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potential therapeutic targets in this disease.

Introduction

Oncogenesis in early B cell progenitors results in B cell acute lym-
phoblastic leukemia (B-ALL), the most prevalent hematological
neoplasm in children and young adults (1). The majority of B-ALL
cases exhibit genetic alterations, including recurring chromoso-
mal rearrangements, which contribute to the heterogeneity of the
observed clinical behavior (2). Specifically, B-ALL with chromo-
somal rearrangements of the mixed lineage leukemia (MLL) gene
accounts for 5%-6% of all B-ALL cases and is associated with poor
prognosis and risk of early relapse after treatment (3). MLL, which
encodes a H3K4 methyltransferase, plays a critical role in the tran-
scriptional dysregulation that occurs during leukemogenesis (3,
4). Previously demonstrated targets of MLL include genes critical
in cell survival and proliferation, such as BCL2, MYC, and CDK6
(5-7). Additionally, MLL is known to regulate hematopoiesis, and
its expression correlates with the maintenance of hematopoietic
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Posttranscriptional control of gene expression is important for defining both normal and pathological cellular phenotypes.
In vitro, RNA-binding proteins (RBPs) have recently been shown to play important roles in posttranscriptional regulation;
however, the contribution of RBPs to cell specification is not well understood. Here, we determined that the RBP insulin-like
growth factor 2 mRNA-binding protein 3 (IGF2BP3) is specifically overexpressed in mixed lineage leukemia-rearranged (MLL-
rearranged) B-acute lymphoblastic leukemia (B-ALL), which constitutes a subtype of this malignancy associated with poor
prognosis and high risk of relapse. IGF2BP3 was required for the survival of B-ALL cell lines, as knockdown led to decreased
proliferation and increased apoptosis. Enforced expression of IGF2BP3 provided murine BM cells with a strong survival
advantage, led to proliferation of hematopoietic stem and progenitor cells, and skewed hematopoietic development to the

B cell/myeloid lineage. Cross-link immunoprecipitation and high throughput sequencing uncovered the IGF2BP3-regulated
transcriptome, which includes oncogenes MYC and CDKG6 as direct targets. IGF2BP3 regulated transcripts via targeting
elements within 3’ untranslated regions (3'UTR), and enforced IGF2BP3 expression in mice resulted in enhanced expression
of Myc and Cdké in BM. Together, our data suggest that IGF2BP3-mediated targeting of oncogenic transcripts may represent
a critical pathogenetic mechanism in MLL-rearranged B-ALL and support IGF2BP3 and its cognate RNA-binding partners as

stem cell (HSC) self-renewal and differentiation (8, 9). In line with
such a role in normal HSC function, MLL fusion proteins induce
HOXA9 and MEISI, generating leukemia that displays stem cell-
like properties (10-12). These findings demonstrate an intimate
connection between the dysregulation of gene expression and
malignant transformation, and they highlight the importance of
investigating key players in the regulation of gene expression.
Simplistically, gene expression may be regulated at the
transcriptional and posttranscriptional levels. Recent work has
revealed the complexity of the latter mechanism, which not only
includes sequences intrinsic to the regulated mRNA but also other
factors such as miRs, RNA-binding proteins (RBPs), and noncoding
RNA (13). A complex interplay between the protein coding mRNA
and the 3’ untranslated region (3'UTR) targeting miRs and RBPs
has been reported (14). However, the role of gene expression reg-
ulation by RBPs in the malignant transformation of B cells is not
understood. In an effort to identify critical RBP-mediated regula-
tion in B-ALL, we began by examining a high throughput dataset
generated in our laboratory, identifying the insulin-like growth
factor 2 mRNA-binding protein 3 (IGF2BP3) as one of the top dys-
regulated genes in MLL-translocated B-ALL. IGF2BP3 belongs to a
family of mRNA-binding proteins that consists of 3 structurally and
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functionally related paralogs (IGF2BP1, IGF2BP2, and IGF2BP3)
that influence the cytoplasmic fate of mRNAs through localization,
stability, and translation (15, 16). IGF2BP3 is an oncofetal protein
with high expression during embryogenesis, low expression in
adult tissues, and reexpression in malignant tissues. In epithelial
cancer, IGF2BP3 expression is associated with a range of neoplas-
tic phenotypes (17-20). However, many of these studies have been
largely correlative, and a bona fide functional role of IGF2BP3, or
any RBP, in B cell oncogenesis has not been established.

In this study, we sought to delineate the function of IGF2BP3
in B cell leukemogenesis. We overexpressed IGF2BP3 in the BM
of lethally irradiated mice and found that it plays a critical role
in the proliferation of hematopoietic stem and progenitor cells,
recapitulating some features of MLL-rearranged B-ALL. IGF2BP3
provided BM progenitors with a competitive survival advantage
and increased their proliferation. We also found that IGF2BP3 was
essential for the survival of B-ALL cell lines. We used individual
nucleotide resolution cross-linking immunoprecipitation (iCLIP)
to capture the in situ specificity of protein-RNA interactions and
to reveal the positional context of protein binding sites across the
transcriptome. In total, we identified IGF2BP3 binding sites in sev-
eral hundred transcripts in 2 B-ALL cell lines. IGF2BP3 cross-link-
ing sites are strongly enriched in the 3'UTRs of target transcripts.
Of the many IGF2BP3 target transcripts, we demonstrated
IGF2BP3-mediated enhancement of the expression of oncogenic
targets CDK6 and MYC in B-ALL cells and hematopoietic progeni-
tor cells in vivo. Deletion of the RNA-binding domains of IGF2BP3
abrogated target mRNA binding as well as the hematopoietic
stem and progenitor expansion. Together, our studies suggest that
IGF2BP3-mediated upregulation of oncogenic targets represents a
key pathogenetic mechanism operant in MLL-rearranged B-ALL.

