coverage centered (±100
nucleotides [nt]) around 3′ UTR-binding sites of FH-LIN28A (orange), FH-LIN28B (cyan), and Igf2bp3 (purple). Each column represents data
froman independent PAR-CLIP experiment (replicates 1–4), and each row represents a specific 3′ UTR segment. Boxes separate distinctive
target categories: LIN28-preferred (8352 rows), LIN28–Igf2bp3 shared (5711 rows), and Igf2bp3-preferred (4439 rows). The color intensities
vary with PAR-CLIP read depth. (C, top panel) Venn diagrams show FH-LIN28A PAR-CLIP 3′ UTR-binding sites (clusters) overlapping by
at least 1 nt with FH-LIN28B, Igf2bp3, and Pum2, respectively. (Bottom panel) Venn diagrams show mRNAs cotargeted by FH-LIN28A
and FH-LIN28B, Igf2bp3, or Pum2, respectively. TheORof each overlap is indicated. (D) The genome browser tracks show the last exon for
three exemplary mRNAs with LIN28A/B-exclusive (Cd28; left), Igf2bp3-exclusive (Slc25a23; middle), or shared binding sites (Arid3b;
right). Binding sites from Pum2 PAR-CLIP are shown as a specificity control. The tracks showing PAR-CLIP sequence read coverage
are colored by RBP. (Orange) LIN28A; (cyan) LIN28B; (purple) Igf2bp3; (gray) Pum2. RNA-seq coverage in 220-8 cells and the phastCons
evolutionary conservation score for 21mammalian genomes (Euarchontoglire clade) are shown in the top (black) and bottom (gray) tracks,
respectively. (E) The dot plots depict Z-scores for the occurrence of all 1024 possible 5-mers in PAR-CLIP binding sites shared by LIN28A
and LIN28B (FH-LIN28A∩FH-LIN28B) compared with Igf2bp3-binding sites (top panel) or Pum2-binding sites (bottom panel). The color
code indicates 5-mers enriched in Igf2bp3 (purple), LIN28A/B (orange), both (green), or Pum2PAR-CLIP experiments (gray). The sequences
of top-scoring 5-mers are in Supplemental Table 6. (F–I ) Cumulative distribution of log-transformed fold changes of mRNA expression
comparing LIN28A transduced and empty vector transduced 220-8 cells determined by RNA-seq. FH-LIN28A targetmRNAswere binned
based on the number of cross-linked reads normalized per million (XPM) (F ) or PAR-CLIP binding sites in the 3′ UTR (G) or CDS (H).
(I ) mRNAs were binned according to PAR-CLIP interactions. (Black) None; (blue line) only Pum2 sites; (green line) only Igf2bp3 sites;
(orange line) only LIN28 sites; (red line) shared LIN28 and Igf2bp3 sites. The statistical significance of the shift compared with unbound
targets was determined using a two-sided Kolmogorov-Smirnov (KS) test. Bin sizes are indicated.
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Next, we aimed to identify the RREs that LIN28 and
Igf2bp3 recognized in 220-8 cells and calculated enrich-
ment (Z-score) of all possible pentamer (5-mer) motifs in
our LIN28 and Igf2bp3 PAR-CLIP data sets (Fig. 3E; Sup-
plemental Fig. S3C–F; Supplemental Table 6). Consistent
with previous reports (Wilbert et al. 2012; Graf et al. 2013;
Hafner et al. 2013), we found A/U-rich as well as GGAG-
containing 5-mers among the top-scoring LIN28 RREs,
corresponding with recognition by the CSDs and ZnF
RNA-binding domains, respectively (Supplemental Fig.
S3C; Supplemental Table 6; Nam et al. 2011; Graf et al.
2013). While T-to-C mutations indicative of cross-linking
enriched within or close to the A/U-rich motifs (Supple-
mental Fig. S3D), they were found <5 bases away from
the G-rich RREs, indicating that the ZnF domains likely
are not compatible with UV cross-linking and explaining
why the G-rich RREs were recovered in only a minority
of binding sites in previous CLIP experiments (Cho et al.
2012; Wilbert et al. 2012; Graf et al. 2013; Hafner et al.
2013). Finally, the top-scoring motifs CAUCA and
ACACA for Igf2bp3 and UGUANAUA for Pum2 were
consistent with previous reports (Fig. 3E; Supplemental
Fig. S3E,F; Supplemental Table 6; Hafner et al. 2010; Patel
et al. 2012). Our data indicate that while pro-B cells possi-
bly represent a valuable model system to study the gene
regulatory impact of the LIN28 and Igf2bp3 collaboration,
the molecular basis for their recruitment to RNA targets
does not differ from previously studied cell types.

LIN28 and Igf2bp3 cooperatively stabilize mRNA targets
independent of let-7

To quantify the impact of LIN28 binding on its targets, we
expanded our analysis transcriptome-wide usingRNA-seq
by comparingmRNA levels in 220-8 cells transducedwith
empty vector or LIN28A. LIN28 transduction resulted in a
significant increase in expression of its target mRNAs
(Supplemental Table 7). This increase was dependent on
the number of binding sites or the strength of FH-
LIN28A or FH-LIN28B binding, as approximated by the
number of cross-linked reads per target mRNA (XPM)
(Fig. 3F–H; Supplemental Fig. S3G). The median mRNA
abundance for the top FH-LIN28A targets (>65 XPM; n =
1582) increased by 1.8-fold versus only 1.2-fold increase
for weakly bound targets (less than seven XPM; n= 1187)
(Fig. 3F). The effect on target mRNA abundance was irre-
spective of the location of binding sites within the tran-
script, as LIN28 occupancy in either the CDS or 3′ UTR
promoted expression (Fig. 3G,H). Indirect mRNA abun-
dance increase by derepression of the 1074 predicted
(Agarwal et al. 2015) miRNA let-7 targets may explain
these effects for only <10% of LIN28 target mRNAs (Sup-
plemental Fig. S3H,I). While we do not exclude the possi-
bility that let-7 may play a complementary role in this
GRN, in summary, our data suggest that let-7 down-regu-
lation does not completely account for the mechanism of
action of LIN28B in our cell lines.

We next investigated the extent of the collaboration be-
tween LIN28 and Igf2bp3 and whether cotargeted tran-
scripts were more likely to be up-regulated by LIN28.

We binnedmRNA targets based on whether theywere ex-
clusively targeted by LIN28 proteins or Igf2bp3 or con-
tained overlapping Igf2bp3- and LIN28-binding sites and
quantified transcript abundance changes upon LIN28A
transduction (Fig. 3I; Supplemental Table 7). Igf2bp3-ex-
clusive targets were not significantly affected, similar to
Pum2-exclusive targets. We found a modest 35% median
increase of exclusive LIN28 targets. In contrast, the shared
targets were up-regulated 1.6 times more efficiently (57%
median increase) (Fig. 3I). In summary, our analyses are
consistent with the notion that the Igf2bp3 and LIN28
families collaborate on a transcriptome-wide scale. The
significant increase in target mRNA levels that correlate
with LIN28 binding, coupled with the substantial overlap
between Igf2bp3- and LIN28-binding sites when com-
pared with LIN28 effects in other cell lines (Wilbert
et al. 2012; Graf et al. 2013; Hafner et al. 2013), made
the 220-8 cell line a suitable model system to identify cor-
egulated targets with phenotypic impact.

Pax5 is a shared target of Lin28b and Igf2bp3 that
is let-7-independent

Whenwe inspected the top 2500 shared PAR-CLIP targets,
we found “DNA templated transcription” as the most
significantly enriched gene ontology (GO) term (Supple-
mental Fig. S4A), and, among those, Pax5, a B-cell line-
age-determining transcription factor, emerged near the
top of the list. In previous CLIP experiments, Pax5
mRNA was not identified as a target of either LIN28 or
IGF2BP3 because it is specifically expressed in B cells.
Pax5 mRNA harbors a prominent binding site shared by
LIN28 and Igf2bp3 in its 3′ UTR near the stop codon (Fig.
4A) and is not predicted to be a let-7 target (Agarwal et al.
2015). Thus, this 3′ UTR represented an ideal natural
substrate to dissect the direct posttranscriptional regulato-
ry effects of LIN28 and Igf2bp3. A 117-nucleotide (nt)
fragment containing the recovered PAR-CLIP sites was
fused to Renilla luciferase (Supplemental Fig. S4B) and
transfected as a reporter plasmid into stable cell lines
inducibly expressing FH-LIN28A. Overexpression of
LIN28A increased the reporter gene expression by 33%
(Supplemental Table 8), while mutation of the G-rich
LIN28RREorall potential Igf2bp3RREsdampened this in-
crease by ∼30% and 75% (m1 and m2, respectively) (Fig.
4B), and doublemutation nearly abolished the LIN28A-in-
duced reporter activity (m1.2) (Fig. 4B). The Pax5 mRNA
contains several additional shared, albeit weaker, binding
sites further downstream in the 3′ UTR (Supplemental
Fig. S5A). We also tested luciferase activity for three of
these additional sites and observed a similar pattern of re-
duction in induced reporter activity uponmutation of one
or both of the LIN28 or Igf2bp3 RREs (Supplemental Fig.
S5B). These data suggest that cobinding by Igf2bp3 is nec-
essary for full LIN28-dependent stimulation of reporter
geneexpression formultiple fragments of thePax53′UTR.

