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Here we investigated in primary human erythroid tissues a down-
stream element of the heterochronic let-7 miRNA pathway, the insulin-
like growth factor 2 mRNA-binding protein 1 (IGF2BP1), for its potential
to affect the hemoglobin profiles in human erythroblasts. Comparison
of adult bone marrow to fetal liver lysates demonstrated developmen-
tal silencing in IGF2BP1. Erythroid-specific overexpression of IGF2BP1
caused a nearly complete and pancellular reversal of the adult pattern
of hemoglobin expression toward a more fetallike phenotype. The
reprogramming of hemoglobin expression was achieved at the tran-
scriptional level by increased gamma-globin combined with decreased
beta-globin transcripts resulting in gamma-globin rising to 90% of total
beta-like mRNA. Delta-globin mRNA was reduced to barely detectable
levels. Alpha-globin levels were not significantly changed. Fetal hemo-
globin achieved levels of 68.6 + 3.9% in the IGF2BP1 overexpression
samples compared with 5.0 + 1.8% in donor matched transduction
controls. In part, these changes were mediated by reduced protein
expression of the transcription factor BCL11A. mRNA stability and poly-
some studies suggest IGF2BP1 mediates posttranscriptional loss of
BCL11A. These results suggest a mechanism for chronoregulation of
fetal and adult hemoglobin expression in humans.

IGF2BP1 | IMP1 | /et-7 targets | fetal hemoglobin | ontogeny

ickle-cell anemia and the beta-thalassemias are among the

most common genetic diseases worldwide. They are caused
by mutated or reduced expression of the adult-stage beta-globin
gene (1, 2) and manifested when gene expression in the beta-
globin locus sequentially switches from fetal to adult types (3)
around the time of birth. It is predicted that maintaining fetal
hemoglobin (HbF) at levels above 30% in circulating red cells
should prevent the manifestation of most sickle-cell disease
complications (4). Based on the therapeutic utility of HbF ex-
pression, considerable research has been directed toward un-
derstanding the fetal-to-adult hemoglobin transition. Over the
last 50 years, understanding of globin gene epigenetics has sig-
nificantly advanced, but the developmental timing mechanisms
for hemoglobin switching remain vague (5, 6).

Multicellular organisms have networks of temporally regulated
genes, known as heterochronic genes, responsible for the control
of developmental timing (7). Heterochronic gene pathways were
initially investigated in Caenorhabditis elegans, where the RNA-
binding protein /in28 and its major target, the let-7 miRNA, were
first described as having an important role in early development,
including the regulation of the transition from larva to adulthood
(8). During vertebrate development, the Lin28-let-7 axis is also
functionally involved in the maternal-to-zygotic transition during
early zebrafish embryogenesis, suggesting that the heterochronic
Lin28-let-7 axis and its role in the larval- or fetal-to-adult tran-
sition is conserved across evolution (9). Based upon the evolu-
tionary conservation of these heterochronic pathways, as well as
the hemoglobin-switching phenomenon, we initially hypothesized
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that the heterochronic genes described in lower animals may con-
tribute to developmental changes in hemoglobin expression (10).

In human reticulocytes, changes in the levels of the le-7 miRNAs
were associated with the fetal-to-adult developmental transition
(10). Experimentally, increased LIN28 or suppressed let-7 were
shown to be developmentally regulated and both cause increased
gamma-globin gene expression in cultured human adult erythro-
blasts (11). However, a more complete reversal of the fetal-to-adult
hemoglobin profiles was not detected. We thus hypothesized that
additional downstream elements of this RNA-binding regulatory
cascade may be involved. Among the group of potential let-7 targets
(12), IGF2BP1 and IGF2BP3 are generally silenced during mam-
malian development, whereas IGF2BP2 expression remains stable
(12-15). Here we provide a focused examination of IGF2BP1 in
human erythroid tissues as well as its potential to affect hemoglobin
profiles in cultured human adult erythroblasts.

Results

IGF2BP1 Is Developmentally Regulated in Human Erythroid Tissues.
The IGF2BP family consists of three highly conserved RNA-binding
proteins (IGF2BP1, IGF2BP2, and IGF2BP3) (16). IGF2BP1 and
IGF2BP3 are expressed during early development and steadily de-
crease after birth in most tissues, but IGF2BP2 continues to be
expressed in adult tissues (13, 14). To confirm their expression
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patterns in human erythroid tissues, we performed RT-qPCR in
unsorted fetal liver, bone marrow, cord blood, and adult blood
reticulocytes. We observed that both IGF2BPI and IGF2BP3 are
expressed in unsorted fetal liver but at background or undetect-
able levels in bone marrow samples, whereas IGF2BP2 is detected
in both unsorted fetal liver and bone marrow samples (Fig. 14).
Among cultured primary erythroblasts, both IGF2BP1 and IGF2BP3
are expressed in cord blood erythroblasts but at background levels
in adult blood erythroblasts. IGF2BP2 was detected at similar
levels in both cord blood and adult blood erythroblasts (Fig. 1B).
Compared with IGF2BP3, IGF2BP1 was detected at higher levels
in each fetal tissue. Western blot analyses confirmed and further
defined the higher level expression and developmental silencing
of both proteins (Fig. 24 and Fig. S14). Due to its high expres-
sion level in fetal tissues with reduced or absent expression in
adult tissues, further studies were focused upon the effects of
transgenic expression of IGF2BP1 in adult erythroblasts.