Results

IGF2BP3 is differentially expressed in MLL-rearvanged B-ALL. We
have previously described a microarray experiment performed
on patient B-ALL samples (21). Following correction for multi-
ple-hypotheses testing, we performed unsupervised hierarchical
clustering with significantly differentially expressed protein-cod-
ing genes (adjusted P < 0.01). This generated a list of RBPs differ-
entially expressed between the 3 cytogenetic subtypes of B-ALL
used in our microarray experiments (ETV-RUNX1, E2A-PBX,
and MLL-rearranged). In the list of RBPs whose expression was
highest in MLL-rearranged leukemia, IGF2BP3 was among the
top candidates (Figure 1A). MLL-rearranged leukemias show a
stem-cell signature with high expression of stemness-associated
genes like HOXA9, MEISI, and CD44 (11, 22). Concordant with
this, we observed that HOXA9, MEISIA, CDK6, and MYC — puta-
tive targets of the oncogenic MLL fusion protein — were signifi-
cantly overexpressed in the MLL-rearranged group when com-
pared with the other 2 subsets (Supplemental Figure 1, A-D). By
performing quantitative PCR (qPCR) on a large cohort of B-ALL
patient-derived BMs, we confirmed that IGF2BP3 and CD44
were highly expressed in the MLL group (total n = 134) (Figure
1, B and C). Additionally, IGF2BP3 expression was significantly
higher in all B-ALL samples when compared with CD19* B cells
isolated from healthy donors (Figure 1B). To examine the depen-
dence of IGF2BP3 on MLL-mediated effects on gene expression,
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we utilized I-BET151, a bromodomain and extra terminal (BET)
domain inhibitor that has recently been shown to inhibit MLL-
dependent gene expression (23). Treatment of RS4;11 —an MLL-
AF4-expressing human B-ALL cell line — with I-BET151 caused a
dose-dependent decrease in the expression of MYC, CDK6, and
IGF2BP3 (Figure 1D). It also caused cell cycle arrest in the G1-S
phase (Figure 1, E and F). These experiments confirm the overex-
pression of IGF2BP3 in B-ALL, with the highest expression seen in
MLL-rearranged B-ALL. In line with IGF2BP3 being downstream
of MLL fusion proteins, a fall in IGF2BP3 mRNA levels, along with
afall in other MLL-AF4 target levels, is seen after BET inhibition.
IGF2BP3 loss of function causes apoptosis in B-ALL cells. Given
the oncogenic expression pattern of IG2BP3 in human B-ALL,
we proceeded to examine its expression in 4 different B-ALL
cell lines, including 697 (E2A-PBX translocated), RS4;11, REH
(ETV-RUNXI1 translocated), and NALM6 (Figure 2A). To exam-
ine the effects of IGF2BP3 knockdown, we used a lentiviral vector
expressing 2 different miR formatted siRNA sequences to trans-
duce RS4;11 cells (Figure 2B). Both siRNAs caused decreased
IGF2BP3 expression by qPCR (Figure 2C). Propidium iodide
staining showed an increase in the apoptotic sub-G1 fraction, and
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay showed a significant
reduction in cell proliferation with IGF2BP3 knockdown, con-
firming the dependence of B-ALL cell lines on IGF2BP3 for sur-
vival (Figure 2, D and E). Deletion of the IGF2BP3 locus using the
CRISPR-Cas9 system was also undertaken in the RS4;11 cell line.
We utilized the LentiCRISPR system (24) with 2 different guide
strands, Crl and Cr2, to target the IGF2BP3 locus for deletion.
CRISPR-mediated deletion was confirmed by a T7 endonuclease
assay (Supplemental Figure 2, D and E) with complete abrogation
of IGF2BP3 protein with the guide RNA Cr2, whereas residual
protein was detected with Crl (Figure 2F). Cr2-mediated dele-
tion resulted in reduced cell proliferation by MTS assay, increased
sub-G1 staining, and increased annexin V positivity (Figure 2, G-1).
To confirm these findings, we also targeted IGF2BP3 for knock-
down in NALMS6 cells using a lentiviral siRNA expression system
(Supplemental Figure 2A). Reduced IGF2BP3 mRNA levels were
observed with both siRNAs, with si2 giving a stronger reduction in
cell proliferation, as seen by the MTS assay (Supplemental Figure
2, B and C). Together, these findings highlight the importance of
IGF2BP3 in maintaining cell survival and proliferation in B-ALL.
Enforced expression of IGF2BP3 leads to high levels of engrafiment
and increased leukocytes. To directly assess the role of IGF2BP3 in
the hematopoietic system, we undertook an in vivo experiment to
examine the effects of enforced expression. We initially cloned the
human or mouse coding sequence of IGF2BP3 into MIG, a murine
stem cell virus-based (MSCV-based) retroviral vector (Figure 3A),
and confirmed the functionality of the vector in expressing both
IGF2BP3 and the GFP marker (Figure 3, B-D, and data not shown).
A peripheral bleed of these mice at 4 weeks showed a significant
increase in GFP* cells that was sustained over time in mice with
enforced expression of human and mouse IGF2BP3, as measured
by the congenic CD45.2 versus CD45.1 FACS markers (Figure 3, E
and F). Moreover, significantly increased GFP* leukocyte cells were
found, confirming increased hematopoietic output attributable to
IGF2BP3 expression (Figure 3G). These changes were restricted to
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Figure 1. IGF2BP3 is overexpressed in MLL-translocated B-ALL. (A)
Heatmap from the microarray data showing differentially expressed RBPs
between B-ALL. IGF2BP3 is highly expressed in MLL-rearranged B-ALL. (B
and C) gPCR-based confirmation of overexpression of IGF2BP3 (B) and its
previously defined target, CD44 (C), in MLL-rearranged B-ALL (total n = 134;
one-way ANOVA followed by Bonferroni’s multiple comparisons test;

**P < 0.01, ***P < 0.001, ****P < 0.0001). (D-F) Treatment of RS4;11 cell
line with increasing doses of I-BET151. (D) gPCR of MYC, CDK6, and IGF2BP3
levels in RS4;11 cells shows a significant decrease in all 3 mRNA levels (t
test MYC, P=0.04, P = 0.06; IGF2BP3, P < 0.0001, P = 0.1; CDK6, P = 0.005,
P =0.004; 1uM and 2 uM, respectively). (E and F) Cell cycle analysis by
propidium iodide staining after I-BET151 treatment of RS4;11 cells shows

G1 arrest secondary to CDK6 inhibition. Experiments were conducted 3x for
validation. gPCR assays were normalized to actin (B and C) and RNA Pol Il
(D). Data represent mean +SD. See also Supplemental Figure 1.
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Figure 2. IGF2BP3 knockdown leads to disruptions of cell growth and increased apoptosis. (A) IGF2BP3 expression in human B-ALL cell lines. (B) Sche-
matic of lentiviral vector used for IGF2BP3 knockdown. (C) IGF2BP3 knockdown, measured by gPCR shown in RS4;11 cell line (t test; ***P = 0.0005). (D)
Cell cycle analysis with propidium iodide staining. (E) MTS assay showing significantly reduced cell proliferation with IGF2BP3 knockdown. (F) Western
blot showing IGF2BP3 expression after CRISPR-Cas9-mediated targeting using the Cr1 or Cr2 constructs. Cr1-mediated targeting results in some residual
protein. B-Actin is used as a loading control. (G) MTS assay showing significantly reduced cell proliferation after Cr2 targeting (t test; **P < 0.01 for all
marked comparisons). (H) Cell cycle analysis by propidium iodide staining showing increased cell death (sub-G1 peak) in Cr2-expressing cells. (1) Increased
annexin V staining in Cr2-targeted cells with IGF2BP3 KO. 13, IGF2BP3. Experiments were conducted 3x for validation. Data represent mean +SD. See also
Supplemental Figure 2. UbC, ubiguitin C promoter; Puro, puromycin; LC, lentiCRISPR control.

the B cell and myeloid cell counts in the peripheral blood following
complete engraftment (Figure 3, H and I). There was no difference
in the number of T cells in the periphery (Figure 3]). Interestingly,
the number of platelets and red blood cells were significantly lower
with IGF2BP3-enforced expression (Figure 3, K and L). Together
these findings suggest that IGF2BP3 promotes overall hematopoi-
etic output from the BM and skews BM development toward the
B cell/myeloid lineage and away from T-cells, erythroid cells, and
megakaryocytes. These findings, notably the preferential increase
in B cells and myeloid cells, are interesting in light of the fact that
MLL rearrangements are found not only in B-ALL, but also in acute
myeloid leukemia and mixed lineage acute leukemia, most com-
monly expressing both B cell and myeloid markers.

Enforced expression of IGF2BP3 leads to increased progenitors
in the BM with higher rates of proliferation. To further characterize
these hematopoietic changes, IGF2BP3-overexpressing mice were
sacrificed and hematopoietic organs were collected for analysis at
6 months after transplant. The percentage of GFP* cells was sig-
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nificantly higher in the IGF2BP3-overexpressing BM, similar to
the peripheral blood (Supplemental Figure 3, A and B). The overall
proportion of myeloid and B cells in the BM were similar between
control and IGF2BP3-expressing mice (Supplemental Figure 3, C
and D). gPCR from the RNA collected from the mouse BM con-
firmed human and mouse IGF2BP3 overexpression (Supplemen-
tal Figure 3, E and F). These changes led us to query whether there
were changes in hematopoietic progenitors in the BM. Indeed,
enforced expression of IGF2BP3 led to an increase in the fraction
of HSCs, lymphoid-primed multipotent progenitors (LMPPs),
and common lymphoid progenitors (CLPs) (Figure 4, A-C). We
followed the developmental pathway of B cells by following the
schema created by Hardy et al. (25). Among the Hardy fractions,
we observed a significant increase in the number of cells in frac-
tions A and B with no significant differences observed in develop-
mentally subsequent stages (Supplemental Figure 3, H, I, and K).
Hence, overexpression of IGF2BP3 led to an increase in immature
hematopoietic fractions starting at the level of the HSC and on to
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Figure 3. Enforced expression of IGF2BP3 leads to enhanced engraftment and skewing toward B cell/myeloid development. (A) Schematic of the
bicistronic vector used for enforced expression of IGF2BP3. (B) Western blot showing overexpression of IGF2BP3 in the murine pre-B cell line, 70Z/3, and
the human embryonic kidney cell line, 293T. (C) gPCR showing overexpression in 70Z/3 at the mRNA level (t test; **P = 0.0013). (D) FACS analysis of PB
from mice 6 weeks after BMT showing successful engraftment and transduction (GFP*). (E) FACS of PB done at 4 weeks after BMT, showing CD45.2 and
GFP positivity (one-way ANOVA followed by Bonferroni’s test; ****P < 0.0001). (F) Quantitation of GFP expression in the PB between 4 and 16 weeks
after transplant shows that the effect is marked and sustained. (G) PB leukocyte counts at 16 weeks show increased leukocytes (one-way ANOVA with
Bonferroni's test; ***P < 0.001). (H and I) Significantly higher numbers of B220" cells (H) and CD11b* cells (1) in PB (one-way ANOVA with Bonferroni's test;
***P < 0.001). () FACS-based enumeration of T cells shows no significant change in circulating T cells. (K and L) Enumeration of RBCs and platelets by
CBC show significant reductions (one-way ANOVA with Bonferroni's test; ***P < 0.001, ****P < 0.0001). n = 8 for all 3 groups. PB, peripheral blood; BMT,
BM transplantation; hi3, human IGF2BP3; mi3, murine IGF2BP3; CBC, complete blood count; LTR, long terminal repeat; IRES, internal ribosome entry site.
Three separate BMT experiments were completed for validation. Data represent mean +SD.

