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ORIGINAL ARTICLE

The RNA-binding protein QKI5 regulates primary miR-124-1
processing via a distal RNA motif during erythropoiesis
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MicroRNA (miRNA) biogenesis is finely controlled by complex layers of post-transcriptional regulators, includ-
ing RNA-binding proteins (RBPs). Here, we show that an RBP, QKIS, activates the processing of primary miR-124-
1 (pri-124-1) during erythropoiesis. QKI5 recognizes a distal QKI response element and recruits Microprocessor
through interaction with DGCRS. Furthermore, the recruited Microprocessor is brought to pri-124-1 stem loops by a
spatial RNA-RNA interaction between two complementary sequences. Thus, mutations disrupting their base-pairing
affect the strength of QKIS activation. When erythropoiesis proceeds, the concomitant decrease of QKIS releases Mi-
croprocessor from pri-124-1 and reduces mature miR-124 levels to facilitate erythrocyte maturation. Mechanistically,
miR-124 targets TAL1 and c-MYB, two transcription factors involved in normal erythropoiesis. Importantly, this
QKI5-mediated regulation also gives rise to a unique miRNA signature, which is required for erythroid differentia-
tion. Taken together, these results demonstrate the pivotal role of QKIS in primary miRNA processing during eryth-

ropoiesis and provide new insights into how a distal element on primary transcripts affects miRNA biogenesis.
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Introduction

MicroRNAs (miRNAs) are versatile regulators of
gene expression in complex organisms. Therefore, the
findings that miRNAs themselves are tightly controlled
to regulate gene expression in a temporally restrained
and cell-specific manner, are not surprising [1, 2]. The
canonical pathway of miRNA biogenesis is initiated by
the generation of primary miRNAs (pri-miRNAs), fol-
lowed by two-step cleavage [3, 4]. Two RNase III gene
family members, Drosha and Dicer, are the key catalyz-
ers in pri-miRNA cleavage. In particular, Drosha and its
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cofactor DGCR&/Pasha form a trimeric complex called
Microprocessor that recognizes and cuts hairpin-contain-
ing pri-miRNAs to generate the intermediate precursor
pre-miRNAs [5-7]. Once pre-miRNAs are exported to
the cytoplasm, they are cleaved by Dicer, leaving two
~22 nt strands that pair to each other with ~2 nt 3’ over-
hangs [8, 9]. One strand of each duplex (mature miRNA,
hereafter as miRNA) is loaded onto an Argonaute protein
to form the core of the silencing complex, and the other
strand is often discarded [10].

Pri-miRNA processing is a critical step in miRNA
biogenesis because it not only defines the terminus
of a miRNA but also determines miRNA abundance.
A typical metazoan pri-miRNA consists of an ~33 bp
stem with an apical loop and basal single-stranded RNA
(ssRNA) segments, which are thought to be critical for
Microprocessor recognition and accurate processing
[11]. Recently, the stoichiometry of Microprocessor was



revealed: Drosha recognizes and measures the basal ssR-
NA-dsRNA junction, whereas DGCRS interacts with the
apical elements to ensure processing fidelity [7]. Other
sequence elements are also reported to be involved in
pri-miRNA processing; the CNNC motif, residing in the
basal region, could be recognized by SRp20 (also called
SRSF3) or DEAD-box RNA helicase p72 (also called
DDX17) and promote human pri-miRNA processing [12].
Additional processing features in the apical loop also
contribute to pri-miRNA recognition and processing. For
example, heterogeneous nuclear ribonucleoprotein Al
(HNRNPA1) and KSRP bind to the apical loop of pri-
miR-18a and pri-let-7, respectively, and facilitate Dro-
sha-mediated processing [13, 14]. LIN28 recognizes the
apical loop of pri-let-7 and suppresses its processing by
Drosha [15-17]. Nevertheless, including the UG motif
in the basal region and the UGUG motif in the apical
loop [12, 18], all these functional motifs only account for
~80% of human miRNAs, suggesting that other deter-
minants may exist and contribute to efficient recognition
and processing by Microprocessor.