IGF2BP1 Overexpression Reverses Adult Erythroblasts to a More Fetal-Like
Pattern of Globin Genes and Fetal Hemoglobin Expression. To investigate
the effects of IGF2BPI expression in cultured adult erythroblasts, an
erythroid-specific IGF2BPI overexpression (IGF2BP1-OE) lentiviral
vector was used in direct comparison with an empty vector control.
Transductions were performed in CD34(+) cells from adult healthy
volunteers cultured ex vivo in erythropoietin-supplemented serum-
free media for 21 days. IGF2BPI overexpression was confirmed by
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Fig. 1. Expression pattern of /IGF2BP1, IGF2BP2, and IGF2BP3 mRNAs in fetal
and adult human tissues. IGF2BP1, IGF2BP2, and IGF2BP3 mRNA expression in (A)
human fetal liver and adult bone marrow samples and (B) cultured cord blood
and adult blood erythroblasts. Mean value + SD is shown. AB, adult blood
erythroblasts; BM, adult bone marrow; CB, cord blood erythroblasts; FL, fetal liver.
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RT-qPCR and Western blot analyses at culture day 14 (Fig. 2 B
and C). Confocal microscopy was performed on IGF2BP1-OE
and empty vector control transductions and demonstrated that
IGF2BP1 expression was predominantly cytoplasmic (Fig. 2 D-I).

Hemoglobin profiles (HPLC) were used to determine the ef-
fects of IGF2BP1 overexpression on HbF levels at culture day 21.
Remarkably, IGF2BP1-OE caused a robust increase in the level of
HbF [HbF/(HbF + HbA)] reaching 68.6 + 3.9% in IGF2BP1-OE
cells compared with 5.0 + 1.8% in donor-matched control cells
(P =0.0004; Fig. 2 J and K). By comparison, IGF2BP3-OE caused
only moderate effects on HbF levels [HbF/(HbF + HbA)] (18.6 +
1.0% in IGF2BP3-OE cells versus 4.0 + 2.1 in donor-matched
control cells, P = 0.0021), but relatively low transgenic expres-
sion of IGF2BP3 was detected (Fig. S1 B-E).

IGF2BP1-related changes in the differentiation, maturation, and
enucleation of the cultured erythroblasts were assessed by flow
cytometry analysis of transferrin receptor (CD71) and glycophorin
A (GPA) at culture days 14 (Fig. S24 and B) and 21 (Fig. 3.4 and
B and Fig. S2 C and D). The reduced loss of surface CD71 in
IGF2BP1-OE cells compared with empty vector control suggests
altered maturation kinetics over the 21-day culture period. However,
IGF2BP1-OE did not prevent hemoglobin accumulation or terminal
maturation of the cells. Enucleation, as indicated by the lack of thi-
azole orange staining, was not significantly different in IGF2BP1-OE
compared with empty vector control transduction (average enucle-
ation: empty vector control, 31.5 + 2.2; IGF2BP1-OFE, 23.7 + 84;
P =0.20). A representative donor is shown in Fig. 3 C and D. Finally,
sorted IGF2BP1-OE enucleated cells were imaged and demonstrated
equivalent cellular morphology compared with empty vector control
samples (Fig. 3 E and F). Terminal maturation and enucleation did
not cause a major reduction in HbF (Fig. S2 E and F), and a pan-
cellular distribution of HbF was detected for IGF2BP1-OE cells (HbF
stain: empty vector control, 67.6 + 7.9; IGF2BP1-OE, 86.5 + 3.0).

The effects of IGF2BP1-OE on the expression of globin genes
were characterized by RT-qPCR analyses at culture day 14. The
changes observed in the globin genes, including high-levels of
gamma-globin mRNA accompanied by suppression of the adult
delta- and beta-globin genes, reflected a more fetal-like pattern in the
IGF2BP1-OE cells compared with control transductions (Fig. 4
A-H). IGF2BP1-OE caused a dominance (89.8% of all beta-like
transcripts) of gamma-globin mRNA [control (empty vector) =
3.2E+06 + 8.2E+05 copies per nanogram; IGF2BP1-OE = 2.0E+
07 + 5.9E+06 copies per nanogram; P = 0.046], whereas beta-globin
mRNA decreased to minor levels of about 10.1% of all beta-like
transcripts [control (empty vector) = 2.2E+07 + 4.0E+06 copies per
nanogram; IGF2BP1-OE = 2.2E+06 + 6.2E+05 copies per nano-
gram; P = 0.019] compared with the empty vector control trans-
ductions. In addition, delta-globin mRNA was also reduced to 0.03%
of all the beta-like transcripts in IGF2BP1-OE samples [control
(empty vector) = 24E+05 + 5.9E+04 copies per nanogram;
IGF2BP1-OE = 7.4E+03 + 1.8E+03 copies per nanogram; P =
0.020]. Importantly, the total output of transcripts from the beta- and
alpha-gene clusters remained unchanged [beta-cluster total output:
control (empty vector) = 2.5E+07 + 1.0E+07 copies per nanogram;
IGF2BP1-OE = 2.2E+07 + 9.6E+06 copies per nanogram; P > 0.05;
alpha-cluster total output: control (empty vector) = 1.4E+07 =+
6.8E+06 copies per nanogram; IGF2BP1-OE = 1.0E+07 + 4.8E+
06 copies per nanogram; P > 0.05].