the pro-B cell stage. To analyze the proliferation rate of the vari- ~ LMPPs in IGF2BP3-overexpressing BM (Figure 4, D and E). The
ous progenitor cells in the BM, we performed intracellular stain-  CLPsdid not show a significant difference in Ki67 expression (Sup-
ing with Ki67 in conjunction with progenitor cell stains. Ki67 was ~ plemental Figure 3, G and J). These findings imply an increase in
significantly higher in Lin"Scal*c-Kit* (LSK) population and the  the proliferation rate of the early progenitors (HSCs and LMPPs),
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secondary to increased IGF2BP3 expression. Presumably, this
leads to an increase in their numbers and differentiation into more
committed downstream progenitors (CLPs and Hardy fractions A
and B). Hence, the enforced expression of IGF2BP3 causes a pref-
erential increase in numbers and proliferation of early progenitor
populations, leading to the observed B cell- and myeloid biased
leukocytosis seen in the periphery.

IGF2BP3 increases the number of B cells in the thymus and myeloid
cells in the spleen. The normal mouse thymus is composed mostly
of T cell progenitors, but in many murine models of leukemia
and lymphoma, it becomes enlarged and overrun by malignant
leukocytes (26). On microscopic examination, IGF2BP3 caused
thymic medullary expansion with infiltration by large cells. One
of the thymi expressing human IGF2BP3 had complete ablation
of the cortico-medullary junction (Figure 5A). Hence, IGF2BP3
expression may serve as a precursor to malignant transforma-
tion. We observed a significantly higher percentage of GFP*B220*
B cells in the thymus when human or mouse IGF2BP3 was over-
expressed, with the effect being more pronounced with mouse
IGF2BP3 (Figure 5, B and C). Mice with enforced expression of
mouse IGF2BP3 also showed a substantial decrease in the number
of CD3e* T cells. There was no significant difference in the level
of GFP* cells in these thymi, indicating a lineage-specific expan-
sion of B cells (Supplemental Figure 4, G-I). Four of 8 of the thymi
overexpressing human IGF2BP3 and 1/8 of the thymi overexpress-
ing mouse IGF2BP3 weighed over 50 mg, with no such increase in
control mice (data not shown). Interestingly, the spleens were also
enlarged following enforced expression of IGF2BP3. Differences
in splenic weight were statistically significant for mice with over-
expression of human IGF2BP3 with a trend noted for the mouse
IGF2BP3 group (Supplemental Figure 4A). IGF2BP3 led to an
increase in the number of myeloid cells in the spleen with a sig-
nificant decrease in the number of CD3¢* T cells (Supplemental
Figure 4, B-F). Overall, IGF2BP3 appears to tilt the hematopoietic
developmental program toward the B cell and myeloid lineages.
Hence, the changes seen in the BM — increased numbers and pro-
liferation of B-lymphoid and myeloid progenitors — may result in
alterations in hematopoietic homeostasis in the periphery.

IGF2BP3 provides hematopoietic progenitors with a survival
advantage. To confirm that IGF2BP3 overexpression equipped the
BM progenitors with an advantage while repopulating the irradi-
ated host mouse BM, we performed a formal competitive repop-
ulation transplant assay. Fifty percent of CD45.1 BM cells were
mixed with 50% of MIG or IGF2BP3- or HOXA9-overexpressing
CD45.2 BM cells and injected into lethally irradiated mice. The
IGF2BP3-overexpressing CD45.2 cells had a clear advantage over
the MIG- or MIG-HOXA9-expressing cells in engraftment in the
peripheral bleeds over time (Figure 5, D and E). Harvesting of the
BM revealed that IGF2BP3 conferred a competitive advantage to
cells in the BM (Figure 5F). This was also reflected in the thymus
(Figure 5G). This corroborates our earlier data showing IGF2BP3
overexpression (Figure 5H) leading to an increase in BM progeni-
tor numbers as well as proliferation rate.

iCLIP identifies the IGF2BP3-RNA interactome in B-ALL cells.
The molecular basis of the action of RBPs has recently been inves-
tigated using iCLIP and high throughput sequencing. To gain
insight into the role of IGF2BP3 in cell growth and MLL-driven
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leukemogenesis, we performed an iCLIP assay with this protein.
iCLIP exploits the photoreactivity of nucleic acid and protein res-
idues and nuclease fragmentation of protein-bound transcripts
to capture protein-RNA interactions occurring in situ. Antibodies
against IGF2BP3 were used to immunoprecipitate protein-RNA
complexes from control or UV-irradiated RS4;11 and REH cells
(input shown in Supplemental Figure 5, A and C). As expected, the
immunoprecipitated material was antibody dependent and UV
dependent, and the electrophoretic mobility of the complex was
nuclease sensitive, as predicted for a protein-RNA complex (Sup-
plemental Figure 5, B and D). Coprecipitated RNA was converted
to cDNA libraries (Supplemental Figure 5E) and subject to high
throughput sequencing. After accounting for PCR duplications,
we obtained about 1 million reads per replicate, of which >70%
mapped uniquely to the human genome (Supplemental Table 1).
Replicate iCLIP sequences from both RS4;11 and REH cells were
highly reproducible (Supplemental Figure 6, D and E). Compared
with iCLIP cross link sites for heterogeneous ribonucleoprotein Al
(hnRNPA1; HEK cells) and with simulated data drawn randomly
from the genome, IGF2BP3 cross-link sites, located at the 5’ end of
the iCLIP sequences, were enriched in exons (Figure 6A).

We identified peaks using a negative binomial model (see
Methods) in each biological replicate from RS4;11 and REH cells.
In total, 849 peaks in 669 genes and 1,937 peaks in 1,149 genes
were identified in REH and RS4;11 iCLIP experiments, respec-
tively. Of the peaks called within mRNA sequences, the majority
were located within the 3'UTRs (Figure 6B and Supplemental
Figure 6, A-C). A search for sequence specificity in cross-linked
regions revealed an 8- to 16-fold enrichment of GCAC tetramer-
containing motifs over background in both the REH and RS4;11
datasets (Figure 6C). Given the apparent bias of IGF2BP3 binding
sites in 3'UTR of target transcripts, we investigated the positional
bias of cross-linking sites at a single nucleotide resolution relative
to mRNA stop codons. The cross-link density of IGF2BP3 differed
from hnRNPA1 in the 3'UTR, reaching its apex just downstream of
the stop codon. These data suggested that IGF2BP3 binding sites
within the 3'UTR specifically target sequences close to the stop
codon in both B-ALL cell lines (Figure 6D).

Based on the distribution of IGF2BP3 cross-linking sites within
3'UTRs (Figure 6D), we hypothesized that IGF2BP3 binding sites
may overlap with cis-regulatory features associated with 3'UTR-
mediated gene regulation. To investigate this possibility, we
examined the distribution of IGF2BP3 cross-linking sites relative
to miR target sites in the 2 different cell lines. After correcting for
the uniform background distribution of simulated cross-link sites,
we found that IGF2BP3 cross-link density in both REH and RS4;11
cell lines is highly enriched within a 25-bp window centered on
predicted miR target sequences (Figure 6E). By contrast, the den-
sity of hnRNPAI1 cross-linking sites were uniformly distributed rel-
ative to miR target sites. Among the genes with a strong signal by
iCLIP-sequencing (CLIP-Seq) were CDK6 and MYC. To confirm
our findings demonstrating interaction of IGF2BP3 with these 2
targets by iCLIP (Figure 6, F and G), we utilized RNA immunopre-
cipitation (RIP; Figure 6H), which showed enrichment of MYC and
CDKG6 (Figure 61) in IGF2BP3 RIPs over mouse IgG control. These
data demonstrate, for the first time to our knowledge, a compre-
hensive IGF2BP3 RNA interaction site atlas from human leukemia
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Figure 4. Analysis of BM progenitor populations from IGF2BP3-overexpressing mice. (A) Enumeration (left panel) and representative flow cytometry
histograms to define HSCs from control vector- (second panel from left), human IGF2BP3- (second from right), and murine IGF2BP3-overexpressing mice
(right panel). (B and C) Analysis for LMPPs and CLPs from mice noted as in A. Statistically significant differences were found in LMPPs and CLPs. (D) Intra-
cellular Ki67 staining and FACS-based analyses, depicted in the same manner, with enumeration on the left hand side, within the LSK population enriched
for HSCs. Significant differences in the high Ki67-expressing population were found. (E) Intracellular Ki67 staining and FACS analysis of proliferation in the
LMPP population shows significant differences in the proliferative fraction. All comparisons used one-way ANOVA followed by Bonferroni’s test. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001. LSK, Lin"Sca1"c-Kit". Three separate BMT experiments were completed for validation. Data represent mean +SD.