Next, we examined the pattern of Pax5 expression in
vivo. In HSPCs sorted from FLs that have high Lin28b
and Igf2bp3 expression, we surprisingly found a greater
than threefold higher expression ofPax5mRNAcompared
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Figure 4. Pax5 andArid3amRNAs are shared targets of LIN28 and Igf2pb3. (A,F ) Genome browser tracks of binding sites in the Pax5 3′

UTR (A) and Arid3a CDS (F ) are similar to Figure 3D. The browser windows are zoomed in on the primary shared binding site, and the
3′ UTRs of both transcripts extend further than depicted. The panels below the genome browser tracks depict the fragment of Pax5 3′ UTR
or Arid3a CDS used in the dual-luciferase reporter constructs (shown in B,G). Locations of the binding site and mutations are shown by
black (binding site), orange (m1), or purple (m2) bars. (B,G, left panel) Dual-luciferase reporter assayswere performed using a sequence from
a fragment of Pax5 3′ UTR (B) or Arid3a CDS (G) fused to Renilla luciferase (Rluc) and transfected into stable HEK293 cells inducibly
expressing FH-LIN28A. WT indicates a fragment of the Pax5 3′ UTR or Arid3a CDS, m1 includes mutations in the LIN28 RRE, m2 in-
cludes mutations in the Igf2bp3 RRE, and m1.2 includes mutations in both. The Rluc signal was measured with or without FH-LIN28A
transgene expression (±Dox) and was normalized to the signal from firefly luciferase (Fluc) encoded on the same reporter plasmid. The
difference in normalized Rluc signal for WT with and without Dox was set to 100%, and the induced activity for m1, m2, and m1.2
was plotted relative to the WT baseline. Sequences are in Supplemental Table 10. (∗) P≤0.05; (∗∗) P≤ 0.01; (∗∗∗) P≤ 0.001, Tukey’s HSD
after adjustment for batch variation by two-way ANOVA. Bars represent mean± standard error of mean (SEM) of three independent re-
peats. (Right panel) RT-qPCR analyses quantify Pax5 and Arid3a mRNA expression normalized to Hprt1 in LSK, CLP, pro-B, and pre-B
cells sorted from FLs or BM. (∗∗) P≤ 0.01; (∗∗∗) P≤ 0.001; (∗∗∗∗) P≤ 0.0001, two-tailed t-test. Error bars represent standard deviation of three
biological replicates. (C,H) Histograms depict Pax5 (C ) and Arid3a (H) expression in CLP and pro-B cells from BM (gray) and FL (orange)
based on FACS. Isotype IgG controls are also shown (green, dashed). The MFIs from biological replicates are plotted. (∗∗) P≤ 0.01; (∗∗∗) P≤
0.001; (∗∗∗∗) P≤ 0.0001, two-tailed t-test. Error bars represent standard deviation of three to four biological replicates. (D,I ) Histograms
depict Pax5 (D) and Arid3a (I ) expression in CLP and pro-B cells from BM of iLIN28B mice (orange) and WT littermate controls fed
with Dox (gray). Isotype IgG controls are also shown (green, dashed). The MFIs from biological replicates are plotted. (∗) P≤ 0.05; (∗∗) P
≤0.01, two-tailed t-test. Error bars represent standard deviation of three biological replicates. (E) tSNE plots show CLP cells colored by
gene expression module scores of Pax5-activated targets (orange) and Pax5-repressed targets (black). Cells are colored according to scale,
with darker-colored cells denoting higher aggregated expression of the respective sets of targets.
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with their adult BM counterparts (Fig. 4B, right panel).
Pax5 mRNA expression in iLIN28B BM HSPCs also in-
creased approximately twofold compared with wild-type
(WT) littermate controls (Supplemental Fig. S6A). This
Pax5mRNA increase in vivowas correlatedwith a greater
than twofold increase in Pax5 protein content in CLP and
pro-B cells from FL versus BM (Fig. 4C) as well as from
iLIN28B versus WT mice (Fig. 4D). As evidence that this
elevated Pax5 expression in FL CLPs resulted in transcrip-
tional effects, we found a signature of its activity in our
scRNA-seq data. Although Pax5 mRNA failed to be de-
tected, we surmised that it should correlate with expres-
sion of its target genes, which include Ebf1, Cd79a, and
Igll1 (McManus et al. 2011). Thus, the overall expression
of a gene set of repressed or activated Pax5 targets (McMa-
nus et al. 2011) tended to be low or high, respectively, in
the upper cluster of FLCLPs (Fig. 4E).However,wenoticed
that therewas no clear sign of Pax5 activity in the partially
reprogrammed iLIN28B CLPs (Fig. 4E), suggesting that
Pax5 levelsmaystill be limiting in iLIN28BHSPCs.There-
fore, we asked whether additional Pax5 provided by lenti-
viral transduction could augment LIN28B-mediated
reprogramming. Unexpectedly, Pax5 supplementation
further increased the frequency of LSK+CD127+ HSPCs
(Supplemental Fig. S6C), previously described by Dorsh-
kind and colleagues (Montecino-Rodriguez et al. 2016)
to be enriched in FL. Pax5 also increased the frequency of
mature B-1a cells in the peritoneal cavity (Supplemental
Fig. S6D). These results support the notion that Pax5 in-
ductionby iLIN28Balone is suboptimal.Thus, Pax5exem-
plifies a heretofore unappreciated shared target of Lin28b
and Igf2bp3 that is likely to play a role in fetal B-cell
development.

Arid3a is a shared target of Lin28b, Igf2bp3, and let-7

Arid3a and Arid3b are predicted and validated targets of
let-7 (Agarwal et al. 2015; Liao et al. 2016). Since we no-
ticed that both Arid3a and Arid3b are also shared targets
of LIN28 and Igf2bp3 (Figs. 3D [right panel], 4F), we con-
structed luciferase reporters to test the possibility that
these two RBPs regulate Arid3a expression in addition to
the previously reported role of let-7 (Supplemental Fig.
S4B; Zhou et al. 2015). Overexpression of LIN28A in-
creased Arid3a reporter gene expression, while mutation
of the LIN28 or Igf2bp3 RREs dampened this increase,
and double mutation completely abolished the induction
of reporter by LIN28 (Fig. 4G, left panel). These data indi-
cate that cobinding by Igf2bp3 in cis is necessary for full
LIN28-dependent stimulation of reporter gene expression.
As expected, in vivo, Arid3a mRNA and protein levels
are higher in FL versus BM HSPCs (Fig. 4G [right panel],
H) and are induced in iLIN28B mice (Supplemental Fig.
S6B; Fig. 4I).

Next, we asked whether, like Pax5, Arid3a levels may
still be limiting in iLIN28B HSPCs. Indeed, lentiviral
Arid3a supplementation further increased LSK+CD127+

HSPCs and mature B-1a cells (Supplemental Fig. S6E,F),
suggesting that enhancement of Arid3a expression by
iLIN28B alone is suboptimal, and hypothesized that

Igf2bp3 is necessary for full induction. Thus, both Arid3a
and Pax5 transcripts are shared targets of LIN28B and
Igf2bp3 and may in part explain the profound effects of
this pair of RBPs on hematopoiesis.

LIN28 and Igf2bp3 levels are interdependent
and regulated by a feed-forward loop

Beyond the widespread binding of LIN28 and Igf2bp3 to
the same sites (Fig. 3B,C), we also observed autoregulation
and cross-regulation between LIN28 and Igf2bp3. As
reported previously, both LIN28A and LIN28B bound
their own mRNAs, resulting in increased protein levels
(Wilbert et al. 2012; Hafner et al. 2013). Furthermore,
LIN28 and Igf2bp3 bound a deeply conserved site in the
Igf2bp3mRNA 3′ UTR (Fig. 5A), and we used reporter as-
says to separate direct LIN28-mediated effects from the
previously reported indirect regulation via suppression of
let-7 (Boyerinas et al. 2008; Zhu et al. 2011). We fused
131 nt of the Igf2bp3 3′ UTR containing the LIN28- and
Igf2bp3-binding sites to Renilla luciferase (Supplemental
Fig. S4B) and transfected the resulting plasmid into stable
cell lines inducibly expressing FH-LIN28A. FH-LIN28A
induction led to an∼60% increase in reporter gene expres-
sion (SupplementalTable 8), and pointmutations of theG-
richRRE (m1) (Fig. 5B) significantly dampened the effect of
LIN28 on the reporter. Mutation of the Igf2bp3 RRE also
reduced reporter expression (m2) (Fig. 5B), while themuta-
tion of both RREs reduced it even further (m1.2) (Fig. 5B),
suggesting that LIN28 and Igf2bp3 binding in cis results
in cooperative regulation. Indeed, we found that in mouse
220-8 cell lines, enforced expression of either LIN28 or
IGF2BP3 resulted in up-regulation of endogenous Igf2bp3
mRNA and protein (Fig. 5C). Furthermore, the half-life of
endogenous Igf2bp3 mRNA increased upon transduction
of LIN28A (Fig. 5D). In vivo, endogenous Igf2bp3 mRNA
and protein levels also increased in iLIN28B HSPCs (Fig.
5E,F). Furthermore, Igf2bp3 levels correlated with trans-
genic LIN28B expression levels (Fig. 5G). In summary,
these findings indicate that LIN28 and Igf2bp3 levels
are autoregulated as part of a feed-forward positive feed-
back loop.