In addition to the globin genes, the human fetal-to-adult de-
velopmental transition is characterized by increased expression of
the carbonic anhydrase I (CAI) gene and carbohydrate modifica-
tion due to the increased expression of the GCNT2 gene (17-20).
Interestingly, both CAI and GCNT2 were significantly down-
regulated in IGF2BP1-OE cells compared with empty vector con-
trol transductions (Fig. 4 I and J). Overall, these results demonstrate
that IGF2BP1 regulates HbF and other markers of the fetal-to-
adult developmental transition, suggesting that IGF2BP1 reverses
adult erythroblasts toward a more fetal-like phenotype.
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IGF2BP1 overexpression has cytoplasmic distribution and robust effects upon hemoglobin expression patterns in adult CD34(+) cells. (A) IGF2BP1 protein

expression in Human Fetal Liver (FL) Protein Medley, adult bone marrow (BM), cord blood (CB), and adult blood (AB) erythroblasts. Beta-actin was used as a loading
control. Molecular weight is shown in kilodaltons (kDa). IGF2BP1 overexpression (OE) was confirmed by (B) RT-gPCR, (C) Western blot, and (D-/) confocal analyses.
RT-gPCR was performed at culture day 14. Mean value + SD of three independent donors for each condition is shown. Western blot analysis confirmation of
IGF2BP1 overexpression at culture day 14 in CD34(+) cells versus empty vector control (C) from three healthy adult donors (3 ug per lane). Beta-actin was used as a
loading control. Molecular weight is shown in kilodaltons. Confocal analysis was performed at culture day 12 in IGF2BP1 overexpression cells versus empty vector
control. Cells were stained with 4',6-diamidino-2-phenylindole (DAPI) (blue) and IGF2BP1 (green). HPLC analyses of hemoglobin from (J) empty vector control and (K)
IGF2BP1 overexpression samples were performed at culture day 21. Datasets are representative of three independent donors for each condition. HbF and HbA peaks
are labeled on each graph (y axis, mVolts; x axis, elution time in minutes). P value was calculated using two-tailed Student's t test. *P < 0.05.

IGF2BP1 Overexpression Alters BCL11A and HMGA2 Protein Levels in
Adult Erythroblasts. Potential causes for the effects of /IGF2BPI upon
developmentally related erythroid genes were explored. Initially,
to identify mRNAs that potentially interact with IGF2BP1,
IGF2BP1 immunoprecipitation was performed followed by RNA-
Seq analysis of coprecipitating RNA. As predicted by the preva-
lence of the IGF2BP1-binding motif as well as earlier studies of
mRNA binding in nonerythroid cells (21-23), a broad list of
candidate genes was identified (Dataset S1). Due to the large
number of potential binding partners in erythroid cells, additional
studies were performed upon both mRNA and protein expression
levels of IGF2BP1-binding partners. Three previously reported
(13, 24, 25) IGF2BP1-binding partners were initially studied:
c-MYC, IGF2, and beta-actin. In the primary erythroblasts, no
significant changes were observed at their mRNA or protein levels
in the IGF2BP1-OE samples compared with empty vector control
transductions (Fig. S3). ‘Of note, manipulation of IGF2BP1 in

E5666 | www.pnas.org/cgi/doi/10.1073/pnas.1609552114

K562 erythroleukemia cells similarly had only minor effects on
those genes (26).

Following these initial studies, the potential for IGF2BP1-OE
to regulate the expression levels of the ler-7 miRNAs or LIN28 in
adult CD34(+) erythroblasts via a feedback loop was investigated.
IGF2BP1-OE had little effect on the expression of the let-7
miRNAs (Fig. S4) and the LIN284 and LIN28B RNA binding
proteins remained below detection limits.

In the context of fetal hemoglobin regulation, the effects of
IGF2BP1-OE upon five erythroid-related transcription factors
(BCL11A,HMGA2, ZBTB7A, KLF1, and SOX6) were investigated
(27-29). IGF2BP1-OE caused little change in the mRNA levels
of these genes with the exception of a small, but statistically
significant decrease in ZBTB7A4 (Fig. 5 A-E). However, major
down-regulation was detected in the protein level of BCL11A
in IGF2BP1-OE compared with empty vector controls (Fig. 5F).
HMGA?2 demonstrated a doublet banding pattern reported

de Vasconcellos et al.
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Fig. 3. Effects of IGF2BP1 overexpression upon differentiation, maturation,
enucleation, and cellular morphology of adult CD34(+) cells. Representative
flow dot plots at culture day 21 stained for CD71 and GPA from (A) empty
vector control cells and (B) IGF2BP1 overexpression. Thiazole orange staining
was used to assess enucleation for (C) empty vector control and (D) IGF2BP1
overexpression at culture day 21. Sorted enucleated cells were imaged in
(E) empty vector control and (F) IGF2BP1 overexpression after Wright-Giemsa
staining. Datasets are representative of three independent donors for each
condition. CD71, anti-transferrin receptor; GPA, anti-glycophorin A.

elsewhere (30) with a marked increase in the intensity of the upper
band after IGF2BP1-OE. ZBTB7A, KLF1, and SOX6 protein
levels remained unchanged (Fig. 5 F and G). The mRNA and
protein expression patterns of BCL11A and HMGA?2 suggest that
IGF2BP1 is a posttranscriptional regulator of both proteins. The
posttranscriptional up-regulation of HMGA?2 was expected be-
cause IGF2BP1 is a known competitor of let-7 for HMGA2
mRNA binding (31).