See also Supplemental Figure 3. hI3, human IGF2BP3; mI3, murine IGF2BP3.
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Figure 5. Analysis of thymic cellular composition and competitive repopulation advantage from IGF2BP3-overexpressing mice. (A) Histologic images

of thymic sections from mice with enforced expression of IGF2BP3. H&E staining. Scale bar: 40 um. (B and C) Representative FACS plots and enumeration
showing an increase in B220" cells in the thymus of mice with enforced expression (one-way ANOVA with Bonferroni’s test; **P < 0.01). See also Supplemen-
tal Figure 4. n = 8 for all 3 groups. Three separate BMT experiments were completed for validation. (D-H) Competitive repopulation study. (D) Quantitation of
GFP expression in the PB between 4 and 20 weeks after transplant in competitive repopulation study of IGF2BP3. (E-G) FACS of PB (E), BM (F), and thymus
(G) done at 20 weeks after BMT, showing CD45.2 and GFP positivity (one-way ANOVA followed by Bonferroni's test; **P < 0.01, ***P < 0.001). (H) gPCR
confirmation of overexpression of IGF2BP3 in mouse BM (t test; ***P = 0.0006). n = 8 (MIG), n = 8 (Hoxa9), n = 5 (hI3), and n = 4 (100% CD45.1). Competitive
repopulation study was completed 3x for validation. Data represent mean +SD. hi3, human IGF2BP3; mI3, murine IGF2BP3; PB, peripheral blood.

cells. This extensive interaction map reveals a strong preferenceof ~ in REH and RS4;11 cells. In both cell lines, we found that target
IGF2BP3 binding nonuniformly to 3'UTRs with a preference fora  transcripts were enriched for KEGG pathways related to ribosome
GCAC-rich consensus motif near miR target sites. biogenesis and translation (Supplemental Table 2). By contrast,

IGF2BP3 modulates the expression of its targets. The ENRICHR  transcripts classified by ENRICHR as involved in pathogenic E.
tool (27) was used to functionally classify IGF2BP3 mRNA targets  coli infection, and perhaps most importantly, chronic myeloid
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Figure 6. iCLIP analysis of IGF2BP3 in human leukemia cell lines. (A) Proportion of IGF2BP3 (REH and RS4;11 cells), hnRNPA1(HEK cells), and simulated
(Genome) cross-linking sites observed in exons, introns, or unannotated regions of the human genome. (B) Proportion of IGF2BP3 (REH and RS4;11 cells),
hnRNPA1 (HEK cells), and simulated (mRNA background) binding sites in coding and noncoding exons. (C) Tetramer sequence enrichment at IGF2BP3-
cross-linking sites in RS4;11 and REH cells (upper and lower panel, respectively). (B) IGF2BP3 (REH, RS4;11) and hnRNPA1 (HEK cells) cross-link site den-
sity relative to termination codons. (E) IGF2BP3 cross-linking density from REH (dark blue line) and RS4;11 (light blue line) cell lines mapped relative to
annotated miR target sites. hnRNPA1 (black line) cross-linking sites from HEK293 cells are included as a control. (F and G) UCSC Genome Browser snap-
shot of the CDK6 and MYC 3'UTR loci, respectively. Each panel shows the exon-intron structure of the gene, sequence conservation across vertebrate
species, and unique read coverage from 2 iCLIP replicates from each cell line. The maximum number of reads at each position is indicated to the left of
each histogram. See also Supplemental Figures 5 and 6. (H) Western blot of protein samples from IGF2BP3 RIP. Input refers to RS4;11 cell lysate used for
immunoprecipitation. FT is flowthrough of immunoprecipitation from either control (mouse 1gG) or IGF2BP3 RIP. RIP is RNA immunoprecipitation from
control (mouse IgG) or a-IGF2BP3 antibody (D-7). (1) Scatter bar plots comparing the fold-enrichment for MYC (n = 4, t test; **P < 0.01) and COK6 (n = 3,

t test; *P < 0.05) in control (mouse IgG) and a-IGF2BP3 antibody RNA immunoprecipitations. Levels of MYC and CDK6 are normalized to input levels

from total RNA with 18s rRNA as reference.

leukemia (CML) were enriched in RS4;11 but not the REH data-
set (Supplemental Table 2). Hence, we wanted to further explore
the functional consequences of IGF2BP3 binding on gene expres-
sion at the global level. To determine if IGF2BP3 iCLIP targets
(Supplemental Table 3) are regulated by IGF2BP3 expression
levels, we performed RNA-Seq on control and IGF2BP3-depleted
RS4;11 cells (Supplemental Table 4). Cross-validation of genes
differentially expressed by at least 1.5-fold with RS4;11-specific
IGF2BP3 iCLIP targets found 216 common genes. Of these tar-
gets, the majority showed decreased expression of IGF2BP3iCLIP
targets with IGF2BP3 depletion (157 decreased vs. 59 increased,;
Figure 7A). Using the ENRICHR tool to classify the common

genes cohort, OMIM disease gene ontology analysis (GO analy-
sis) revealed genes associated with leukemogenesis (Figure 7A;
black circles), including CDK6 and MYC. GO analysis for down-
regulated IGF2BP3 iCLIP targets revealed genes associated with
posttranscriptional control, hematopoietic cell differentiation,
and chromatin modification (Figure 7C). KEGG Pathway analysis
also suggested these targets are involved in cell cycle and a vari-
ety of cancer pathways (Figure 7C). By contrast, the upregulated
IGF2BP3 iCLIP targets revealed genes primarily associated with
translation and protein localization (Figure 7B).

CDK6 and MYC mRNAs are targets of IGF2BP3 in vitro and in
vivo. Among the many IGF2BP3 mRNA targets, CDK6 and MYC
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expressed genes. (A) Volcano plot
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RS4;11 cells (as described in Figure
2). Differentially expressed genes
identified as IGF2BP3 targets by
iCLIP are highlighted (orange dots).
Dots demarcated by black outlines
are leukemogenic genes by GO anal-
ysis of OMIM-associated disease
pathways. Dotted lines represent
1.5-fold-change in expression (ver-
tical lines) and P < 0.05 cutoff (hori-
zontal line). (B and C) GO analysis of
gene subgroups showing increased
expression (B) and decreased
expression (C) with IGF2BP3 knock-
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are very important in the pathogenesis of MLL-translocated B-ALL
(6, 7). In our patient data set, MLL-translocated cases of B-ALL
demonstrated high levels of these genes, in line with their pro-
posed role as targets bound by and regulated by IGF2BP3 (Sup-
plemental Figure 1, A and B). To test the hypothesis that IGF2BP3
posttranscriptionally regulates the expression of CDK6 and MYC
via binding sites in their 3'UTR, we generated a series of vectors
using a dual-luciferase reporter system containing the respective
UTRs (Figure 8A). The CDK6 3'UTR (10 kb) was cloned in 5 sep-
arate pieces (CDK6-1 to CDK6-5). Cotransfection of the lucifer-
ase vectors with IGF2BP3 resulted in increased luciferase activity
in CDK6-3 to CDK6-5, as well as the MYC 3'UTR reporters (Fig-
ure 8B). This, along with the iCLIP and RNA-Seq data, confirms
IGF2BP3 binding to the 3'UTRs of these genes may stabilize the
mRNA and/or enhance translation. Mutation of one of the bind-
ing sites within the MYC 3'UTR, designated MYC A3, resulted
in a small but reproducible attenuation of IGF2BP3-dependent
enhancement of the MYC 3'UTR reporter (Figure 8C). However,
mutation of individual IGF2BP3 binding sites in the CDK6 3'UTRs,