Lin28b and Igf2bp3 cooperate in vivo

We found previously that LIN28B was sufficient to re-
program adult BM HSPCs to reactivate their potential
for fetal-like B lymphopoiesis (Yuan et al. 2012) but hypo-
thesized that additional factors exist to enhance LIN28B-
induced hematopoietic reprogramming. Our extensive
body of data nominated Igf2bp3 as a prime candidate.
Therefore, we isolated HSPCs from WT and iLIN28B
mouse BM and transduced them with empty vector
(GFP-RV) or FH-IGF2BP3-RV. We then transplanted the
transduced HSPCs into Rag1-deficient recipient mice. Af-
ter 4 wk, we sorted GFP+ CLPs from the recipient mice
and performed RT-qPCR to quantify Pax5 mRNA and
icFACS to quantify Pax5 protein levels. We saw that
LIN28B and IGF2BP3 cooperated in increasing Pax5 levels
at both mRNA and protein levels but were not able to
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reach FL levels (Fig. 6A). We also assessed B-1a and mar-
ginal zone B (Mz B) cell development postreconstitution
following transplantation into Rag1-deficient mice.
Transduction of FH-IGF2BP3 alone increased the frequen-
cy of LSK+CD127+ HSPCs (Supplemental Fig. S6G), ma-
ture B-1a cells (Fig. 6B,C), and Mz B cells (Fig. 6D) to an
extent comparable with LIN28B induction. Enforced ex-
pression of both factors, LIN28B and FH-IGF2BP3, result-
ed in an approximately threefold increase of LSK+CD127+

HSPCs (Supplemental Fig. S6G) and mature B-1a cell fre-
quency (Fig. 6B,C) and a doubling of Mz B cell frequency
(Fig. 6D) over WT controls, which constitutes a greater ef-
fect than either factor alone. A fraction of the induced B-1a
cells bind phosphocholine (PC) via their membrane-
bound immunoglobulin M (IgM), a signature function of
native B-1a cells (Fig. 6C). In this regard, enforced expres-

sion of LIN28B and IGF2BP3 resulted in a greater percent-
age of PC binding among the induced B-1a cells compared
with either factor alone (Fig. 6C). Overall, this expansion
in B-1a andMz B cells mirrored a depletion of B-2 cells, in-
dicating that B lymphopoiesis in these adult mice shifted
to a fetal program in a similar but enhancedmanner, as we
reported previously using LIN28 alone (Yuan et al. 2012).
Taken together, our in vivo data further support the idea
that LIN28B and IGF2BP3 collaborate,most likely by joint
binding of target mRNAs, resulting in their increased lev-
els (Fig. 7A,B).

Discussion

In summary, Lin28b can perform at least two biochemi-
cally distinct functions. By inhibiting let-7 biogenesis, it
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Figure 5. Igf2bp3 and Lin28 proteins regu-
late Igf2bp3 expression in vitro and in vivo.
(A) The genome browser tracks of the
Igf2bp3 3′ UTR are formatted as in Figure
3D. (Bottom left panel) The alignment
shows sequence conservation across the in-
dicated vertebrates. The predicted LIN28
(orange) and Igf2bp3 (purple) RREs are high-
lighted. (Bottom right panel) Representative
examples of common sequence reads from
FH-LIN28A (orange), FH-LIN28B (cyan),
and Igf2bp3 (purple) PAR-CLIP experiments
are shown, with T-to-C mutations high-
lighted in redalongwith the sequencecover-
age in reads per million (RPM) color-coded
by RBP. (B, top panel) Sequences of the WT
RRE for the LIN28 ZnF domain and
IGF2BP3 are shown. Mutations are indicat-
ed in red. (Bottom panel) Dual-luciferase re-
porter assay testing a fragment of the
Igf2bp3 3′ UTR was performed as described
in Figure 4C. (∗∗∗)P≤0.001,Tukey’sHSDaf-
ter adjustment for batch variation by two-
way ANOVA. Bars represent mean± SEM
of three independent repeats. (C, left panel)
Western blot of lysates from 220-8 cells
transduced with empty vector (CTRL) or
FH-LIN28A probed with anti-Igf2bp3, anti-
Tubulin, and anti-HA antibodies. Quantita-
tion of background-corrected intensities of
the Igf2bp3 band normalized to tubulin is
shown below the top panel. (Right panel)
Western blo† of lysates from 220-8 cells
transduced with empty vector (CTRL) or
FH-IGF2BP3 probed with anti-Igf2bp3 and

anti-Actin antibodies. Quantitation of background-corrected intensities of exogenous and endogenous Igf2bp3 bands normalized to actin
is shownbelow the toppanel. (D) RT-qPCRanalyses quantify the fractionof Igf2bp3mRNAremaining, normalized toU6 in220-8 cell lines
transduced with empty vector (CTRL) or untagged LIN28A after actinomycin D treatment for 4 h. (∗∗∗) P≤ 0.001, two-tailed t-test. Error
bars represent standard deviation of three biological replicates. (E) RT-qPCR analyses quantify Igf2bp3 mRNA expression, normalized
to Hprt1 in LSK, CLP, pro-B, and pre-B cells sorted from BM of iLIN28B mice and WT littermate controls fed with Dox. (∗) P≤ 0.05; (∗∗)
P≤ 0.01; (∗∗∗) P≤ 0.001; (∗∗∗∗) P≤ 0.0001, two-tailed t-test. Error bars represent standard deviation of three biological replicates. (F ) Histo-
grams show Igf2bp3 expression in LSK and CLP cells from BM of iLIN28B mice (orange) and WT littermate controls fed with Dox (gray).
Isotype IgG controls are also shown (green, dashed). TheMFIs from biological replicates are plotted. (∗∗∗) P≤ 0.001, two-tailed t-test. Error
bars represent standard deviation of four biological replicates. (G) The dot plots quantify transgenic Flag-LIN28B (X-axis) and endogenous
Igf2bp3 (Y-axis) expression levels in LSK and CLP cells from BM of iLIN28Bmice (orange) andWT littermate controls fed with Dox (gray).
Results are representative of three biological replicates. Dots represent individual cells color-coded by sample.
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can indirectly cause derepression of a relatively small suite
of mRNAs that includes Lin28b, Igf2bp3, and Arid3a,
which are also predicted targets of let-7 (Agarwal et al.
2015). However, in an in vivo model system, while trans-

genic LIN28B protein levels in HSPCs from iLIN28B
mice were comparable with the 220-8-FH-LIN28B cell
line, let-7g levels decreased only modestly in primary
CLP and pro-B cells (Supplemental Fig. S1A,B). This raises

B

D

C

A

Figure 6. LIN28B and IGF2BP3 cooperation in adult BM HSPCs enhances fetal-like B-cell development. (A) Adult BM HSPCs fromWT
and iLIN28B mice were transduced with empty vector (GFP-RV) or FH-IGF2BP3-RV and transplanted into Rag1−/− recipient mice. GFP+

CLPs were sorted from the recipient mice after 4 wk. (Left panel) RT-qPCR was used to quantify Pax5 mRNA expression. (Right panel)
icFACSwas used to quantify Pax5 protein levels. The Pax5mRNA and protein levels in FL CLP are also shown as positive controls. (∗) P≤
0.05; (∗∗) P≤0.01; (∗∗∗) P≤ 0.001, two-tailed t-test. Error bars represent standard deviation of three to four biological replicates. (B) Adult
BM HSPCs fromWT and iLIN28B mice were transduced with empty vector (GFP-RV) or FH-IGF2BP3-RV and transplanted into Rag1−/−

recipient mice. (Left panel) The dot plots represent FACS analyses of B-1a and B-2 cells in the peritoneal cavity of BM chimeric mice 4–6
wk after transplantation gated on transduced B cells (GFP+ CD19+). (Right panel) Frequencies of B-1a and B-2 cells from three independent
rounds of transplantation are plotted. (∗) P≤0.05; (∗∗) P≤ 0.01; (∗∗∗) P≤0.001, Tukey’sHSD after adjustment for batch variation by two-way
ANOVA. Error bars represent the mean±SEM. (C, top panel) The dot plots represent FACS analyses of B-1a cells as described in A and
quantify the percentage of cells that recognize PC. (Bottom panel) Frequencies of B-1a cells that recognize PC are plotted. (∗∗) P≤0.01;
(∗∗∗) P≤ 0.001, two-tailed t-test. Error bars represent standard deviation of three to four biological replicates. (D, left panel) The dot plots
represent FACS analyses ofMz B (B220+ CD1d+ CD23−ve) and follicular B-2 (Fo B; B220+ CD1d−ve CD23+) cells among transduced splenic B
cells in BM chimeras. (Right panel) Frequencies ofMz B and follicular B-2 cells from three independent rounds of transplantation are plot-
ted. (∗) P≤ 0.05; (∗∗) P≤0.01; (∗∗∗) P≤ 0.001, Tukey’sHSDafter adjustment for batch variation by two-wayANOVA. Error bars represent the
mean±SEM.
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the question of whether in vivo effects of LIN28B are only
dependent on repression of let-7. It has been well-docu-
mented that LIN28 proteins directly bind mRNA (Cho
et al. 2012; Wilbert et al. 2012; Graf et al. 2013; Hafner
et al. 2013); however, in all of these studies, the impact
of LIN28 on the transcriptome remained limited, and
thus no clear biological function for these LIN28-binding
events emerged. In our study, we had the opportunity to
functionally validate our targets in vivo. Possibly, in previ-
ous studies, the direct posttranscriptional function of
LIN28 was studied in the wrong cellular context with
missing crucial targets and/or cofactors. It is even possible
that in a transformed cellular context, LIN28 and IGF2BP
proteins oppose each other (Chatterji et al. 2018). Recent-
ly, Huang et al., (2018) reported that IGF2BP3 recognizes
N6-methyladenosine (m6A) within the consensus GG
(m6A)Cmotif andmediates promotion of mRNA stability
and translation. This is consistent with our finding that
shared LIN28–Igf2bp3 targets are stabilized. We report
Pax5 mRNA to be one example that is independent of
let-7 regulation, which also illustrates how Lin28b and
Igf2bp3 cooperate to provide an interface between post-
transcriptional and transcriptional regulatory networks
tohelp orchestratedevelopmental programs (Fig. 7A,B). In-
terestingly, it was noted previously that in the absence of
Pax5, the B-cell developmental block is earlier in the FL
than in adult BM (Nutt et al. 1997), which might be due
to the earlier onset of Pax5 expression that we observed
in the FL (Fig. 4C,D). The specification of B-cell fates by
transcription factors is well characterized, but the role of
posttranscriptional regulationmust be integratedwith ex-
isting models of GRNs to provide a more realistic and pre-
dictive framework.
Our study demonstrated howRBPs can act asmolecular