Because IGF2BP1 is expressed at near background levels in
adult erythroblasts, IGF2BP1 knockdown (KD) studies were
performed using fetal erythroblasts generated from cord blood
CD34(+) cells. IGF2BP1 knockdown was confirmed by RT-
qPCR and Western blot analyses at culture day 14 (Fig. S5).
For comparison with the adult cell data above, IGF2BP1 over-
expression studies were also performed in the human cord
blood-derived erythroblasts (Figs. S6-S8). All studies were
performed in triplicate. Neither knockdown, nor overexpression
of IGF2BP1 in cord blood erythroblasts prevented the matura-
tion or enucleation of the cells (Fig. S6). Moreover, IGF2BP1-
KD had no significant effects in the HbF levels in cord blood
erythroblasts (Fig. S7) (control, 49.5 + 4.7%; IGF2BP1-KD,

de Vasconcellos et al.

47.0 + 2.8%; P = 0.203). However, IGF2BP1-OE had an ad-
ditive effect on the HbF levels of cord blood erythroblasts
(control, 55.9 + 2.7%; IGF2BP1-OE, 90.9 + 1.7%; P = 0.001).
Western analyses demonstrated that the IGF2BP1-OE effects
upon BCL11A and HMGA2 were less pronounced in cord
blood compared with adult CD34(+) cells. Consistent with its
lack of HbF effects, IGF2BP1-KD had little effect upon the
expression of BCL11A or ZBTB7A (Fig. S8). The expression of
IGF2BP3 was slightly increased and LIN28B was maintained
after IGF2BP1-KD (Fig. S8).

BCL11A Is Posttranscriptionally Regulated in IGF2BP1 Overexpressing
Adult Cells. Because increased BCL11A protein expression during
human development is a major regulator of HbF (32), the po-
tential for IGF2BP1-mediated, posttranscriptional regulation of
BCL11A was pursued with great interest. The binding of
IGF2BP1 to BCL114A mRNA was indicated by the significant
enrichment of BCL11A transcripts compared with input and IgG
control RNA samples after RNA immunoprecipitation (RIP)
(Fig. 64). Because IGF2BP1 may affect RNAs stability after
binding (13), BCLI11A mRNA decay was examined after
treatment with the transcription inhibitor actinomycin D. As
shown in Fig. 6B, BCL11A transcripts decayed at the same
rate in IGF2BP1-OE samples compared with control transduc-
tions, suggesting that IGF2BP1 is not affecting the stability of
BCLI11A mRNA.

IGF2BP1 may also modulate mRNA translation (33); thus,
polysome comparisons were made in IGF2BP1-OE and empty
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Fig. 4. IGF2BP1-OE causes a more fetal-like pattern of gene expression.
IGF2BP1-OE and control transductions in adult CD34(+) cells were investigated
for (A) epsilon-globin, (B) gamma-globin, (C) delta-globin, (D) beta-globin,
(E) zeta-globin, (F) mu-globin, (G) alpha-globin, (H) theta-globin, (I) CA1, and
(J) GCNT2. RT-gPCR analyses were performed at culture day 14. Open bars
represent control transductions and black bars represent IGF2BP1-OE. Mean
value + SD of three independent donors for each condition is shown. P values
were calculated using two-tailed Student’s t test. *P < 0.05. C, empty vector
control transduction; OE, IGF2BP1 overexpression.
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vestigated for the mRNA levels of (A) BCL11A, (B) HMGA2, (C) ZBTB7A, (D) KLF1, and (E) SOX6. RT-gPCRs were performed at culture day 14. Open bars
represent empty vector control and black bars represent IGF2BP1-OE. Mean value + SD of three independent donors for each condition is shown. P values
were calculated using two-tailed Student’s t test. *P < 0.05. Western blot analyses of (F) BCL11A, HMGA2, and ZBTB7A and (G) KLF1 and SOX6 expression
using protein extracts at culture day 14 of empty vector control and IGF2BP1 overexpressed CD34(+) cells are shown. Histone H3 and lamin B1 were used as
loading controls. Molecular weight is shown in kilodaltons (kDa). C, empty vector control transduction; OE, IGF2BP1 overexpression.