jci.org  Volume126  Number4  April 2016

followed by IGF2BP3 overexpression and a luciferase assay, did not
show any significant difference (data not shown). These findings
may result from one of the following possibilities: (i) binding may
not be sufficient for alterations of gene expression, or (ii) coopera-
tive binding at multiple sites may be required for an effect on gene
expression. Indeed, some parallels have been seen in the case of
miRs, where increased repression is seen in targets with multiple
binding sites (28). Nonetheless, IGF2BP3 binding would be pre-
dicted to lead to increased levels of CDK6 and MYC in cells over-
expressing IGF2BP3 and to decreased levels in knockdown cells.
To elucidate whether IGF2BP3 targets CDK6 and MYC in
vivo, we performed intracellular staining in BM cells from mice
with enforced IGF2BP3 expression and measured mean fluores-
cence intensity (MFI) by flow cytometry. BM GFP* cells derived
from human IGF2BP3-expressing mice had increased MFI for
CDK6 and MYC (Figure 8, D and F). As a control, GFP- cells of
both groups did not show any difference (Figure 8, E and G). To
complement these in vivo data, we analyzed CDK6 and MYC pro-
tein levels in cell lines where IGF2BP3 was knocked down using


https://www.jci.org
https://www.jci.org
https://www.jci.org/126/4
https://www.jci.org/articles/view/80046#sd
https://www.jci.org/articles/view/80046#sd

The Journal of Clinical Investigation

A B
2
N®
+ MIG-Empty + MIG-hIGF2BP3 g §
5 5
<35
3

Firefly/Renilla ratio equal 17 Firefly/Renilla ratio

RESEARCH ARTICLE

293T

n~
[=]
N

-
w
1

-
(=]
I

<
@
3

0.0
O° o @ 6 & 6® WO
&
e e A e e QA N
(o] 293T I3 D GFP+CDK6 E GFP-CDK6
1.5+ * 8000 - 'éi 8000 -
* | — |
| — | L]
> —_ T
- § G000 4 6000
N @
= = H =
o O 4000 4 40004 ]
S g 0.54 a . ] an -
= ‘5 20004 20004
=
0.0 T T T T T 0 T T
PMIR  MYC MYCA3 MYC A4 MIG hi3 MIG hi3
F GFP* MYC G GFP- MYC H 70Z/3
6004 500+
*kkk —_ 1.59 Jkdk
L] 4004 ®e al:c',’, ' il )
©
— 4004 ] — < 1.0
' LL _ .
S . % s %0 E %' °
i o ' :
1004 a
5
] v v 0 r . 0.0
MIG hi3 MIG hi3 MGP 13 si1 I3 si2
| RS4:11 70Z/3
P&-E si1 si2 MGP  si1 si2
(36 kDa) coke [ CDKG6 (36 kDa)
1.00 0.35 0.74 1.00 0.52 062

(64 0e) 25 N I ' (o 02
lv] 0.26 0.12 1.00 0.54 0.43

1.0

(5 0a) AcTin | I ACN (1 0:)

Figure 8. CDK6 and MYC are targeted by IGF2BP3. (A) Schematic of the luciferase assay used. (B) Luciferase assay showing targeting of the CDK6 and
MYC 3'UTRs by IGF2BP3 (t test *P = 0.05; P = 0.0250 CDK6-4, P = 0.0475 CDK6-5, P = 0.0165 MYC). (C) Deletion of the MYC 3'UTR binding sites of IGF2BP3

led to modest but significantly decreased luciferase activity (t test *P = 0.05;

P =0.0120 MYC, P = 0.0294 MYC A3). (D and E) CDK6 analysis of BM progeni-

tors shows a significantly increased amount of CDK6 protein in the GFP* BM cells (t test; *P = 0.0213) (D) but not in the GFP- (E) cells. (F and G) Intracellular

staining for MYC reveals significantly increased levels in the GFP* BM cells aft

er IGF2BP3-enforced expression (t test; ****P < 0.0001) (F) but not

in the GFP- (G) cells. n = 8 for all 3 groups. (H and 1) After Igf2bp3 knockdown in 70Z/3 cells (t test IGF2BP3 si1 and si2, respectively; ***P = 0.0007,

***p = 0.0005), there is reduced expression of CDK6 and MYC protein (H). In t

he RS4;11 cell line, Western blot confirmed knockdown of IGF2BP3 protein

and reduced expression of CDK6 protein (I). Experiments were conducted 3x for validation. Data represent mean +SD. See also Supplemental Figure 7. hi3,

human IGF2BP3; PE, phycoerythrin.

siRNAs previously. There was a substantial decrease in CDK6
protein levels in RS4;11 cells after IGF2BP3 knockdown (Figure
81). Similarly, Igf2bp3 knockdown in the murine pre-B 70Z/3 cell
line led to a reduction in CDK6 and MYC protein (Figure 8, H and
D). These findings are in agreement with the RNA-Seq data and
demonstrate a conserved function for IGF2BP3 (Figure 7A).

At the mRNA level, IGF2BP3 overexpression led to a slight but
significant increase in Myc mRNA levels, but not in Cdk6, in bulk

BM (Supplemental Figure 7, A and B). It is possible that an increase
in Cdk6 mRNA may not be detected due to the heterogeneity of
the BM cells or because effects on mRNA stability by IGF2BP3
may be mRNA specific. Similarly, murine 70Z/3 cells showed a
modest increase in the Cdk6 mRNA levels when murine IGF2BP3
was overexpressed (Supplemental Figure 7, C-E). These find-
ings corroborate IGF2BP3 binding and subsequent translational
augmentation of these target genes. Overall, these experiments
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Figure 9. Expression of IGF2BP3 RNA-binding domain mutants in vivo and in vitro. (

A) Schematic of IGF2BP3 with its binding domains and the respec-

tive mutants (KH and RRM). (B) Time course of normalized engraftment to MIG in PB between 4 and 20 weeks after transplant. (C) FACS of PB done

at 4 weeks after BMT, showing CD45.2 and GFP positivity (one-way ANOVA followed by Bonferroni's test; ***P < 0.001). (D) B cells in PB 16 weeks after
transplant. (E) Myeloid cells in PB 12 weeks after transplant. n = 8 for all groups. Mutant BMT experiment was completed twice for validation. (F) Western
blot confirmed expression of IGF2BP3 (64 kDa), KH (47 kDa), and RRM (22 kDa) proteins in 70Z/3 using anti-T7 (top panel) and anti-IGF2BP3 (bottom)
antibodies. Actin used as a loading control. (G) Luciferase assay shows increased luciferase activity for the MYC 3'UTR when cotransfected with hi3 and
decreased luciferase activity for the MYC 3'UTR when cotransfected with KH and RRM mutants (t test hi3, K,H and RRM; ***P < 0.001; ****P < 0.0001).
Experiment was completed 3x. Data represent mean +SD. hI3, human IGF2BP3; PB, peripheral blood.

demonstrate targeting of CDK6 and MYC by IGF2BP3 in a variety
of systems, and that may underlie the observed phenotypic effects
of enforced expression.

Mutated IGF2BP3 does not increase hematopoietic progenitor
numbers in vivo. IGF2BP3 has 6 RNA-binding domains: 2 RNA
recognition motif domain (RRM) and 4 K homology domain
(KH) domains that are predicted to mediate the RNA-binding
function of IGF2BP3. We created 2 deletion mutants: the KH
mutant, containing only the 4 KH domains and devoid of both
the RRM domains, and the RRM mutant, containing the 2 RRM
domains and lacking the 4 KH domains (Figure 9, A and F). A
murine BM transplant was performed with MIG, WT IGF2BP3,
KH, and RRM mutants into lethally irradiated recipients. Unlike
the WT protein, enforced expression of these mutant proteins
failed to cause enhanced hematopoiesis or the skewing toward
the B cell and myeloid lineages that we observed previously.
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The mutant recipient mice showed reduced engraftment (Fig-
ure 9, B and C). B cell and myeloid cell counts in the periphery
showed a trend toward normalization in IGF2BP3 mutant mice
(Figure 9, D and E). A luciferase assay using the MYC 3'UTR and
comparing WT and mutant IGF2BP3 demonstrated decreased
luciferase activity, confirming the idea that these mutants no
longer bind to and/or stabilize target mRNAs (Figure 9G). Inter-
estingly, one study reported that the role of KH domains is not
well understood in IGF2BP3, among the various IGF2BP family
members (29). Although the precise determinants of RNA bind-
ing are not known, our findings provide an impetus to perform
detailed structure-function analyses to elucidate domains and
residues important for IGF2BP3 function. Together with our
high throughput data, these experiments provide some of the
first comprehensive studies that link the RNA binding function
of this protein to organism-level phenotypes.
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Discussion