switches to control cell fate specification, which is a

broadly applicable principle. For instance, LIN28 can
serve as one of four factors used to generate human in-
duced pluripotent stem cells (Yu et al. 2007). However,
the role of LIN28 in this somatic-to-embryonic stem cell
reprogramming is not completely understood. Our work
predicts that IGF2BP3 or a family member will partner
with LIN28 in this instance also. It will be interesting to
determine which mRNA targets are shared by IGF2BP3
and LIN28 in embryonic stem cells to mediate pluripo-
tency. Previously, we found that LIN28B can induce fetal
hemoglobin expression in adult human erythroblasts (Lee
et al. 2013). Again, we predict that IGF2BP3 or a family
member plays an important role in this instance too. In-
deed, a role for a paralog, IGF2BP1, in activating fetal he-
moglobin was reported recently (de Vasconcellos et al.
2017). The ability to induce fetal hemoglobin in adult
erythroblasts is of medical interest, since it can amelio-
rate symptoms in β-thalassemia and sickle cell disease.
Finally, one major impediment to performing in utero
HSC transplantation is a source of healthy human FL do-
nors. The ability to efficiently generate ifHSCs from adult
BM could eventually bypass the need for human embryos
and brings us one step closer to curing congenital hemato-
logical diseases in neonates before life-threatening conse-
quences have had a chance to manifest. Furthermore, we
predict that in utero hematopoietic reconstitution will
better mimic natural ontogeny.

Materials and methods

Experimental procedures

Mice All mice were maintained under specific pathogen-free
conditions and treated in accordance with National Institute of
Allergy and Infectious Diseases and Animal Care and Use

A B

Figure 7. Lin28b and Igf2bp3 collaborate to activate the fetal transcription program by cobinding cognate mRNAs. (A) Graphical model
(not drawn to scale) depicts how Lin28b and Igf2bp3 might collaborate by binding to the 3′ UTR of a cognate mRNA. Note that the stoi-
chiometry of proteinswithin this RNP complex is not known. (B) A schematic of themolecular circuit in fetal HSPCs regulated by Lin28b
and Igf2bp3 (blue represents fetal association) is based on the presented results suggesting that miRNA let-7 repression by Lin28b is only
one aspect of this GRN. In adult HSPCs, let-7 (red represents adult association) is predicted to shut down this fetal network. White lines
and nodes in the background represent the GRN comprised of thousands of transcripts bound by Lin28b and Igf2bp3. Pax5 and Arid3a are
examples of such coregulated targets, which are transcription factors that transmit a molecular cascade from the cytoplasm into the nu-
cleus to mediate a program of gene transcription.
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Committee guidelines. C57BL/6Nmicewere purchased fromTa-
conic. Embryonic day 16.5 (E16.5) fetuses were isolated from
timed pregnant C57BL/6N mice. The Dox-inducible iLIN28B
mice (Jackson Laboratory, stock no. 023911) (Zhu et al. 2011)
were backcrossed toC57BL/6N for six to eight generations. To in-
duce expression of iLIN28B, 4-wk-old mice were fed ad libitum
sterile food pellets containing 200 mg of Dox per kilogram of
diet (Bio Serv) for 4 wk. Littermates bearing rtTA∗M2 but not
tetO-LIN28Bwere also treatedwithDox and used asWT controls
alongside iLIN28B in experiments.

Cell sorting and scRNA-seq FLs were harvested from E16.5 embry-
os and mechanically disrupted to obtain single-cell suspension.
For BM cell isolation, femurs and tibias were cut from both
ends, and the BM was flushed into a 15-mL centrifuge tube with
5% FCS (HyClone) in PBS followed by centrifugation at 300g for
10 min at 4°C. Reticulocytes were lysed using 1 mL of red blood
cell lysis buffer (155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM
EDTA) for 5 min at room temperature and neutralized with
RPMI1640 cell culturemedium (with 10%FCS).After centrifuga-
tion at 300g for 5 min at 4°C, the supernatant was discarded, and
cells were resuspended in RPMI 1640 cell culture medium (with
10% FCS). All cells were filtered through a 70-µm nylon mesh.
To enrich progenitor cells, cells expressing lineage markers were
depleted.Cells aremagnetically labeledwith an antibody cocktail
of biotinylated antibodies against so-called lineagemarkers for 10
min at 4°C followed by labelingwith antibiotinMicroBeads for 15
min at 4°C. Cell suspension was loaded into a MACS mass spec-
trometry column (Miltenyi Biotec) after washing with 1 mL of
PBS twice, and unlabeled cells passing through the column were
collected (Lin− fraction). Lineage-depleted cells were stained for
30 min at 4°C with fluorochrome-conjugated monoclonal anti-
bodies (Supplemental Table 9) at 1:100 dilution. Cell sorting was
performed on a FACSAria III (BD Biosciences). LSK and CLP
(Lin−Sca-1intc-Kitint CD127+) populations were harvested for mo-
lecular analyses.
Following FACS, suspensions of single cells were processed us-

ing the Chromium single-cell 3′ v1 chemistry multiplex kit (10X
Genomics) following the manufacturer’s instructions. Libraries
were pooled in equal molar ratio, denatured, diluted to 10 pM,
and sequenced using Illumina HiSeq2500 rapid mode twice at
50 cycles each (HiSeq Rapid PE cluster kit V2 and HiSeq Rapid
SBS kit V2) to result in the following read lengths: 98 base pairs
(bp) for read 1, 14 bp for i7 index, 8 bp for i5 index, and 10 bp for
read 2.

Antibodies For the antibodies used, see Supplemental Table 9.

FACS Cells were stained for 30 min on ice with fluorochrome-
conjugated antibodies (Supplemental Table 9). For FL staining,
anti-CD11b/Mac-1 (M1/70) was omitted from the Lin cocktail
(Morrison et al. 1995). For intracellular staining following surface
staining, 1 mL of freshly prepared fixation/permeabilization
(eBioscience) working solution was added to each sample and in-
cubated for 60 min at 4°C in the dark. Cells were washed twice
with 1 mL of permeabilization buffer. Antibodies to intracellular
markers were diluted 1:100 in permeabilization buffer, and cells
were incubated for 30 min at 4°C in the dark followed by two
washes with 1 mL of permeabilization buffer. Analyses used ei-
ther LSR II or FACSAria instruments (BD Biosciences). Data
were collected for 0.2 × 106 to 3 × 106 cells and analyzed using
FlowJo software (TreeStar).

RNA isolation RNA was isolated from FACS-sorted cells using
the NucleoSpin RNA XS kit (Takara Bio) per the manufacturer’s

instructions. RNA from 220-8 cells was isolated using the TRIzol
reagent per the manufacturer’s instructions (Thermo Fisher Sci-
entific). RNA was quantitated using the Qubit RNA HS assay
kit (Thermo Fisher Scientific).

Low-input RNA-seq Low-input RNA-seq library preparation was
performed per the manufacturer’s instructions using the SMAR-
Ter stranded total RNA-seq Pico input mammalian kit (Takara
Bio). cDNA libraries were sequenced twice for 75 cycles with in-
dex on a NextSeq500 instrument (Illumina).

DNA oligonucleotides For the DNA oligonucleotides used, see
Supplemental Tables 10 and 11.

RT-qPCR First-strand cDNAwas synthesized from1000 ng of to-
tal RNA using the SuperScript III first strand synthesis supermix
(Thermo Fisher Scientific) with oligo(dT) primers. Predesigned
dual-labeled qPCR probes and primers for mRNA quantification
were ordered from Integrated DNA Technologies (see Supple-
mental Table 11 for sequences). Real-time PCR was performed
using the KAPA probe fast 2× master mix (KAPA biosystems) in
a 7900HT Fast real-time PCR instrument (Applied Biosystems).
TaqManmiRNA assays for let-7 family members and U6 snRNA
(Rnu6)were purchased fromApplied Biosystems and used accord-
ing to the manufacturer’s instructions. CT values from triplicate
sampleswere averaged, and relative expressionwas calculated us-
ing the 2−ΔΔCT method.

Cell lines The 220-8mouse pro-B-cell line is a v-Abl-transformed
clone derived from adult BALB/c BM with nonproductive VDJH
rearrangements on both alleles (Alt et al. 1981). They were cul-
tured in RPMI-1640 medium supplemented with 10% fetal calf
serum (HyClone), 2 mM L-glutamine, 100 µg/mL penicillin,
100 µg/mL streptomycin, and 50 µM 2-mercaptoethanol at 37°
C in an atmosphere of 5% CO2.
Dox-inducible HEK293 cells expressing FH-LIN28A or FH-

LIN28B were described previously (Hafner et al. 2013) and cul-
tured in DMEM high glucose containing 10% FCS, 2 mM gluta-
mine, 15 µg/mL blasticidin, and 100 µg/mL hygromycin. FH-
LIN28A or FH-LIN28B expression was induced by addition of 1
µg/mLDox to the cellmedium for at least 16 h prior to harvesting.