In contrast to previously reported cis-elements that
are embedded in or near the pri-miRNA stem loops to
affect Microprocessor activity [4], here we identified an
RNA motif that could act at a distance to promote pri-
124-1 processing by Microprocessor. In this case, QKI5
recognized the QKI response element (QRE) ~300 nt
upstream of pri-124-1 stem loops. Once activated, QKI5
recruited Microprocessor via interaction with the double
DRSM domain of DGCRS. As this recruitment was a
few hundred bases apart from pri-124-1 stem loops, we
proposed a spatial RNA-RNA interaction, which brings
the QRE and stem loops into close proximity, thus al-
lowing QKI5-recruited Microprocessor to reach pri-124-
1 stem loops and to activate its processing. Moreover,
QKI5 regulates a unique miRNA signature, with some
of them being miR-124-like attenuators for erythropoi-
esis. Thus, QKIS contributes to the post-transcriptional
regulation of miR-124 and other miRNAs, conferring the
exquisite miRNA balance necessary for erythroid devel-
opment. Notably, RNA-binding proteins (RBPs) bound
to separate sites on pri-miRNA transcripts could act at a
distance to orchestrate miRNA biogenesis, revealing that
pri-miRNAs may differentially benefit from the different
motifs that they carry.

Results
The expression of pri-miRNAs and miRNAs during eryth-
ropoiesis

To investigate whether miRNA biogenesis is regulated
at the post-transcriptional level during erythropoiesis,
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we first measured the expression of both the primary and
mature transcripts of 16 candidate miRNAs that have
been reported to participate in either erythroid differ-
entiation or myeloid leukemogenesis (Supplementary
information, Table S1). We surveyed RNA samples from
primary cultured CD34" hematopoietic stem/progenitor
cells (HPCs) undergoing erythropoietin (EPO)-induced
erythroid maturation (Figure 1A) and two erythroleu-
kemia cell lines (K562 and HEL) undergoing erythroid
differentiation by hemin treatment (Supplementary in-
formation, Figure S1A). Dramatic expression changes
of individual miRNAs were observed: (1) consistent
alteration in the levels of both pri-miRNAs and miRNAs,
such as increases in miR-451, -23a, -15a and -17 or de-
creases in miR-191, -223, -126 and -433; (2) irregular
changes in the levels of either pri-miRNAs or miRNAs,
such as miR-125b, -155, -221 and -146a; and (3) reverse
relationship between pri-miRNAs (increased) and miR-
NAs (decreased), such as miR-128, -129, -150 and -124,
which indicates a post-transcriptional control of their ex-
pression (Figure 1B, Supplementary information, Figure
S1C and Table S2).

Attenuated pri-124-1 processing is coupled with erythro-
poiesis

Due to the significant changes in pri-124-1 and miR-
124 levels during erythropoiesis (Figure 1C and Sup-
plementary information, Figure S1B), we decided to
further investigate its regulation. As human miR-124
is represented at three different genomic loci (miR-
124-1 (8p23.1), miR-124-2 (8q12.3) and miR-124-3
(20q13.33)), the transcription efficiencies of the multiple
loci were first evaluated in different erythroid cells. For-
tunately, miR-124 was primarily expressed from the miR-
124-1 locus in HPCs, K562 and HEL cells (Figure 1D).
Therefore, the subsequent analysis focused only on miR-
124-1. To further confirm the opposing expression pat-
terns of pri-124-1 and miR-124, northern blot was per-
formed and showed that pri-124-1 was readily detectable
and increased over the course of erythroid differentiation
in HPCs and both cell lines (Figure 1E). In contrast, the
precursor (pre-124-1) and miR-124 displayed expression
changes opposite to that of pri-124-1, with decreased
levels throughout the differentiation time course (Figure
1E). Similar results were also observed from quantitative
real-time PCR (q-PCR) analysis (Figure 1F and Supple-
mentary information, Figure S1C). Although the miR-
124 level was much lower in cell lines compared with
HPCs (Figure 1E), which might be due to their cancerous
origin, the discrepancy between pri-124-1 and pre-124-1
changes is still obvious. Therefore, these data indicate at-
tenuated pri-124-1 processing at the Microprocessor step
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during erythropoiesis (Figure 1G).