The molecular mechanism of leukemogenesis mediated by MLL-
fusion proteins is not completely understood, despite knowl-
edge of the translocation and the resulting fusion proteins for 2
decades. Increasingly, it is recognized that secondary, nongenetic
changes are necessary for elaboration of leukemia. For example,
deregulation of epigenetic marks by DOTI1L, which is recruited by
the MLL-AF4 fusion protein, is a key oncogenic mechanism (30).
In this study, we found that an RBP, IGF2BP3, is overexpressed in
cases of B-ALL that carry a translocation of the MLL gene. We pro-
pose that posttranscriptional gene expression dysregulation may
also play an important role in leukemogenesis. This is borne out
by prior studies of another RBP, musashi-2, which demonstrated
that it was highly expressed in acute myeloid leukemia and that
its overexpression could collaborate with BCR-ABL to promote
myeloid leukemogenesis (31). Another recent example is the HuR
protein, which is upregulated in multiple epithelial malignancies
and is known to stabilize its targets by binding to AU-rich elements
within the 3'UTR of target mRNAs (32). Our findings here extend
the repertoire of dysregulated RBP expression to B-ALL, providing
new insights into this disease.

The mechanism of IGF2BP3 upregulation in MLL-AF4-
expressing leukemia is an important question. Our studies showed
that a BET domain inhibitor could downregulate IGF2BP3 in
RS4;11, and this is thought to specifically target MLL-mediated
transcription at low doses (23). Previous reports have also shown
IGF2BP3 to be upregulated after MLL-AF4 overexpression in
murine BM cells (4). Interestingly, an indirect ChIP-Seq assay done
in SEM cells (which carry the MLL-AF4 translocation) showed bind-
ing of the fusion protein to the genomic locus containing IGF2BP3
(33). Therefore, it is tempting to speculate that IGF2BP3 is a direct
transcriptional target of MLL fusion proteins. However, IGF2BP3 is
also overexpressed in most of the B-ALL cell lines tested, various
mature B cell neoplasms (34-37), and a number of epithelial malig-
nancies. Furthermore, differential regulation of this protein has
been observed in B-ALL (38). Hence, the mechanism of its upregu-
lation may include other oncogenic pathways.

Previously, knockdown of IGF2BP3 in epithelial cell lines has
been shown to reduce cell proliferation and cause apoptosis (18, 37,
39). We found that knockdown or deletion of IGF2BP3 by siRNA
or by the CRISPR-Cas9 system led to reduced cell proliferation
and increased apoptosis in RS4;11, an MLL-AF4-expressing cell
line, and NALMS®6, another B-ALL cell line that shows high levels
of IGF2BP3. These findings highlight the important role that post-
transcriptional gene regulation can play in maintaining the malig-
nant behavior of B-ALL cells. It will be of great interest to study
whether B-ALL with low expression levels of IGF2BP3 demonstrate
an altered RNA-binding repertoire, with an aim toward illuminat-
ing key mRNAs that mediate downstream effects of IGF2BP3.

To study the pathogenetic function of this protein, we also cre-
ated the first in vivo model of IGF2BP3-enforced expression in the
murine hematopoietic system. We found that IGF2BP3 increases
the number of HSCs, LMPPs, and CLPs in the BM with a con-
comitant increase in the proliferation rate of HSCs and LMPPs.
IGF2BP3 conferred a competitive reconstitution advantage and
skewed mouse hematopoiesis toward the B cell and myeloid lin-
eage in the periphery, with leukocytosis in the peripheral blood,
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atypical B cell infiltration into the thymic medulla, and increased
myeloid cells in the spleen. Although the mice did not develop
overt leukemia by 6 months after transplantation, these abnormal
developmental features are similar to those seen early in MLL-
driven leukemogenesis, which include the expansion of the B cell
and myeloid lineage. Such IGF2BP3-driven effects on stem and
progenitor cells and differentiation fates may extend beyond the
hematopoietic system. IGF2BP3 can cause remodeling of the exo-
crine pancreas when specifically overexpressed in that tissue and
is highly expressed in cancer stem cells/tumor-initiating cells in
hepatocellular carcinoma (40, 41).

It has been known that IGF2BP3 targets mRNAs for IGF2,
CD44, and the transcription factor HMGA2 (16, 42). Further
reports on HMGA2 and IGF2BPs have suggested that they may
play arole in the self-renewal potential of fetal HSCs (43, 44). Let-7
miR has been known to inhibit tumor cell migration and invasion
by targeting IGF2BP3 (45). Thus, IGF2BP3 may function in regu-
lating both developmental and oncogenic processes. To examine
the molecular mechanism behind the observed disruptions in
cellular and hematopoietic homeostasis, we performed iCLIP-
Seq analyses. Remarkably, we identified numerous RNA targets
of IGF2BP3 in B-ALL cell lines that were known targets of MLL,
including CDK6 and MYC. CDK6 has recently been implicated as
a highly important target in B-ALL, and inhibition of CDK6 may
form the basis of a new therapeutic intervention in B-ALL (7).
MYC is a quintessential oncogene, and its overexpression plays a
direct, causative role in many B cell leukemias and in lymphoma.
Reporter assays confirmed that the interaction of IGF2BP3
with the 3'UTRs of MYC and CDK6 are functionally important.
IGF2BP3 with deletions of RNA-binding domains failed to bind
and stabilize MYC mRNA in the luciferase reporter assay. How-
ever, when single IGF2BP3 binding sites were deleted in the MYC
and CDK6 3'UTR, the majority of these deletions failed to reverse
the phenotype in the reporter assay. The complexity of 3'UTR tar-
geting is illustrated by the variety of RBPs and noncoding RNAs
that have been reported to bind to the MYC and CDK6 3'UTRs
(46-49). Hence, RBP action on its cognate targets is likely dose
dependent and cooperative; multiple RBPs have to bind to the
same 3'UTR at different locations to exert an effect. In vivo and
in vitro targeting of CDK6 and MYC protein was confirmed in the
mouse BM and leukemia cell lines, in both the loss- and gain-of-
function settings. Hence, we have validated iCLIP as a powerful
technique for uncovering disease-relevant targets. It is impor-
tant to point out that there are likely mRNAs other than MYC and
CDKG6 that interact with IGF2BP3, including those we identify
here, that play important roles in cellular proliferation and/or dif-
ferentiation. This is illustrated by our attempt to rescue IGF2BP3
knockdown-mediated cell death by cotransducing RS4;11 cells
with MYC constructs containing or lacking the 3'UTR. MYC alone
was not sufficient to rescue changes in the cell cycle engendered
by the loss-of-function of IGF2BP3 (data not shown).

The iCLIP-Seq analyses provide a global view of the tran-
scriptome regulated by IGF2BP3. Prior studies have demonstrated
single or a few targets for this protein, but our work here shows
several hundred mRNAs bound by this protein. To refine our list
of possible transcripts, we combined this biochemical target iden-
tification with gene expression studies in cells with IGF2BP3 loss
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of function. Distinct sets of genes that were bound by IGF2BP3
showed upregulation or downregulation, with downregulated
genes demonstrating enrichment for pathways related to cell cycle
and leukemia. These findings suggest that IGF2BP3 upregulation
in B-ALL serves to stabilize leukemogenic gene expression. Like
other modes of posttranscriptional gene expression regulation,
the actions of IGF2BP3 are dependent on the cellular transcription
program. IGF2BP3 is itself induced by MLL-AF4, and it binds to
and upregulates several mRNAs (e.g., CDK6 and MYC) that are
also induced by MLL-AF4. In this way, IGF2BP3 may reinforce
certain aspects of the gene expression program, thereby sustain-
ing oncogenesis. Interestingly, however, enforced expression of
this protein alone also led to proliferation of hematopoietic pro-
genitor cells, suggesting that specificity of RNA stabilization and/
or translational enhancement can direct development and influ-
ence lineage choice and proliferation.