Plasmids FH-LIN28A and FH-LIN28B were amplified by PCR
from cDNA clones provided by Markus Hafner (Hafner et al.
2013) followed by restriction digest with BglII and XhoI and liga-
tion into pMSCVpuro (Clontech). FH-IGF2BP3 was PCR-ampli-
fied from cDNA clones provided by Markus Hafner (Hafner
et al. 2010) and subcloned into pMSCVneo (Clontech) and
pMSCV-IRES-GFP provided by Ken Murphy (Ranganath et al.
1998). Plasmid inserts were verified by sequencing (Macrogen).
Mouse mLin28a (mLin28a) plasmid (pET21b; Novagen) was

constructed by Andrew Avery and KannanNatarajan (Laboratory
of Immunology, National Institutes of Health). The plasmid
would translate to a mLin28a protein with a C-terminal glycine
linker, TEV cleavage site, and hexahistidine tag. mIgf2bp3-GST
plasmid was obtained from GeneCopoeia. Both plasmids were
confirmed by sequencing (Macrogen).
To construct the psiCheck-2 (Promega) target luciferase report-

er plasmids, we cloned a synthetic 117-bp fragment from the
3′ UTR of Pax5, a 56-bp fragment from Arid3a CDS, and a 131-
bp fragment from Igf2bp3 3′ UTR, respectively. The fragments
were inserted downstream from the Renilla luciferase gene using
the XhoI and NotI restriction sites of the psiCheck-2 vector. Var-
iants of the Pax5, Arid3a, and Igf2bp3 3′ UTR fragments with
point mutations in the LIN28 and Igf2bp3 RREs were also
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synthesized and cloned into the psiCheck-2 vector using the
above strategy (see Supplemental Table 10 for sequences).

Recombinant Lin28 and Igf2bp3 protein expression and purification
The mLin28a and Igf2bp3 plasmids were transformed into
E. coli strain BL21cells (New England Biolabs) and cultured in
LB (VWR) with 50 µg/mL ampicillin (BioGold) with shaking at
200 rpmat 37°C.Overnight cultureswere split 1:5 (v/v)with fresh
LB and grown at 200 rpm and 37°C until an O.D of 0.6–0.8. Re-
combinant protein expression was induced with 300 µM IPTG
(BioGold) at 200 rpm for 4 h at 37°C. The cultures were harvested
by centrifugation at 3000g for 20 min at 4°C, and the pellets were
stored at −80°C.
Cell pellets containing overexpressed mLin28a were thawed at

room temperature and resuspended in 30 mL of BugBuster (EMD
Millipore) supplemented with Benzonase nuclease (EMD Milli-
pore), rLysozyme solution (EMD Millipore), 0.5 mM PMSF
(Sigma Aldrich), and cOmplete Mini EDTA-free protease inhibi-
tor (Roche). The cell suspension was rocked slowly for 30 min
at room temperature and centrifuged at 15,000g for 20 min at
4°C, and the supernatant was applied to a column (1.5 I.D. × 20
cm) containing 5mL of HisPurNi-NTA resin (Thermo Fisher Sci-
entific) pre-equilibratedwith cold running buffer (RB: 50mMTris
at pH 8.0, 1 mM DTT, 100 µM ZnCl2). The Ni-NTA resin with
the bound mLin28a was washed with five column volumes
(CVs) of cold RB followed by five CVs of cold RB supplemented
with 90 mM imidazole (Sigma Aldrich). The mLin28a was eluted
from the Ni-NTA resin with cold RB containing 200mM imidaz-
ole, and fractions of mLin28a were pooled. The mLin28a was fur-
ther enriched with anion exchange (Hi-Trap Mono Q, GE
Healthcare) and size exclusion (Sephadex-75, GE Healthcare)
chromatography. mLin28awas concentrated with an AmiconUl-
tra 15 centrifugal filter with 10 K molecular weight cutoff
(MWCO) (Millipore-Amicon) and the protein levels were deter-
mined with the Bio-Rad protein stain (Bio-Rad) compared with
BSA standards (Sigma Aldrich). The purified mLin28a samples
were aliquoted into 100-µL samples and stored at −80°C. Each
step of the purification was monitored with SDS-PAGE, and pro-
tein enrichment was confirmed with Western blot analysis.
Cell pellets containing overexpressed mIgf2bp3-GST were

thawed at 4°C and resuspended in 20 mL of cold RB2 (50 mM
Tris at pH 8.0, 50 mM NaCl, 0.5 mM PMSF, complete EDTA-
free protease inhibitor). This suspensionwas sonicated (Ultrason-
ics) for 6 min (5 sec on/5 sec off cycle, 0.25-in probe, 60% ampli-
tude) at 4°C. During sonication, the sample tube was suspended
in an ice slurry, with the lysate resuspended between every pulse.
The disrupted cells were centrifuged at 15000g for 20 min at 4°C,
and a clear supernatant was slow-tumbled with 3 mL of glutathi-
one agarose resin (BPBio) pre-equilibrated with cold RB2 for 4 h at
4°C. The glutathione agarose resinwith the boundmIgf2bp3-GST
was spun down at 1000 rpm for 2min at 4°C, and the supernatant
was discarded. The resin with bound resin was resuspended in
50 mL of cold RB2 and spun down at 1000 rpm for 2 min at
4°C, and the supernatant was discarded. This was repeated one
more time, and thewashed resinwith boundGST-tagged proteins
were resuspend in 20 mL of cold RB2 and transferred to a column
(1.5 I.D. × 20 cm). The resin with bound protein was washed with
five CVs of cold RB2 followed by five CVs of cold RB2 supple-
mented with 0.5 mM reduced L-glutathione (BPBio). The bound
protein was eluted from the column with cold RB2 containing
20 mM L-glutathione, and fractions containing mIgf2bp3-GST
proteins were pooled. The buffer was exchanged (to 50 mM Tris
at pH 8.0), and the mIgf2bp3-GST proteins were concentrated
with Amicon Ultra 15 centrifugal filter with a 30 K MWCO
(Millipore-Amicon). Protein amounts were determined using
Bradford assay (Bio-Rad) using BSA as the standard (Sigma Al-

drich). The purity of each sample was verified with SDS-PAGE
and confirmed with Western blot analysis.

Binding studies of Lin28a and Igf2bp3-GST Purified proteins
(mLin28a or mIgf2bp3-GST) were slowly thawed at 4°C just prior
to use. The binding reactions (50 µL) used 2 µg of mLin28a and/or
2 µg of the mIgf2bp-GST proteins added to RIPA buffer (50 mM
Tris at pH 7.4, 150 mMNaCl, 2 mM EDTA, 0.5%NP40). The re-
actionwas initiated by transferring the reactionmixture for 1 h to
37°C (mixing every 10 min). The 50-µL reaction mixture was
transferred to a tube containing 1 mL of RIPA buffer with 50 µL
of Protein A Dynabeads (Thermo Fisher) and 2 µg of immobilized
antibodies (Supplemental Table 9). Themixture was slowly tum-
bled for 1 h at 4°C and cleared as before, careful not to disturb the
Dynabead pellet. After the last clearing, the tubes were centri-
fuged at 1000 rpm for 30 sec at 4°C and placed on the magnet,
and the remaining supernatant was removed. Fifty microliters
of 1× SDS PAGE (Invitrogen) loading buffer with DTT was added
to the Dynabead pellet, which was then denatured for 3 min at
95°C for SDS-PAGE or stored at −80°C.

Retrovirus and lentivirus production Tomake retroviral particles, a
10-cm culture dish of 80% confluent Platinum-E retroviral pack-
aging cells (Cell Biolabs) was transfected in OptiMEM (Life Tech-
nologies) using 10 µg of theMSCV-based plasmid, 25 µL of P3000
(Life Technologies), and 25 µL of Lipofectamine 3000 (Life Tech-
nologies). After 6 h, culture mediumwas changed to DMEM (Life
Technologies) with 10% FBS (Hyclone). After 48 h, viral superna-
tants were harvested and centrifuged at 1500 rpm for 5min at 4°C
to pellet cell debris. The supernatant was filtered through a 0.45-
µm low-protein-bindingmembrane (Millipore) and used immedi-
ately or stored at −80°C until use.
To make lentiviral particles, pLenti-GFP, pLenti-Pax5, and

pLenti-Arid3a (see “Plasmids”) were cotransfected with packag-
ing plasmids pMD2.G and psPAX2 (Addgene plasmids 12259
and 12260) as described previously (Shalem et al. 2014). Briefly,
a 10-cm culture dish of 80% confluent HEK293T cells was trans-
fected in OptiMEM (Life Technologies) using 10 µg of the pLenti
plasmid, 5 µg of pMD2.G, 7.5 µg of psPAX2, 25 µL of P3000 (Life
Technologies), and 25 µL of Lipofectamine 3000 (Life Technolo-
gies). Lentiviruses were harvested as above.