RBP screening identifies several pri-124-1-associated proteins

As this regulation occurs at RNA levels, we speculat-
ed that an RBP might participate in this process. As the
first step to investigate the possible mechanisms for this
regulation, the full-length transcript of pri-124-1 must
be obtained. Therefore, 5" and 3’ RACE were conduct-
ed in K562 cells, and a specific 961-nt RNA transcript
(Supplementary information, Figure SID and S1E) was
identified to be perfectly mapped to the miR-124-1 locus
in human genome. RBPs usually recognize their targets
either in a sequence- or secondary structure-specific
manner. Due to the flexible endogenous RNA structures,
it is more reasonable to predict functional RBPs by their
binding sequence motifs. Therefore, we used the RBPDB
database (http://rbpdb.ccbr.utoronto.ca/) to perform this
bioinformatics prediction (Supplementary information,
Table S3). This algorithm yielded ~20 RBPs with one or
more binding sites on pri-124-1 (Supplementary informa-
tion, Table S3 and Figure S2A). To screen the functional
RBPs that could modulate pri-124-1 processing, we ex-
amined both pri-124-1 and miR-124 levels in K562 cells
upon the introduction of RBP-specific siRNAs (Supple-
mentary information, Figure S2B and Figure 2A). We
speculated that two classes of RBPs participate in this
process: (1) negative RBPs that attenuate pri-124-1 pro-
cessing as shown by a decrease in the level of pri-124-
1 but an increase in miR-124 level in response to RBP
knockdown and (2) positive RBPs that promote pri-124-1
processing as shown by an increase in pri-124-1 level but
a decrease in miR-124 level when it was reduced (Figure
2B). Accordingly, these results indicated KSRP, ELAV1
and EIF4B as the negative regulators, whereas QKIS,
SRSF10 and PABPCI1 as the positive regulators for pri-
124-1 processing (Figure 2A and 2B). Of these RBPs,
QKI5 was the most attractive candidate for the following
reasons: (1) QKI5 knockdown led to the biggest differ-
ence in pri-124-1 (~5-fold increase) and miR-124 (~3-fold
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decrease; Figure 2A); (2) a nuclear localization signal in
the C-terminus of QKIS allows its import into the nucle-
us, where Microprocessor-mediated cleavage occurs; and
(3) QKI5 was downregulated in HPCs and K562 cells
upon erythroid induction (Figure 2B), consistent with
the changes of miR-124 (Figure 1E); (4) previous studies
showed contradictory results regarding the effect of QKI
isoforms on miRNA expression [19, 20].

QKI5 affects pri-124-1 processing

To further validate the regulatory effect of QKIS on
pri-124-1 processing, we performed q-PCR to measure
the levels of pri-124-1 and miR-124 in K562 and HEL
cells upon QKIS overexpression or knockdown. As
expected, QKI5 overexpression reduced pri-124-1 but
increased miR-124 in both cell lines (Figure 2C, Supple-
mentary information, Figure S2C and S2D). In contrast,
QKI5 knockdown resulted in increase in the level of pri-
124-1 but decrease in miR-124 level (Figure 2C, Sup-
plementary information, Figure S2C and S2D). miR-23a
(without QRESs on pri-23a~27a~24-2), which is irrelevant
to this pathway, showed no changes in response to QKIS
overexpression or knockdown (Figure 2C, Supplementa-
ry information, Figure S2C and S2D).

Similar to the above findings observed in the K562
and HEL cells, QKI5 knockdown by lentiviral delivery
of RNAI vectors augmented pri-124-1 accumulation but
decreased miR-124 in HPCs (Figure 2D). Furthermore,
a luciferase reporter construct containing the miR-124-1
gene promoter was not affected by QKIS, eliminating the
possibility of transcriptional induction of pri-124-1 by
QKI5 (Supplementary information, Figure S2E). Collec-
tively, these observations indicate that QKI5 specifically
activates pri-124-1 processing in erythroid cells.

The regulation of pri-124-1 by QKI5 is dependent on its
binding to ORE

A distal QRE was found ~300 nt upstream of the
pri-124-1 stem loops (Figure 3A). As QKIS has been

Figure 1 Post-transcriptional control of pri-124-1 during erythroid differentiation. (A) May-Grunwald-Giemsa staining shows
the morphology of HPCs in erythroid culture (E culture). Scale bar, 10 um. (B) Heatmap representation of g-PCR results
of pri-miRNAs and miRNAs in HPCs, K562 and HEL cells. Each value was normalized by its percentage to the sum of ex-
pression at all time points (e.g., for pri-124-1, the value of its 0 h expression = 0 h/(0 + 24 + 48 + 72 h)). (C) The calculated
relative miRNA processing efficiency in HPCs. (D) g-PCR analysis of the relative abundance of three primary transcripts
corresponding to three miR-124 loci in the human genome. The expression of each transcript was normalized to pri-124-1
using the AACq calculation method. (E) Northern blot analysis of pri-124-1, pre-124-1 and miR-124 transcripts in HPCs, K562
and HEL cells in E culture. The upper panel shows hybridization of pri-124-1 with DIG-labeled RNA probes; 18s rRNA was
used as a loading control. The lower panel shows hybridization of pre-124-1 and miR-124 with isotope-labeled DNA probes;
U6 snRNA was used as a loading control. (F) g-PCR results shows the relative expression levels of pri-124-1, pre-124-1 and
miR-124 in HPCs. Arrows indicate the primer pairs used for amplification. (G) A schematic representation of the regulated
processing pathway of miR-124-1 during erythropoiesis. Error bars reflect SEM from three biological replicates if not stated
otherwise. Significance was determined by #-test with *P < 0.05; **P < 0.01; ***P < 0.001.
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shown to modulate various mRNA targets via binding
to a specific QRE [21, 22], we investigated whether this
interaction also accounts for its regulation on pri-124-1
processing. Earlier studies have reported that the substi-