As oncogenic mutations and translocations are being cata-
logued via various high throughput sequencing approaches, it
is also becoming apparent that single genetic abnormalities are
insufficient to cause oncogenesis. Prior work has implicated non-
genetic mechanisms, including epigenetic regulation, as key fac-
tors in the pathway to full-blown oncogenesis. Here, our studies
have uncovered a posttranscriptional mechanism of stabilizing
oncogenic gene products such as CDK6 and MYC. This mecha-
nism requires further study and clarification and is likely to yield
important insights into the nature of gene expression regulation in
leukemogenesis. With targeted therapies emerging against CDK6
and MYGC, it will become critical to consider the role of posttran-
scriptional mechanisms in regulating oncogene-mediated gene
expression programs. Moreover, therapeutic avenues are also sug-
gested by the current study, including the generation of sink RNAs
to block the binding of IGF2BP3 to its targets or small molecule
inhibitors of this protein designed to block its RNA-binding func-
tion. Given the expression of IGF2BP3 in many different types of
cancer, it will be of great interest to define whether the repertoire
of bound mRNAs is similar in tumors of distinct histogenesis and
whether conserved oncogenic pathways can be targeted in hema-
tologic and nonhematologic malignancies.

Methods
Patient samples, CD19* cell isolation, and microarray data analysis.
All procedures and protocols related to these have been previously
described, and the microarray data set has been made publically avail-
able (NCBI’s Gene Expression Omnibus [GEO GSE65647]) (21).

Apoptosis, proliferation, and cell cycle analysis. To measure cell pro-
liferation, 2,000-4,000 cells per well were cultured in 96-well plates.
MTS reagents were added according to the manufacturer’s instruc-
tions (Promega CellTiter 96 AQ.cous Non-Radioactive Cell Prolifera-
tion Assay kit) and cells were incubated at 37°C, 5% CO, for 4 hours
before absorbance was measured at 490 nm. To measure apoptosis,
cells were stained with APC-tagged annexin V and analyzed by flow
cytometry. For cell cycle analysis, cells were fixed with 70% ethanol
and stained with 1x propidium iodide solution in PBS and analyzed
using flow cytometry.

qPCR. RNA collected from human samples was reverse tran-
scribed using iScript reagent (Quanta BioSciences). RNA from cell
lines was reverse transcribed using qScript (Quanta BioSciences).
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qPCR was performed with the StepOne Plus Real-Time PCR System
(Applied Biosystems) using PerfeCTa SYBR Green FastMix reagent
(Quanta BioSciences). The qPCR primer sequences used are listed in
Supplemental Table 5.

Western blot. Cells were lysed in RIPA buffer (Boston BioProducts)
supplemented with Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo Scientific). Equal amounts of protein lysate (as quantified
by using bicinchoninic acid protein assay, BCA [Thermo Scientific])
were electrophoresed on a 5%-12% SDS-PAGE and electroblotted
onto a nitrocellulose membrane. Antibodies used were c-MYC rabbit
polyclonal (catalog 9402, Cell Signaling Technology), CDK6 rabbit
monoclonal (catalog DCS83, Cell Signaling Technology), IGF2BP3
goat polyclonal (catalog sc-47893, Santa Cruz Biotechnology Inc.),
T7 rabbit polyclonal (catalog AB3790, Millipore), and B-actin (cata-
log AC15, Sigma-Aldrich) mouse monoclonal. Secondary HRP-con-
jugated antibodies (Santa Cruz Biotechnology Inc.) and SuperSignal
West Pico kit (Pierce Biotechnology) were used for enhanced chemilu-
minescence-based detection.

Cell culture, plasmids, and spin infection. mmu-miR-155 or hsa-
miR-21 formatted siRNAs were cloned between NotI and BamHI sites
of a pHAGES® lentiviral vector (pHAGE6-CMV-siRNA-UBC-ZsGreen)
or between NotI and BamHI sites of a modified pHAGEG6 vector down-
stream of GFP (CMV-GFP-siRNA-UBC-Puromycin). In mouse cell
lines, siRNAs and protein-coding inserts were cloned into MGP and
MIG vectors (50). The WT IGF2BP3 and deletion mutants (KH and
RRM) with a T7 epitope tag were cloned between BglII and Xhol sites
in a MIG-based vector (MSCV-T7 tag-Mutant CDS-IRES-GFP; See
Supplemental Table 5). For CRISPR-Cas9-mediated targeting, guide
RNAs were designed using the Zhang lab website (http://crispr.mit.
edu/) and cloned into the LentiCRISPR vector (24). RS4;11 cells were
spin-infected at 30°C for 90 minutes in the presence of polybrene. Cells
were selected with 5 ug/ml of puromycin for 7 days and used for cell
proliferation and apoptosis assays. The human B-ALL cell lines RS4;11
(MLL-AF4 translocated; ATCC CRL-1873), NALMG6 (gift from K. Saka-
moto, Stanford University, Stanford, California, USA), 697 (E2A-PBX1-
translocated; gift from K. Sakamoto), Reh (TEL-AMLI-translocated;
ATCC CRL-8286), murine pre-B leukemic cell line 70Z/3 (ATCC TIB-
158), and HEK 293T cell line (ATCC CRL-11268) were grown in their
corresponding media at 37°C in a 5% CO, incubator. Lentiviruses and
retroviruses were generated as previously described (50, 51).

BM transplant and competitive repopulation assay. BM was har-
vested and spin-infected from 8-week-old CD45.2* donor C57BL/6]
female mice as previously described (50). We also transplanted donor
mice with T7 epitope-tagged IGF2BP3 and mutant constructs, includ-
ing deletion mutants lacking RNA-bining domains. Eight-week-old
CD45.1" recipient B6.SJL-Ptprc-Pep3/Boy] female mice were lethally
irradiated and injected with donor BM 6 hours after irradiation. Eight
mice were used per group. In some experiments, the normalized
engraftment was calculated as the percent engraftment/transduction
efficiency. For competitive repopulation experiments, 8-week-old
CD45.1* donor B6.SJL-Ptprc-Pep3/Boy] female mice and 8-week-
old CD45.2* donor C57BL/6] female mice were harvested for BM.
CD45.2* BM was infected with viruses overexpressing MIG, HOXA9,
or IGF2BP3. CD45.1* and CD45.2* BM cells were mixed in a ratio of
1:1 and injected into lethally irradiated 8-week-old CD45.2" recipient
C57BL/6] female mice. A negative control group had 100% CD45.1*
BM cells injected into lethally irradiated 8-week-old CD45.2* recipient
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C57BL/6] female mice. Mice were bled at 4, 8, 12, 16, and 20 weeks
after BM injection for analysis of the peripheral blood. All mice were
purchased from the Jackson Laboratory and housed under pathogen-
free conditions at UCLA.

Flow cytometry. Blood, BM, thymus, and spleen were collected
from the mice under sterile conditions at 27 weeks after transplant.
Single cell suspensions were lysed in red blood cell lysis buffer. Flu-
orochrome-conjugated antibodies were used for staining. The list of
antibodies used is provided in Supplemental Table 6. For intracellu-
lar staining, after initial staining with surface marker antibodies and
fixation with 1% paraformaldehyde (PFA), cells were incubated with
antibodies against intracellular antigens (Ki67, Cdk6, and Myc) in 1%
Triton containing MACS buffer. After 30 minutes of staining at 4°C,
cells were washed twice with PBS and fixed with 1% PFA. Flow cytom-
etry was performed at the UCLA JCCC and at the Broad Stem Cell
Research Flow Core. Analysis was performed using Flow]Jo software.