Mass spectrometry Approximately 5 × 107 FH-LIN28A and Puro
(empty vector) 220-8 cells were washed three times in ice-cold
PBS and lysed in 1× NP40 lysis buffer (50 mM HEPES at pH 7.5,
150 mM KCl, 2 mM EDTA, 1 mM NaF, 0.5% [v/v] NP40,
0.5 mM DTT, complete EDTA-free protease inhibitor cocktail
[Roche]) for 10 min on ice. Cell lysate was cleared by centrifuga-
tion at 13,000g for 15 min at 4°C. The protein content of the su-
pernatants was determined by the Qubit protein assay kit.
Lysates were subjected to immunoprecipitation by incubation
for 1 h at 4°C using anti-Flag M2 magnetic beads (Sigma). Bead
suspensions were incubated for 15 min at 22°C with and without
RNase A/T1mix (final concentration 100 U/µL RNaseT1/A) and
subsequently cooled for 5 mi on icen. The immunoprecipitates
were washed four times with immunoprecipitation wash buffer
(50 mM HEPES-KOH at pH 7.5, 300 mM KCl, 0.05% [v/v]
NP40, 0.5 mM DTT, complete EDTA-free protease), and FH-
LIN28A RNP complexes were eluted with 3xFlag peptide.
Proteomic analysis was performed by Poochon Scientific.

Briefly, equal amounts of immunoprecipitated proteins (45 µL)
from each sample were loaded into wells of a 4%–12% NuPAGE
gel. After electrophoresis, the gel was stained with SimplyBlue.
The protein bands were excised and combined into two gel frac-
tions for trypsin digestion. The gel samples were treated with
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DTT for reduction and then iodoacetamide for alkylation and fur-
ther digested by trypsin in 25 mMNH4HCO3 solution. The tryp-
tic peptides mixtures were cleaned using a C18 Zip-Tip and
reconstituted in 20 µL of 0.1% formic acid before high-perfor-
mance liquid chromatography and high-resolution tandem mass
spectrometry (LC/MS/MS) analysis.
The LC/MS/MS analysis was performed using a Thermo Scien-

tific Q-Exactive hybrid Quadrupole Orbitrap mass spectrometer
and a ThermoDionexUltiMate 3000 RSLCnano system (Thermo
Fisher Scientific). Peptides from trypsin digestion were loaded
onto a peptide trap cartridge at a flow rate of 5 µL/min. The
trapped peptides were eluted onto a reversed-phase 25-cm C18
PicoFrit column (New Objective) using a linear gradient of aceto-
nitrile (3%–36%) in 0.1% formic acid. The elution duration was
120 min at a flow rate of 0.3 µL/min. Eluted peptides from the
PicoFrit column were ionized and sprayed into the mass spec-
trometer using a Nanospray Flex Ion Source ES071 (Thermo Fish-
er Scientific) with the following settings: spray voltage, 1.6 kV,
capillary temperature, 250°C.
The Q-Exactive instrument was operated in the data-depen-

dent mode to automatically switch between full-scan mass
spectrometry and MS/MS acquisition. Survey full-scan mass
spectrometry spectra (m/z 300−1800) were acquired in the Orbi-
trap with 70,000 resolutions (m/z 200) after accumulation of ions
to a 1 × 106 target value based on predictive automatic gain con-
trol (AGC). Dynamic exclusion was set to 20 sec. The 12most in-
tense multiply charged ions (z≥ 2) were sequentially isolated and
fragmented in the octopole collision cell by higher-energy colli-
sional dissociation (HCD) using normalized HCD collision ener-
gy 25%with an AGC target 1 × 105 and a maximal injection time
of 100 msec at 17,500 resolutions.
Raw data files obtained by LC/MS/MS were searched against

themouse protein sequence database using the ProteomeDiscov-
erer 1.4 software (Thermo) based on the Sequest and percolator al-
gorithms. The false positive discovery rates (FDR) was set on 1%.
We used peptide spectrum match counts (PSM#) to compare the
protein relative abundance among samples.

Immunoprecipitation and Western analyses Immunoprecipitations
from ∼2 ×106 220-8 cells were performed as described above in
“Mass Spectrometry.” Samples were denatured and subjected
to electrophoresis in 4%–12% NuPAGE Bis-Tris gels (Life Tech-
nologies) and transferred to nitrocellulosemembranes (Life Tech-
nologies). Blots were then incubated with primary antibodies for
2 h at 25°C and HRP-conjugated secondary antibody for 1 h at
25°C. Blots were developed with ECLWestern blotting substrate
(Thermo Fisher Scientific), and images were acquired using LAS-
4000 (Fuji Film). Flag-BAP recombinant protein (Sigma) was dilut-
ed in PBS with 2% BSA to concentrations of 0.1–10 ng/µL for use
as a standard andcomparedwith lysate fromthe indicatednumber
of 220-8 cells by Western blot using Flag M2 mouse monoclonal
antibody (Sigma) at 1:2000 dilution. Blots were quantified with
National Institutes of Health ImageJ (https://imagej.nih.gov/ij),
and backgroundwas subtracted by rolling ballmethodwith a radi-
us of 150 pixels.When possible, signal from the protein band of in-
terestwere normalized to β-actin or tubulin that served as loading
control.

Immunofluorescence (IF) 220-8 cells (5 × 105) were plated on each
12-mm poly-L-lysine-coated coverslip and allowed to settle for
30 min in a humidified chamber at 37°C. Cells were fixed with
4% paraformaldehyde (PFA) for 10 min at room tempterature
and permeabilized with 0.1% Triton X-100 for 10 min at room
temperature. After three washes with 0.5% Tween-20 for 3 min
each time, cells were blocked with 5% BSA/PBS for 30 min at

37°C and incubated with primary antibody (Supplemental Table
9) in 5% BSA/PBS overnight at 4°C. After primary antibody
incubation, cells were washed five times with with 0.5%
Tween-20 for 3 min each time and incubated with Alexa488- or
Alexa555-conjugated secondary antibodies (Supplemental Table
9) in 0.5% Tween-20 for 1 h at room temperature. Cells were
then washed five times with 0.5% Tween-20 for 3 min each
time and mounted in mounting medium with DAPI (Sigma) for
subsequent imaging.
Confocal images were acquired by Leica SP5 X-WLLwith a 63×

oil immersion lens. Image acquisition and processing software
were Leica application suite and Imaris 8.3.1 (BitPlane).

PLAs 220-8 cells (3 × 106) were collected in a 5-mL polystyrene
round-bottomed tube (Falcon). Cells were fixed with 4% parafor-
maldehyde (PFA) for 10 min at room temperature and permeabi-
lized with 0.1% Triton X-100 for 10 min at room temperature.
After washing three times with 0.5% Tween-20 for 3 min each
time, cells were blocked with 5% BSA/PBS for 30 min at 37°C
and incubated with primary antibody (Supplemental Table 9) in
5% BSA/PBS overnight at 4°C. Primary antibodies were used at
the same concentrations as for IF. After primary antibody incuba-
tion, PLAwas performed according to the protocol of Duolink us-
ing PLA technology (Sigma). PLA signal was amplified and
detected using Green detection reagent (Sigma). Samples were di-
vided either to be mounted with mounting medium with DAPI
(Sigma) on 12-mm poly-L-lysine-coated coverslips for confocal
microscopy or left in tubes to be analyzed by flow cytometry on
LSR-II with a 480-nm/100-mW laser and a 525/50-nm filter. Con-
focal imageswere acquired by Leica SP5X-WLLwith a 63× oil im-
mersion lens. Image acquisition and processing software were
Leica application suite and Imaris 8.3.1 (BitPlane). Flow cytome-
try data were analyzed by FlowJo 10.2 (FlowJo).
To perform PLAs in primary mouse cells, fresh BM cells were

isolated from either iLIN28B or WTmice (see “FACS” for sorting
strategy). PLAs, including signal detection, image acquisition,
and analysis, were performed as mentioned above in 1.5-mL cen-
trifugation tubes.

FLIM-FRET FLIM-FRET assays were performed and analyzed as
described previously (Ganesan et al. 2008). 220-8 cells (5 × 105)
were plated on 12-mm poly-L-lysine-coated coverslips and al-
lowed to settle for 30 min in a humidified chamber at 37°C. Sam-
ples were divided into four replicates for the Flag/Igf2bp3 pair and
two replicates for the Flag/Pum2 pair. For the Flag/Igf2bp3 pairs,
two of the replicates were incubated with FRET pair secondary
antibodies, and two replicates were incubated with only donor
secondary antibodies as donor-alone control. For the Flag/Pum2
pair, one replicate was incubated with FRET pair secondary anti-
bodies, and the other was incubated with donor-only secondary
antibody as donor-alone control. Cells were fixed with 4% PFA
for 10min at room temberature and permeabilizedwith 0.1%Tri-
ton X-100 for 10 min at room tempterature. After washing three
times with 0.5% Tween-20 for 5 min each time, cells were
blocked with 5% BSA/PBS for 30 min at 37°C and incubated
with primary antibodies in 5% BSA/PBS overnight at 4°C. For
the Flag/Igf2bp3 pair, each replicate was incubated with primary
antibody pair anti-Flag (1:100; Sigma) and anti-Igf2bp3 (1:800;
Millipore). For the Flag/Pum2 pair, each replicate was incubated
with primary antibody pair anti-Flag (1:100; Sigma) and anti-
Pum2 (1:200; Sigma). After primary antibody incubation, cells
were washed three times with 0.5% Tween-20 for 3 min each
time. For the Flag/Igf2bp3 pair, two replicates were incubated
with either goat antimouse Alexa-488 (1:500; Life Technologies)
and goat antirabbit Alexa-555 (1:1000; Life Technologies) or
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goat antimouse Alexa-555 (1:500; Life Technologies) and goat
antirabbit Alexa-488 (1:1000; Life Technologies). Another two
replicates (donor-alone control) were incubated with either goat
antimouse Alexa-488 (1:500; Life Technologies) or goat antirabbit
Alexa-488 (1:1000; Life Technologies). For the Flag/Pum2 pair,
one replicate was incubated with goat antimouse Alexa-488
(1:500) and goat antirabbit Alexa-555 (1:1000), and the other rep-
licate (donor-alone control) was incubated with goat antimouse
Alexa-488 (1:500). All secondary antibody pairs were incubated
for 1 h at room temperature. After secondary antibody incuba-
tion, samples were washed three times with 0.5% Tween-20 for
5 min each time. Coverslips were mounted in ProLong Diamond
antifade mountant (Invitrogen).
To perform FLIM-FRET assays in primary mouse cells, fresh