vector control transductions (Fig. 6 C-H). IGF2BP1-OE gradi-
ents were nearly identical to the control (Fig. 6C). The trans-
lational status of BCL11A was investigated, and demonstrated
no differences in the polysome of IGF2BP1-OE compared with
empty vector control (Fig. 6D). IGF2BP1 protein also localized
with the RNAs in the polysomal fractions (Fig. 6E). The lack of
differences between IGF2BP1-OE and control transductions
upon the transcription, mRNA stability, and ribosomal loading
of BCL11A protein expression suggests translational repression
of BCL11A mediated by IGF2BP1.
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In addition to whole-cell mRNA quantitation, beta-globin and
gamma-globin mRNA levels were investigated in the polysome
fractions to determine whether there were changes in the
polysome-loaded profiles. In accordance with the RT-qPCR data
(Fig. 4 B and D), a robust switch that included reduction of
polysomal beta-globin, rather than a simple increase in gamma-
globin, was observed. IGF2BP1-OE caused high levels of gamma-
globin mRNA and low beta-globin levels on the highly translated
fractions. In contrast, the empty vector control demonstrated
high beta-globin and low gamma-globin levels on the same
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fractions (Fig. 6 F and G). Importantly, the total beta + gamma  6H). The switched globin pattern on the polysome profiles is
globin levels and polysome patterns remained unchanged (Fig.  consistent with the high levels of HbF produced.
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Fig. 6. IGF2BP1 colocalizes with BCL11A in the ribosomes. RNA immunoprecipitation (RIP) using antibody against IGF2BP1 was performed to assess binding of RNAs
to IGF2BP1 protein followed by RT-qPCR quantitation for (A) BCL11A transcripts. RIP was performed at culture day 14. Mean value + SD of three independent donors
for each condition is shown. (B) BCL11A stability analysis in IGF2BP1-OE versus empty vector control after actinomycin D treatment at culture day 14. Time course for
RNA stability started by adding the transcription inhibitor actinomycin D (10 pg/mL) and cells were harvested at the indicated time points. Expression levels (per-
centage) were calculated considering the time point “0 h” as 100%. Mean value + SD of two independent donors for each condition is shown. (C-H) Polysome
profiling analysis of IGF2BP1-OE versus empty vector control at culture day 12. A representative polysome gradient (control versus IGF2BP1-OE) is shown in C. BCL11A
mMRNA was measured by RT-qPCR quantitation on the polysome fractions and mean value + SD of two independent donors for each condition is shown in D. Western
blot analysis of IGF2BP1 on representative polysome fractions from one representative donor is shown in E. Beta-globin (F), gamma-globin (G), and beta-globin +
gamma-globin (H) mRNAs were measured by RT-qPCR quantitation on representative polysome profiling fractions. Results are shown from one representative donor.
Molecular weight is shown in kilodaltons (kDa). P value was calculated using two-tailed Student's t test. *P < 0.05. Experiments were performed in adult CD34(+) cells.
BP1-RIP, IGF2BP1 RNA immunoprecipitation; IgG, immunoprecipitation with isotype control; Input, RNA sample before immunoprecipitation; OE, overexpression.
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Discussion

IGF2BPI manifests highly regulated mRNA and protein expression
patterns during human ontogeny with silencing during the transition
from fetal to adult life (13-15). The developmental silencing of
these RNA-binding proteins in vivo is significant because hemo-
globin switching occurs during the same developmental period. The
absence of IGF2BP1 expression in bone marrow was confirmed and
studied further to demonstrate its presence in fetal liver and
erythroblasts cultured from cord blood CD34(+) cells. Prior studies
also validated developmental silencing by LIN28B and activation of
let-7 in erythroid cells (10, 11). IGF2BPs function primarily in the
binding and posttranscriptional regulation of multiple RNA targets
(12, 21, 34-36), as a consequence having multiple biological func-
tions, including pluripotency of stem cells and regulation of glucose
metabolism (37, 38). Because le-7 miRNAs are downstream targets
of LIN28B, and the IGF2BPs mRNAs are targets of let-7, a de-
velopmental regulatory pathway for fetal hemoglobin expression
during ontogeny emerges. IGF2BP3 overexpression demonstrated
weaker HbF effects, which will require further study, and could be a
reflection of its lower expression levels. Alternatively, the HbF ef-
fects may have a structural basis because the two proteins have only
a 73% similarity (13) and have been reported to exhibit distinct
binding preferences (21).

Increased gamma-globin mRNA and suppressed adult delta-
and beta-globin genes were identified in the adult cells, which are a
pattern of changes predicted for a reversion to a more fetal-like
phenotype. The switched pattern of gamma- and beta-globin
mRNA was also detected in the polysome profiles. Several ap-
proaches were taken to understand the mechanism underlying the
IGF2BP1-mediated changes in globin gene and protein expres-
sion. We observed that there was no significant change in the
expression levels of the ler-7 miRNAs, and no increases in the
expression of LIN28. These results essentially exclude the in-
terpretation that IGF2BP1 would act through a regulatory feed-
back loop in the let-7 cascade in adult cells. Studies of cord blood
erythroblasts demonstrated no significant effects from IGF2BP1-KD,
suggesting that lowering IGF2BP1 expression is not sufficient to
reduce HDF levels in those cells. To identify candidate partners of
interaction with IGF2BP1, we performed RNA immunoprecipi-
tation followed by RIP-Seq analysis. An extensive list of mRNA-
binding candidates was detected. However, IGF2BP1-OE mo-
dulation of proteins was more specific and clearly detected in
BCL11A and HMGA?2? levels (down- and up-regulation, re-
spectively). HMGAZ is a known downstream target of let-7 and
IGF2BP1 that has been recently associated with moderate in-
creases in HbF levels in adult human erythroblasts (29).

IGF2BP1 acts in a tissue-specific manner to regulate the ex-
pression of proteins via multiple separate mechanisms, including
increased mRNA decay, protein compartmentalization, or
translational regulation (33, 39-43). Because an IGF2BP1-OE
vector driven by the erythroid-specific SPTA1 promoter was
designed for this study, stem cell reprogramming is not required
for its erythroid effects. Also an oncofetal protein, IGF2BP1 is
commonly detected in several tumors. Its effects upon growth
are variable with speculation of both oncogenic as well as tumor-
suppressive functionality (31, 44-46) based upon the cellular
context of its expression. As shown here, overexpression of
IGF2BP1 in the committed erythroblasts did not prevent their
maturation or enucleation in ex vivo cultures.