tution of valine 157 to glutamic acid (V157E) in the KH
domain of QKIS abolished its ability to bind to QREs [23].
Thus, we generated two QKIS constructs carrying either
a V157E mutation (pCMV6-QKI5"""") or a deletion
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of the KH RNA-binding domain (pCMV6-QKI5**") to
assess their effects on the output of pri-124-1 and miR-
124 from a plasmid (pCMV6-124 WT) in which human
miR-124-1 is transcribed from the cytomegalovirus
(CMV) promoter (Figure 3A). g-PCR results showed that
the mutant QKI5"""" or QKI5**" abolished the effects
caused by wild-type QKI5 (Figure 3B, Supplementary
information, Figure S3A and S3B). Moreover, when the
QRE sequence on pri-124-1 was mutated (pCMV6-124
MUT), even wild-type QKIS failed to regulate the level
of the CMV-transcribed mutant pri-124-1 and miR-124
(Figure 3B). Thus, the pri-124-1 processing was regulat-
ed by QKIS binding.

QKI5 is capable of binding to pri-124-1 in vitro and in
Vivo

To further confirm the physical interactions between
QKI5 and pri-124-1, RNA-immunoprecipitation (RIP)-
PCR with three sets of primers (Figure 3C) was con-
ducted and showed that QKI5 could bind endogenous
pri-124-1 but not pri-23a~27a~24-2 in K562 and HEL
cells (Figure 3D and 3E). To determine whether the
QRE motif in pri-124-1 is a bona fide QKI-binding site,
RNase H protection assay was performed by incubat-
ing 124-QRE RNAs (174 nt) harboring the predicted
QRE with different DNA oligonucleotides A-C (Figure

3F). All three probes (A-C) were able to target RNase
H-mediated cleavage to none protein-incubated RNAs,
whereas in control reactions done in the presence of an
unrelated oligonucleotide (Ctr), 124-QRE RNA remained
intact (Figure 3G). In contrast, the digestion efficiency
of QKI5-preincubated RNA was not affected by oligo-
nucleotides B-C, but was affected by oligonucleotide A
(Figure 3G and 3H). Thus, oligonucleotide A spanning
the predicted QRE motif protected the RNA component
from probe-targeted RNase H digestion to some extent,
confirming QKIS5’s binding on this site (Figure 3H).

To learn more about the interaction between QKIS
and pri-124-1, RNA electrophoretic mobility shift assay
(EMSA) was further performed using purified recom-
binant QKIS protein. P27 mRNA, which had been re-
ported to be bound and stabilized by QKI, was used as
a positive control [24]. The slow-migrating QKIS5/miR-
124-QRE (a 29 nt RNA probe harboring the QRE motif
of pri-124-1) complexes formed in a dose-dependent
manner with the addition of QKIS protein (Figure 3I). In
addition, a QRE-mutant probe could not efficiently bind
QKIS5, and an unlabeled probe sufficiently out-competed
the slow-migrating complexes, confirming the specific
interaction between QKI5 and pri-124-1 in vitro (Figure
3D).