Histopathology. Fixation and sectioning has been described pre-
viously (51). Analysis was performed by a board certified hemato-
pathologist (D.S. Rao).

iCLIP. iCLIP was performed as previously described (52). Briefly,
RS4;11 or REH cells were irradiated with UV-C light to form irrevers-
ible covalent cross-link proteins to nucleic acids in vivo. After cell
lysis, RNA was partially fragmented using micrococcal nuclease, and
IGF2BP3-RNA complexes were immunopurified with anti-IGF2BP3
antibody (MBL International Corporation) immobilized on protein
A-coated magnetic beads (Invitrogen). After stringent washing and
dephosphorylation (FastAP, Fermentas), RNAs were ligated at their
3’ ends to a 3’ preadenylated RNA adaptor, radioactively labeled, run
using MOPS-based protein gel electrophoresis, and transferred to a
nitrocellulose membrane. Protein-RNA complexes 15-80 kDa above
free protein were cut from the membrane, and RNA was recovered
by proteinase K digestion under denaturing (3.5 M urea) conditions.
The oligonucleotides for reverse transcription contained 2 inversely
oriented adaptor regions adapted from the Bioo NEXTflex small
RNA library preparation kit (Bioo Scientific), separated by a BamHI
restriction site and a barcode region at their 5’ end containing a 4-nt
experiment-specific barcode within a 5-nt random barcode to mark
individual cDNA molecules. cDNA molecules were size purified using
denaturing PAGE, circularized by CircLigase II (Epicenter, Illumina),
annealed to an oligonucleotide complementary to the restriction site
and cut using BamHI (New England Biolabs Inc.). Linearized cDNAs
were then PCR-amplified using Immomix PCR Master Mix (Bioline)
with primers (Bioo Scientific) complementary to the adaptor regions
and subjected to high throughput sequencing using Illumina HiSeq.
A more detailed description of the iCLIP protocol has been published
(53). The data discussed in this publication have been deposited in
NCBI's GEO (54) (GSE76931).

iCLIP data analysis. Following transcriptomic and genomic align-
ment with “TopHat2” (55), individual reads were truncated to their
5’ ends to represent the site of cross-linking. To denote specific sites
of protein-RNA interaction, 30-bp regions of enrichment over back-
ground were determined using “Piranha” (56) in zero-truncated neg-
ative binomial mode with a custom local covariate. The covariate was
calculated by uniformly distributing the cross-link number of each
30-bp bin across the neighboring 6 bins (3 on each side) to control for
regions of overall higher depth as an indication of protein-RNA inter-
action. Adjacent bins with significant P values from Piranha (o < 0.05)
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were combined into single regions. Only overlapping peak regions
found to be statistically significant in all 3 replicates were considered
biologically reproducible candidates for further analysis. To derive
the intragenic distributions of iCLIP-Seq sites, we queried the UCSC
Genome Browser MySQL database for hgl9 (57) and determined the
nearest overlapping gene based first on CCDS gene annotations (58)
to determine the canonical ORF and second on Gencode V19 compre-
hensive for other features (59). Following this, the nearest intragenic
anchor (transcription start site, start codon, 5’ splice site, 3’ splice site,
stop codon, and polyadenylation site) was recorded, and the spliced
distance to the nearest ORF boundary was calculated. As a back-
ground control, uniformly distributed cross-link sites were simulated
by pseudo-random intervals from hgl9 using “bedtools” (60). The
intragenic distribution of these sites was determined following the
same methodology as the iCLIP cross-link sites.

To determine the binding specificity of IGF2BP3, a 10-nt win-
dow surrounding each cross-link site occurring within a biologically
reproducible and statistically significant peak from a last exon was
extracted, and the counts of each n-mer (4 through 6) were calculated.
Random 20-bp intervals from a window of 100-300 nucleotides adja-
cent to each cross-link site were included as a normalized frequency of
n-mers to represent the background probability (p) of observing each
n-mer. For each n-mer size, the probability of observing k occurrences
of some n-mer out of N total observations is binomially distributed
(k ~ Bin[p, N]) and Poisson approximated, given sufficiently large val-
ues for N (>1,000) and small values of P (<0.01). Individual n-mers
with Poisson-approximated P values significant at a 5% false discovery
rate (61) were then aligned with one another and grouped into motifs
using k-medoid clustering for optimal values of k (using average sil-
houette width). The frequency of occurrence of each nucleotide was
then plotted in a position-specific manner for each motif cluster.

RNA immunoprecipitation. Protein A Dynabeads (Invitrogen) in
100 mM sodium phosphate buffer (pH 8.1) were treated with either
IgG mouse antibody (Jackson ImmunoResearch Laboratories Inc.) or
a-IGF2BP3 (Santa Cruz Biotechnology Inc.) for 1 hour at 4°C. Beads
were then washed 3x with RSB-100 buffer (10 mM Tris-Cl [pH 7.4],
100 mM NaCl, 2.5 mM MgCl,, 0.5% NP-40). Cytoplasmic lysates
were prepared from suspension RS4;11 cells in RSB-100 containing
RNase inhibitors. Lysate supernatants were combined with the bead/
antibody, rotated at 4°C overnight, and washed, and a portion was
removed for Western blot analysis. Pelleted beads were resuspended
in Proteinase K buffer (100 mM Tris-HCI [pH 7.4], 50 mM NacCl, 10
mM EDTA [pH 8.0]). Samples were treated with RQ DNase I (Pro-
mega) and then treated with Proteinase K (Ambion); both were incu-
bated at 37°C. The RNA was extracted with acid phenol-chloroform
and precipitated with sodium acetate, absolute ethanol, and copre-
cipitate GlycoBlue (Ambion). RNA was recovered by centrifugation,
washed, and resuspended in RNase-free water. Quantity and quality
were checked with Nanodrop and Total RNA NanoBioanalyzer kit
(Agilent Technologies). RNA samples (200 pg of each sample; trip-
licates of both IgG controls and o-IGF2BP3 immunoprecipitations)
were subjected to reverse transcription using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Scientific) and subsequent gPCR
using the Lightcycler 480 (Roche Diagnostics).

RNA sequencing experiments. RNA was purified from both cytoso-
lic fractions of IGF2BP3-depleted or control RS4;11 cells using TRI-
Reagent LS (Sigma-Aldrich), converted to double-stranded libraries
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using the NEXTflex Rapid Directional qRNA-Seq Library Prep Kit
(Bioo Scientific), and sequenced using Illumina HiSeq 2500 platform.
High throughput RNA sequencing data generated by Illumina High-
Seq 2500 and corresponded to approximately 30-115 million reads
per sample (Supplemental Table 4) was mapped to hg19 build of the
human genome (Feb. 2009 GRCh37, NCBI Build 37.1) using Bowtie
and TopHat software (62, 63). All data collection and parsing was per-
formed with Perl, and statistical analyses with R, version 2.14.1. All
external library packages used are available on CPAN or CRAN. Dif-
ferentially expressed genes were identified using DESeq. The data are
accessible through NCBI's GEO (GSE76931).

Luciferase assays. The CDK6 3'UTR is approximately 10-kb long
while the MYC 3'UTR is approximatley 300 bp. MYC A3 and MYC A4
are mutant MYC 3'UTRs lacking IGF2BP3 binding sites determined
from iCLIP data. Primers were designed to exclude these binding
sites, fusion PCR was completed, and MYC and MYC A 3'UTRs were
cloned downstream of firefly luciferase in the pmirGlo vector between
the Sacl and Xhol sites (64). The CDK6 3'UTR was divided into 5
pieces (CDK6 1-5; ~2 kb each) and cloned individually downstream
of the firefly luciferase. 293T cells were transfected with the pmir-
Glo, 3'UTR, or A 3'UTR containing reporter vectors along with the
MIG empty vector, MIG-hIGF2BP3 overexpression vector, MIG-T7-
hIGF2BP3 overexpression vector, or MIG-T7-KH/RRM mutant vec-
tors at a 1:10 ratio (50:500 ng). Cotransfections were performed with
Lipofectamine 2000 (Invitrogen) as per the manufacturer’s instruc-
tions. Cells were lysed after 24 hours, substrate was added, and lumi-
nescence was measured on a GloMax-Multi Jr (Promega). The ratio of
firefly to Renilla luciferase activity was calculated for all samples. The
hIGF2BP3/MIG or mutant/MIG luminescence for the pmirGlo empty
vector was used as a normalization control.

Statistics. Data represent mean *SD for continuous numerical
data. One-way ANOVA followed by Bonferroni’s multiple compari-
sons test or 2-tailed Student’s ¢ tests were performed using GraphPad
Prism software and applied to each experiment as described in the
figure legends. A P value less than 0.05 was considered significant.
*P<0.05,**P < 0.01, **P < 0.001, and ****P < 0.0001.

Study approval. Written informed consent was obtained from all
of the parents of the patients by the Italian Association of Pediatric
Hematology and Oncology (AIEOP) and the Berlin-Frankfurt-Muen-
ster (BFM) ALL-2000 trial. The University of Padova IRB approved
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all procedures, and the study was considered exempt from review at
UCLA. Peripheral blood mononuclear cells derived from anonymized
donors were obtained from the Center for AIDS Research Virology Core
Lab at UCLA or following diagnostic work from the UCLA Department
of Pathology and Laboratory Medicine with written consent and IRB
approval. All mouse experimental procedures were conducted with the
approval of the UCLA Chancellor’s Animal Research Committee (ARC).
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