Due to the importance of BCL11A on gamma-globin gene
regulation (47), IGF2BP1 effects upon this transcription factor
in adult cells were a primary focus of this study. We observed
enrichment of BCLIIA transcripts after RNA immunoprecipi-
tation with IGF2BP1 antibody, but the broad list of potential
binding partners identified by RIP-Seq reported here and else-
where (21) suggest that better methods are needed to predict
which mRNA species are specifically and functionally affected by
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IGF2BP1 binding. IGF2BP1 binding to BCL114A mRNA was
reported previously to motifs located in both coding and non-
coding regions (21). Informatics analysis suggests that BCL11A4
mRNA sequence (National Center for Biotechnology In-
formation, NM_022893.3) contains several dozen IGF2BP1-
binding motifs spread throughout the coding region and 3’ UTR,
so potentially dynamic and complex IGF2BP1-BCL11A interactions
may exist in the cells.

We further investigated the potential for IGF2BP1 to affect (/) the
decay and (if) the ribosomal loading and, therefore the translational
status of BCL114 mRNA. Interestingly, IGF2BP1 did not affect the
kinetics of BCL11A transcript decay as evidenced by no significant
differences observed between IGF2BP1 overexpression cells com-
pared with control transductions after actinomycin D treatment. In
addition, IGF2BP1 also did not affect the ribosomal loading of
BCL11A. These results confirm that IGF2BP1 regulates BCL11A
most likely through posttranscriptional loss with a similar pattern of
unchanged ribosomal loading that was identified in the cotranscrip-
tional repression of the transcription factor /in-41 after binding of its
RNA by the let-7a miRNA (48). However, the magnitude of gamma-
globin induction (90% of total beta-like globin mRNA) as well as the
reversal of gamma- and beta-globin in the polysome profiles suggests
that BCL11A is not a sole globin effector of IGF2BP1.

Our findings suggest two paths for future research in this
regard. First, in vivo models should be identified to determine
whether RNA-binding regulatory cascades control mammalian
developmental timing, including the timed transitions of hemo-
globin during ontogeny. The notion that the let-7 cascade influ-
ences a general, rather than globin-specific timing mechanism is
supported by regulation of two nonglobin genes, C4I and
GCNT2, which are regulated during the fetal-to-adult transition in
vivo. Of note, developmental silencing of Igf2bpl occurs during
the transition from primitive to definitive erythropoiesis in mice
(49). Because the HbF effects of IGF2BP1 were manifested in the
setting of overexpression, murine or other experimental models
are needed for the complete knockout of gene expression as well
as gene rescue experiments to understand the physiological rele-
vance of Igf2bpI and other elements of the let-7 regulatory cascade
during erythroid ontogeny. Second, these results may be further
explored for their potential in developing novel therapeutic
strategies for beta-hemoglobinopathies. Interestingly, 5-azacyti-
dine reactivates IGF2BP1 expression (25). Because IGF2BP1 is a
cytoplasmic protein, it also provides a potentially druggable route
for posttranscriptional suppression of BCL11A in adult cells. Its
globin- and nonglobin-related effects should be additionally
studied for long-term effects on erythroblast growth and differ-
entiation in vivo. The prevention or reversal of the disease course
for patients with sickle-cell anemia and beta-thalassemia major are
envisioned by safely achieving equivalent hemoglobin effects to
those demonstrated here.

Methods

Cell Culture. Written informed consent was obtained from all research sub-
jects before participation in this study, and approval for the research protocol
and consent documents using primary erythroblasts and peripheral blood
samples was granted by the National Institute of Diabetes and Digestive and
Kidney Diseases Institutional Intramural Review Board. CD34(+) cells from
adult human healthy volunteers and human cord blood CD34(+) cells
obtained from AllCells were studied ex vivo using a serum-free 21-day cul-
ture system as previously described (11).

Lentiviral Vector Construction, Production, and Transduction. The empty len-
tiviral vector (control) with the human spectrin alpha gene (SPTA1) promoter
was constructed as previously described (50). An erythroid-specific IGF2BP1
overexpression (IGF2BP1-OE) vector with human SPTA1 promoter encoding
the IGF2BP1 ORF was produced by conventional RT-PCR with high-fidelity
Taq from cultured cord blood CD34(+) mRNA with primers excluding the 5’
and 3’ UTR and containing Xhol and BamHI restriction sites for cloning as
follows: 5-ACCCTCGAGTATGAACAAGCTTTACATCGGCAACCTCAACGA-3’
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and 5-CCGGATCCTCACTTCCTCCGTGCCTGGGCCT-3'. The consensus let-7-
binding sequence encoded in the 3'-UTR region of /GF2BP1T mRNA was ex-
cluded from the IGF2BP1-OE lentivirus transgene to prevent degradation of
the transcripts in the adult CD34(+) cells. Human IGF2BP3 ORF was synthesized
by Eurofins MWG Operon and cloned into SPTA1 promoter empty vector using
Xhol and Notl restriction sites (IGF2BP3-OE). Lentivirus was packaged using
HEK293T cells (Thermo Fisher Scientific) cotransfected with packaging helper
virus plasmids (a gift from Dr. Derek Persons and Dr. Arthur Nienhuis, St. Jude
Children’s Research Hospital, Memphis, TN) and the vector plasmid (SPTA1-
empty vector control or SPTA1-IGF2BP1 overexpression vector or SPTAT-
IGF2BP3 overexpression vector) as previously described (50-52). The human
IGF2BP1 knockdown clone TRCN0000218799 as well as a nontargeting shRNA
control vector (SHC002V) were purchased from Sigma-Aldrich. CD34(+) cells
were transduced as previously described (50).