BM cells were isolated from either iLIN28B or WT mice (see
“FACS” for sorting strategy). Sorted pro-B cells were prepared
for primary antibody incubation in 1.5-mL centrifugation tubes
as mentioned above followed by incubation with anti-Igf2bp3
(1:800) in 5% BSA/PBS overnight at 4°C. The next day, cells
were washed twice with 0.5% Tween-20 for 5 min each time
and divided into two replicates. One replicate was incubated
with anti-Flag-Cy3 (1:100; Sigma, A9594) overnight at 4°C. The
other replicate (donor-alone control) was incubated with goat
antirabbit Alexa-488 (1:1000) for 1 h at room temperature,
washed three times with 0.5% Tween-20 for 5 min each time,
and mounted on a 5-mm poly-L-lysine-coated coverslip in Pro-
Long Diamond antifade mountant. After overnight incubation
with anti-Flag-Cy3 (1:100), cells were washed three times with
0.5% Tween-20 for 5 min each time and incubated with goat
antirabbit Alexa-488 (1:1000) for 1 h at room temperature. After
secondary antibody incubation, cells were washed three times
with 0.5% Tween-20 for 5 min each time and mounted on a 5-
mm poly-L-lysine-coated coverslip in ProLong Diamond antifade
mountant.
For each sample, images of at least 10–20 cells were acquired on

a LeicaDMI 6000 SP5 inverted confocalmicroscopewith a 63× oil
immersion objective of NA 1.4 (Leica Microsystems). Alexa 488
excitation at 900 nm was achieved with a femtosecond mode-
locked (80 MHz repetition rate) Mai-Tai HP pulsed multiphoton
laser (Spectra Physics). Fluorescence was collected using a
HPM100 hybrid detector R3809U-50 (Becker & Hickl; Hamama-
tsu Photonics) through a band-pass GFP filter at ET 525/50 (Chro-
ma Technology Corp.). Fluorescence decays were resolved by
time-correlated single-photon counting using a SPC150 acquisi-
tion board (Becker & Hickl). Images were acquired in 256×256
pixel format, collecting at least 1000 photons per pixel over 2–5
min. Fluorescence transients were analyzed and acquired with
SPCImage software (Becker & Hickl), and results were exported
and analyzed per single lifetime decay using an in-house-devel-
oped ImageJ protocol (National Institutes of Health). Histograms
for the weighted mean average of the fluorescent lifetimes were
derived from ImageJ and plotted as frequency distributions nor-
malized and integrated for area under the curve using Igor-Pro
(Wave Metrics Inc). The weighted mean lifetime was extracted
from histograms of individual cells in ImageJ and converted to
FRET efficiency relative to the donor-alone control according to
the equation FRET efficiency (percentage) = 1− {Tdonor/TDonor-
Acceptor [1-Td/(tDA) × 100]} and thus was used to allow statisti-
cal analysis.

PAR-CLIP PAR-CLIP was performed as described previously
(Hafner et al. 2010; Danan et al. 2016). Briefly, for each PAR-
CLIP experiment, 400×106 to 600×106 cells were cultured inme-
dium containing 100 µM 4SU for 16 h. Cells were washed and re-
suspended in 15mL of PBS and irradiated in 15-cm plates with 1.5

mJ/cm2 312-nm wavelength UV. Cells were lysed in the equiva-
lent of three cell pellet volumes and cleared by centrifugation
at 13,000g. Cell lysates were treated with 1 U/µL RNase T1 and
then immunoprecipitated using anti-Flag magnetic beads (M2,
Sigma). For anti-Igf2bp3 (Millipore) and anti-Pum2 (Bethyl
Labs), Protein G Dynabeads (Invitrogen) were used. The beads
were taken up in one original bead suspension volume (10 µL of
bead suspension per milliliter of lysate) and incubated in 15-mL
centrifugation tubes on a rotating wheel for 1 h at 4°C. Beads
were washed three times in 1 mL of immunoprecipitation wash
buffer (50 mM HEPES-KOH at pH 7.5, 300 mM KCl, 0.05%
[v/v]NP40, 0.5mMDTT, complete EDTA-free protease inhibitor
cocktail [Roche]) and resuspended in 1 vol of immunoprecipita-
tion wash buffer. The RNA residing in the immunoprecipitate
was further trimmed with 100 U/µL RNase T1. The beads were
then washed three times in 1 mL of high-salt lysis buffer
(50 mM HEPES-KOH at pH 7.5, 500 mM KCl, 0.05% [v/v]
NP40, 0.5 mM DTT, complete EDTA-free protease inhibitor
cocktail [Roche]) and resuspended in one bead volume of dephos-
phorylation buffer. RNAwas dephosphorylated and radioactively
labeled with [γ-32P] ATP. The protein–RNA complexes were sep-
arated by SDS-PAGE and transferred to nitrocellulose, and RNA–

protein complexes were visualized by autoradiography. The ra-
dioactive bands were recovered, and the protein–RNA complex
was digested with 1.2 mg/mL proteinase K (Roche) in proteinase
K buffer (50 mM Tris-HCl at pH 7.5, 75 mM NaCl, 6.25 mM
EDTA, 1% SDS) for 2 h at 37°C. Next, the RNA was isolated by
acidic phenol/chloroform extraction and ethanol precipitation.
The recovered RNA was converted into a cDNA library using a
standard small RNA library protocol (Hafner et al. 2008) and se-
quenced on an Illumina HiSeq2000 or 2500 instrument.

Computational analyses

Single-cell mRNA-seq data demultiplexing and preprocessing Se-
quenced scRNA-seq libraries were processed by the Cell Ranger
version 2.0.2 pipeline using default parameters unless specified
otherwise below (https://support.10xgenomics.com/single-cell-
gene-expression/software/pipelines/latest/what-is-cell-ranger).
RawBCL fileswere demultiplexed and converted to FASTQ reads
by cellranger mkfastq using bcl2fastq version 2.17. The genome
reference mm10 (GRCm38) was set up by Cell Ranger mkref.
The transcriptome reference Ensembl GRCm38.84 was set up
by Cell Ranger mkgtf with the –attribute option to filter for pro-
tein_coding, large intergenic noncoding RNA (lincRNA), and
antisense transcripts. Alignment, barcode processing, and quanti-
ficationwere performed usingCell Ranger count using STAR ver-
sion 2.5.1b for alignment (Dobin et al. 2013) with all default
parameters aside from the –expect-cells option to estimate ex-
pected cell recovery for each sample (Supplemental Table 1).
Briefly, only reads with valid sample indexes, cell barcodes, and
unique molecular identifiers (UMIs) that were confidently
mapped with matching strand to annotated transcripts were
counted. Reads were considered confidently mapped if they over-
lapped an exonic locus by at least 50%. Quantification results
were converted from matrix market exchange format to a single
tab-delimited table of UMI counts for each gene and each cell us-
ing in-house scripts. This gene–cell count table was read into the
analysis package Seurat for downstream analyses.
For further details on the read alignment, barcode processing,

and UMI assignment, see the Cell Ranger algorithms overview
at https://support.10xgenomics.com/single-cell-gene-expression/
software/pipelines/latest/algorithms/overview. For cell recovery
and gene detection metrics after processing by Cell Ranger, see
Supplemental Table 1.
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Single-cell mRNA-seq data downstream analysis The gene–cell
count table generated from Cell Ranger was loaded into R as a
Seurat object for further analysis (R version 3.4.2 “Short Sum-
mer,” Seurat version 2.1.0) (Satija et al. 2015). The Seurat func-
tions used and notable parameters are described below. Genes
that were expressed in fewer than four cells were discarded. Cells
with (1) >7% mitochondrial genes present, (2) <1500 total genes
expressed, or (3) >3500 total genes expressedwere discarded (func-
tion: FilterCells). After these filters, 3832 cells remained, with
14,251 genes detected overall. The remaining data were normal-
ized by the “LogNormalize”methodusing the default scale factor
of 10,000 followed by log transformation (function: Normalize-
Data). To find variable genes, each gene was assigned to one of
20 bins based on its average expression, and a dispersion z-score
was calculated and normalized to the median absolute deviation
within its assigned bin. Genes with 0.0125< average expression
<3.0 and dispersion z-score >0.5 were considered variable genes
(function: FindVariableGenes). Cell cycle phases (S, G2M, or
G1) were assigned to each cell by scoring for previously described
markers (function: CellCycleScoring) (Kowalczyk et al. 2015).
Variability due to cell cycle biases were regressed out prior to fur-
ther dimensional reduction and clustering (function: ScaleData).
Linear dimensional reduction by PCA was performed using

1146 variable genes to calculate the first 20 PCs (function:
RunPCA). Cells were clustered according to these 20 PCs with
a resolution setting of 1.2 (function: FindClusters). Nonlinear di-
mensional reduction by tSNE was performed based on the same
PCs using the fast Barnes-hut implementation and perplexity
set to 45 (function: RunTSNE). The unsupervised tSNE clusters
were plotted and cells were colored and manually grouped by
their original identity (function: TSNEPlot). Differentially ex-
pressed markers for each cluster (unsupervised and manually
grouped) were determined by Wilcoxon rank sum test, requiring
a minimum fraction of detection of 0.25 and a minimum differ-
ence in average expression of 0.25 (log-scale) between the given
cluster and all other clusters (functions: FindAllMarkers and
FindMarkers). Gene module enrichment scores for Pax5-activat-
ed and Pax5-repressed targets were calculated using function
AddModuleScore with default parameters and, as input, the re-
spective pro-B-cell target lists (Revilla-I-Domingo et al. 2012).