Flow Cytometry Analysis. To evaluate the differentiation stages of maturation
in adult or cord blood CD34(+) cells, antibodies directed against transferrin
receptor (CD71) and glycophorin A (Life Technologies) were used on culture
days 14 and 21 and analyzed using the BD FACSAria | flow cytometer (BD
Biosciences) as previously described (53). Thiazole orange (Sigma-Aldrich)
was used to assess enucleation on culture day 21. In adult CD34(+) cells,
fetal hemoglobin was assessed with antibody directed against HbF (Life
Technologies) at culture day 21.

Confocal Imaging. For confocal microscopy, sorted erythroblasts at culture day
12 were fixed with 3.7% paraformaldehyde in PBS (Electron Microscopy
Sciences) and permeabilized with 2% BSA/PBS containing 0.1% Triton X
(Thermo Fisher Scientific). Cells were then incubated overnight at 4 °C with
anti-human IGF2BP1 (1:500; 8482S, Cell Signaling) in 2% BSA/PBS solution,
then for 1 h at 25 °C with anti-rabbit 1gG (H+L) conjugated with CF-555
(1:500; Sigma) in 2% BSA/PBS. After secondary antibody incubation, slides
were washed three times in PBS and once in distilled water, then mounted
with ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher Sci-
entific). Laser scanned confocal images were obtained from Axio Observer
Z1 (Carl Zeiss) and analyzed with Zen2012 software.

Cytospin Preparation and Wright-Giemsa Staining. Cytospins were prepared
by centrifugation of the cytoslides at 1,000 rpm for 2 min using the Shandon
Cytospin 4 (Thermo Fisher Scientific). Cytoslides were then stained with
Wright-Giemsa (Sigma-Aldrich) for 50 s and then washed twice in distilled
water for 1 min.

Quantitative PCR for mRNAs. Total RNA was isolated using miRNeasy mini kit with
QIAzol (Qiagen) as previously described (29). cDNA was synthesized using
SuperScript Ill reverse transcriptase (Thermo Fisher Scientific) as previously de-
scribed (29, 54). Quantitative real-time PCR amplification was carried out in a
7900HT Fast Real-Time PCR System or 7500 Real Time PCR System (Thermo Fisher
Scientific) using TagMan Universal PCR Master Mix (Thermo Fisher Scientific)
following manufacturer’s instructions. RT-qPCR assays and conditions were per-
formed as previously described (11, 29, 55, 56). The following commercially
available Assay-on-Demand gene expression products (Thermo Fisher Scientific)
were used: /GF2BP1 (Hs00977566_m1), IGF2BP2 (Hs00538956_m1), IGF2BP3
(Hs01122560_g1), CAT (Hs01100176_m1), GCNT2 (Hs00377334_m1), BCLT1A
(Hs00256254_m1), HMGAZ2 (Hs00971724_m1), ZBTB7A (Hs00792219_m1),
KLF1 (Hs00610592_m1), SOX6 (Hs00264525_m1), c-MYC (Hs00153408_m1),
IGF2 (Hs01005963_m1), and Beta-Actin (Hs99999903_m1). Absolute quantifica-
tion for each gene was determined by comparison with a standard curve that
was run in parallel with biological samples in all RT-qPCR reactions as previously
described (29, 54). Reactions were performed in triplicate.

Quantitative PCR Analysis for the /et-7 Family of miRNAs. cDNA synthesis and
RT-gPCR assays and conditions were performed as previously described for
let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i, and miR-98 (10, 29).
Known concentrations of a synthetic targeted mature miRNA oligonucleo-
tide (1:10 serial dilutions, n = 6) were used for absolute quantification of
each /et-7 family in the biological samples as previously described (29). Re-
actions were performed in triplicate.

RNA-Binding Protein Immunoprecipitation. RIP was performed on day 14 adult cells
cultured from three independent donors transduced with IGF2BP1 lentiviral
particles with antibody against IGF2BP1 (MBL International, RNO07P) or rabbit IgG
using_RiboCluster Profiler RIP-Assay Kit (MBL International, RN1001) following
manufacturer’s protocol. Briefly, 10-20 million cells were washed three times in
cold PBS and lysed in 500 pL of lysis buffer supplemented with HALT Protease
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Inhibitor Mixture (Thermo Fisher Scientific/Pierce), 1.5 mM DTT (Life Technolo-
gies), and 200 units/mL RNAseOut (Life Technologies). Cell lysates were pre-
cleared using 50 pL of Dynabeads Protein A (Life Technologies) for 1 h at 4 °C.
Antibody immobilized beads were prepared using 15 pg of IGF2BP1 antibody or
rabbit IgG with 50 pL of Dynabeads Protein A for 1 h at 4 °C. Precleared cell
lysates were then incubated with either IGF2BP1 Protein A beads or rabbit I9gG
Protein A beads at 4 °C overnight. A magnet was used to capture the antibody-
immobilized beads and the supernatant was discarded. Beads were then washed
four times with 1 mL of cold washing buffer supplemented with 1.5 mM of DTT.
In the last wash, 100 pL was removed for Western blot analysis. RNA isolation
was performed according to manufacturer’s protocol with overnight pre-
cipitation at —20 °C and reconstitution in 10 pL of RNase-free water.