Low-input RNA-seq analyses (FL/BM LSK and CLP) Reads were
aligned to the mm10 (GRCm38) mouse reference genome using
STAR version 2.5.2 with default mapping parameters (Dobin
et al. 2013). Expression values were normalized to fragments
per kilobase of transcript per million mapped reads (FPKM) by
RSEM versio 1.2.30 (Li and Dewey 2011) against the Ensembl
GRCm38.p5 annotation. The expression heatmap was generated
by the R package pheatmap version 1.0.8 (https://CRAN
.R-project.org/package=pheatmap).

Regular input RNA-seq analyses (220-8 control and hLIN28A) Regular
input RNA-seq analyses for 220-8 control and hLIN28Awere per-
formed as described previously (Escobar et al. 2014). Reads were
aligned to the mm10 (GRCm38) genome by Bowtie version
2.2.5 andTopHat version 2.0.14with defaultmapping parameters
(Trapnell and Salzberg 2009; Langmead and Salzberg 2012). Ex-
pression values (FPKM) and fold changes were calculated by Cuf-
flinks version 2.2.1 against the GRCm38.p4 annotation.

PAR-CLIP analyses The PAR-CLIP sequencing data were pro-
cessed by PARpipe, which handles the library preprocessing,
alignment, clustering, annotation, and meta-analysis (https://
ohlerlab.mdc-berlin.de/software/PARpipe_119). Adapters were
trimmed using Cutadapt 1.12 (Martin 2011), and reads were
aligned to the mm10 (GRCm38) genome using Bowtie version

1.1.1, allowing for up to one mismatch (Langmead et al. 2009).
Aligned reads were sorted, converted to BAM files, and indexed
with Samtools version 0.1.19 (Li et al. 2009). PARalyzer version
1.5 (Corcoran et al. 2011) was used to process reads into groups
and clusters via filters for (1) minimum read length, (2) minimum
read count, (3) minimum unique T-to-C locations, and (4) mini-
mumT-to-C conversions. Reads, groups, and clusters were anno-
tated to the features in the Gencode vM9 annotation file for
reference chromosomes, scaffolds, assembly patches, and alterna-
tive loci.
For each RBP, we produced a high-confidence set of binding

sites that overlapped in at least three of four replicates. We dis-
carded sites that were annotated to mitochondrial transcripts or
to transcripts that were <500 bp in length. Furthermore, sites
that overlapped across all RBPs over a Pum2 CDS cluster or
over a Pum2 site lacking TGTAN were discarded as background.
In-house scripts were used to count and visualize the proportions
of binding to 3′ UTRs, 5′ UTRs, and CDSs.

5-mer Z-scoring Exclusive sets of reads for LIN28 (FH-LIN28A∩
FH-LIN28B), Igf2bp3, and Pum2 were isolated using a series of
commands in BEDTools version 2.25 (Quinlan and Hall 2010).
First, the collapsed PARalyzer-used reads for each RBP were ex-
panded and converted to the BED file format using an in-house
script. We added ±25 bp to the intervals of these reads in order
to account for potential enrichment or depletion of 5-mers up-
stream of and downstream from the target sites. The BEDTools
utility “intersect with option -v” was used to subtract reads of a
given RBP that overlapped with those of the other RBPs. For
LIN28, the FH-LIN28A and FH-LIN28B reads were intersected
and pooled together prior to subtraction against Igf2bp3 and
Pum2. The BEDTools utility getfasta was used to recover the ge-
nomic nucleotide sequences corresponding to the remaining in-
tervals in these BED files. To produce background, we used an
in-house script to scramble the target read sequences while pre-
serving GC content. We then counted the 5-mers for target and
for background, respectively, and calculated Z-score enrichment
by proportionZ = (X−µ)/σ.X is the proportion count/total counts
for a given 5-mer, and µ and σ are the average and standard devia-
tion, respectively, of 5-mer proportions in background. The Z-
scores for LIN28 versus Igf2bp3 and LIN28 versus Pum2 were
plotted, and the top-scoring motifs were highlighted manually.

Genome browser track generation and visualization RNA-seq align-
ment files were filtered for uniquely mapped reads, normalized
to reads per million (RPM), and then converted to the bigwig
file format. PAR-CLIP alignment files of PARalyzer-used reads
were expanded to reflect true coverage (originally collapsed in
PARpipe preprocessing). All track processing was performed us-
ing Samtools version 0.1.19 (Li et al. 2009), Bedtools 2.25.0 (Quin-
lan and Hall 2010), and the University of California at Santa Cruz
bedGraphToBigWig (Kent et al. 2010) utility. The phastCons
conservation track mm10.60way.phastCons60wayEuarchonto-
Glire.bw was downloaded from http://hgdownload.cse.ucsc.edu/
goldenpath/mm10/phastCons60way (Miller et al. 2007). All
tracks were visualized in Integrative Genomics Viewer version
2.3 (Robinson et al. 2011). Editing and recoloring were performed
with Inkscape and Adobe Illustrator software.

Cumulative distribution plots Cumulative distribution plots were
generated in R version 3.2.3 using the built-in functions plot(),
lines(), ecdf(), and points(). Significance of distribution shifts
against background were tested by two-sided Kolmogorov-Smir-
nov test ks.test().
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T-to-C enrichment profiles Genomic positions and frequency of
the T-to-Cmutations were identified from a BAM file containing
PARalyzer-used reads generated by the PARpipe analysis pipeline
(https://ohlerlab.mdc-berlin.de/software/PARpipe_119) using a
custom script (JAVA). Coordinates of enriched 5-mer sequence el-
ements for the examined RBPs (LIN28A, LIN28B, Pum2, and
Igf2bp3) within the RBP sites as found by PARalyzer (Corcoran
et al. 2011) were identified. The frequency of T-to-C mismatches
in each base position between 10 nt upstream of and 10 nt down-
stream from the genomic position of the 5-mer motifs was
summed up and plotted using R.

Calculation of cluster overlap significance (Venn diagrams) P-values
were calculated using Bedtools version 2.25.0 (Quinlan and Hall
2010) using procedure fisher. This procedure implements Fisher’s
exact test to calculate the probability that the two interval sets
overlap using a heuristic that estimates the number of possible in-
tervals. This estimate is dependent on the total size of genomic
locations where the intervals can be located. We therefore calcu-
lated the possible target size for each of the pairwise comparisons.
Total potential target sizewas calculated as a sumof 3′ UTR sizes
for targeted genes (those with at least one 3′ UTR cluster; Mouse
Ensembl release 86). Analysis was restricted to 3′ UTR clusters.
Similar analysis was performed for CDS regions for Supplemental
Figure S3.

Heat map of spatial enrichment Spatial enrichment of raw reads
from 12 independent PAR-CLIP experiments around detected
PAR-CLIP clusters was plotted using ngs.plot version 2.61
(Shen et al. 2014). LIN28A and Igf2bp3 clusters were first ordered
by their classification (LIN28-exclusive, LIN28 and Igf2bp3
shared clusters, and then Igf2bp3-exclusive clusters) and then
by chromosomal position. Analysis was restricted to 3′ UTR clus-
ters only. Read density (all readswere truncated to 20 nt) was then
plotted in a ±100-nt window relative to cluster centers.

K-mer analysis The positions of all 1024 5-mers within 108 nt
from PAR-CLIP cluster centers were determined using Bedtools
version 2.25.0 (Quinlan and Hall 2010) and MEME suite version
4.11.2 (Bailey et al. 2009). The absolute positions of the pentam-
ers in the genome were converted into distances to PAR-CLIP
cluster centers on corresponding transcripts retaining strandness.
The obtained tables of k-mer positions were further processed us-
ing R version 3.2. To extract information regarding pentamers
that are most differentially enriched, we calculated a positional
K-mer imbalance score:

K-merimb = (count1− count2)
(count1+ count2)

,

where count1 and count2 are K-mer counts at a given position in
data sets 1 and 2, respectively. K-mer imbalance is distributed be-
tween −1 (k-mer detected only in data set 2) and +1 (K-mer is de-
tected in data set 1 only). For plotting, we further calculated
position-specific k-mer Z-scores by normalizing K-merimbalance

by the standard deviation of imbalance over our ±108-nt window:

K-merZ = K-merimb

SD(K-merimb)
.

All pentamers were then ranked by average k-mer z-scores in
the central 10-nt windows, and the 20 top pentamers most
strongly enriched in LIN28A, LIN28B, and Igf2bp3 data sets
were plotted. For the comparison, we used only those exclusive
LIN28A or LIN28B clusters that did not overlap Igf2bp3 clusters
and Igf2bp3 clusters that did not overlap LIN28A clusters.

GO term enrichment analysis For GO term enrichment analysis,
we used DAVID version 6.8 (https://david.ncifcrf.gov) with de-
fault settings (Huang et al. 2009).

Data accessiblility

The NCBI Gene Expression Omnibus (GEO; http://www.ncbi
.nlm.nih.gov/geo) accession numbers are GSE98466 for
the RNA-seq and PAR-CLIP data and GSE108129 for the
scRNA-seq data.
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