RNA-Seq Analysis. The RNA-Seq library was constructed from 1 pg of total
RNA pooled from three donors after rRNA depletion using Ribo-Zero GOLD
(lllumina). The Illumina TruSeq RNA Sample Prep V2 Kit was used according
to manufacturer’s instructions except where noted. The cDNAs were frag-
mented to ~275 bp using a Covaris E210. Amplification was performed using
10 cycles, which was optimized for the input amount and to minimize the
chance of overamplification. The library was sequenced on one lane of a
HiSeq2500 using Chemistry v4 to generate over 250 million 126-bp reads.
Data were processed using RTA v1.18.64 and CASAVA 1.8.2. Sequence reads
were aligned to hg19 reference build using STAR v2.5.1. QoRTs v1.0.1 (57)
was run on the data using the Gencode v19 annotation release to get the
gene counts. QoRTs also provided the reads supporting splice junctions. The
number of reads supporting each junction was indicative of the presence of
alternate transcripts as visualized in a University of California Santa Cruz
bed track.

mRNA Decay Analysis. RNA decay analysis was performed on culture day 14 adult
cells from two independent donors transduced with the IGF2BP1 lentiviral vector
or empty vector control transduction. Cells were directly harvested or treated with
the transcription inhibitor actinomycin D (Sigma-Aldrich) at 10 pg/mL concen-
tration and harvested at the indicated time points. DMSO was used as vehicle
control. Total RNA isolation, cDNA synthesis, and RT-qPCR were performed as
described above.

Polysome Profiling. Analysis was performed on culture day 12 adult cells from
two independent donors transduced with the IGF2BP1 lentiviral vector or
empty vector control. Cells were incubated with cycloheximide (Santa Cruz
Biotechnology) (100 pg/mL) in phase 2 media for 5 min and washed twice in
cold PBS supplemented with cycloheximide (100 pg/mL) before lysis using
20 mM Tris-HCl (pH 8.5), 1.5 mM MgCl,, 140 mM KCl, 0.5 mM DTT, 0.5%
Nonidet P-40, 200 units/mL ribonuclease inhibitor, and 0.1 mM cycloheximide
as previously described (16). Sucrose gradient sedimentation analysis was
performed by standard methods (58). Samples were loaded onto 10-50%
gradients in 20 mM Tris-HCl (pH 8.0), 140 mM KCl, 5 mM MgCl,, 0.5 mM DTT,
and 1 mg/mL cycloheximide buffer, and spun in a Beckman Coulter SW 41 Ti
rotor at 40 krpm for 3 h at 4 °C. Gradients were mixed on a BioComp Gradient
Master and analyzed using a Brandel BR-188 Density Gradient Fractionation
System running at 1.5 mL/min and set to collect fractions of 0.5 mL. Data were
recorded with a DataQ Instruments DI-155 and analyzed with Igor Pro-6.

HPLC Analysis. Unsorted three million cultured cells or sorted thiazole orange
negative (enucleated) and positive (nucleated) cells at day 21 were pelleted
and lysed in distilled water with two repeat freeze/thaw cycles in a dry-ice
ethanol bath. Cell debris was removed by filtration through Ultrafree-MC
devices (Millipore). Hemoglobin content was analyzed for fetal globin
(HbF) and adult globin (HbA) using a 20 x 4 mm PolyCAT A column (PolyLC
Inc.) fitted to a Shimadzu Prominence HPLC System (Shimadzu Scientific In-
struments). The hemoglobins were eluted during 15 min in 20 mM Bis-Tris,
2 mM KCN, pH 6.90 buffer with a gradient of 0-25% in a buffer consisting of
20 mM Bis-Tris, 2 mM KCN, 200 mM NaCl, pH 6.45. Variant Hemoglobin
Control AF (Analytical Control Systems Inc.), which has values for HbA and
HbF of ~60% and 40%, respectively, was used as a standard control. He-
moglobin proteins were detected by absorbance measurements at 415 nm.
The HbA and HbF peaks were quantitated using the LabSolutions software
(Shimadzu Scientific Instruments). Total areas under the HbA and HbF peaks
were used for ratio comparisons.

Western Analyses. Cytoplasmic and nuclear extracts were prepared using the
NE-PER Nuclear Protein Extraction Kit (Pierce Biotechnology) as previously
described (11), and protein extracts were separated on a NUPAGE NOVEX
4-12% Bis-Tris or 12% Bolt Bis-Tris Plus gels as described previously (11). The
nitrocellulose membranes were probed with the following antibodies:
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BCL11A (Abcam), IGF2BP1 (Cell Signaling Technology), IGF2BP3 (Abcam), LIN28B
(Cell Signaling Technology), HMGA2 (GeneTex), c-Myc (Cell Signaling Technol-
ogy), KLF1 (Abcam), SOX6 (Santa Cruz Biotechnology), ZBTB7A (Abcam), and
IGF2 (NeoScientific). Histone H3 (Abcam), lamin B1 (Abcam), alpha-tubulin
(ProSci Inc.), or beta-actin (Abcam) were used as loading controls. To assess
IGF2BP1 expression in fetal liver and adult bone marrow, Human Fetal Liver
Protein Medley (635342) was purchased from Clontech Laboratories, and the
mononuclear cells from adult bone marrow were separated using Ficoll-Paque
Premium (GE Healthcare Life Sciences). The amount of protein loaded was be-
tween 10 and 20 pug per lane, unless otherwise noted in the text.
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