Subsequently, we performed RNA pull-down anal-

Figure 3 QKI5 binds to the pri-124-1 transcript in vitro and in vivo. (A) A schematic representation of co-transfection with
wild-type (124_WT) or mutant (124_MUT) pri-124-1 constructs and either wild-type (QKI5) or mutant (QKI** and QKI5'*"%)
QKI5 constructs. The nucleotide positions of the QRE and stem loop are indicated in the cloned pri-124-1 sequence used
in this study. (B) g-PCR shows the changes in the levels of pri-124-1 (red bar) and miR-124 (green bar) upon transfection
of the indicated combinations into 293T cells as shown in A. (C) A schematic representation of the primers used in RNA-IP-
PCR analysis. (D) RNA-IP-PCR assays for pri-124-1 performed on anti-QKI5 immunoprecipitates (QKI5) from K562 and HEL
cell lysates. An unrelated IgG served as the negative control (IgG). RT: no reverse-transcribed PCR. QKI5 RNA-IP assays for
the irrelevant pri-23a are shown in the right panel. (E) g-PCR analysis of pri-124-1 and pri-23a associated with QKI5 evalu-
ated by RNA-IP assays in K562 cells. The RNA-IP-g-PCR results are shown as fold enrichment compared with input. (F) A
schematic representation of the DNA oligonucleotides used in the RNase H protection assays. The antisense DNA oligonu-
cleotides A-C span different regions of 124-QRE RNAs, whereas Ctr is an unrelated control oligonucleotide. (G, H) RNase H
protection assays. RNase H cleavage results of reaction with either 124-QRE RNAs or QKI5-protected 124-QRE RNAs tar-
geted by antisense DNA oligonucleotides A-C (lanes 2-4 and 7-9) or by an unrelated control oligonucleotide (Ctr, lanes 5 and
10; G). Additional control reactions were performed in the absence of oligonucleotide (input, lanes 1 and 6). Arrow indicates a
reduced cutting site (G). The quantitative data were shown in H. The relative protection ratio was defined by the percentage
of undigested 124-QRE in reactions with QKI5 protein to that without QKI5, and the relative digestion ratio was defined by the
percentage of digested segments in reactions with QKI5 protein to that without QKI5. The data were quantified using ImageJ
software. (l) In vitro association of QKI5 with the pri-124-1 QRE as identified by an RNA-EMSA assay in which 5"-biotin-la-
beled miR-124-QRE probes were incubated with different concentration of purified Flag-QKI5 (the left panel). A reported 5'-bi-
otin-labeled p27-QRE probe was used as the positive control (the right panel). A mutant probe was used as the control, and
the unlabeled miR-124-QRE probe was used in the competitive assays. (J) A schematic representation of the RNA pull-down
assays using MS2-tagged pri-124-1 affinity purification. (K) Immunoblot of endogenous QKI5 in RNA pull-down assays from
293T cells transfected with either MS2-tagged wild-type pri-124-1 (124_WT-MS2) or MS2-tagged QRE mutant pri-124-1 (124_
MUT-MS2) constructs. An unrelated protein GAPDH was used as the control. (L) The competitive association of non-MS2-
tagged pri-124-1 with endogenous QKI5 in RNA pull-down assays performed on 293T cells co-transfected with 124_WT-MS2
and increased dosages of non-tagged 124_WT. Error bars reflect SEM from three biological replicates if not stated otherwise.
Significance was determined by #-test with *P < 0.05; **P < 0.01; ***P < 0.001.
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ysis by generating a new MS2-tagged wild-type pri-
124-1 construct (124 _WT-MS2, in which the MS2
hairpins could bind to the MS2 coat protein) and another
QRE-mutant pri-124-1 construct (124 MUT-MS2; Fig-
ure 3J). 293T cells expressing MS2-tagged pri-124-1
exhibited an ~200-fold higher level of pri-124-1 than the
empty constructs (Supplementary information, Figure
S3C). The addition of MS2 (MS2 coat protein)-MBP
(maltose-binding protein) fusion protein to the lysates
with amylose resin recovered up to 30% of pri-124-1
RNAs (Supplementary information, Figure S3D). More
importantly, QKI5 could be co-purified with the wild-
type MS2-tagged pri-124-1 but not the QRE-mutant pri-
124-1 (Figure 3K); the irrelevant protein GAPDH was
used as a negative control (Figure 3K). The interaction
specificity was further examined by a competitive RNA
pull-down experiment. QKI5 binding to pri-124-1 was
efficiently and competitively inhibited by increasing the
amounts of non-MS2-tagged pri-124-1 (Figure 3L and
Supplementary information, Figure S3D). Taken togeth-
er, these data suggest that pri-124-1 RNA represents a
bona fide target for QKIS.

QKI5 is associated with Microprocessor (DGCR8/Dro-
sha) complex

Microprocessor initiates miRNA processing and de-
fines the abundance of certain pri-miRNAs and miRNAs.
The above results prompted us to examine whether QKI5
regulates pri-124-1 processing through interacting with
this complex (DGCRS8/Drosha). To test this possibility,
K562 and HEL extracts were incubated with either Flag-
QKI5- or Flag-RFP-coated beads, and the results showed
that DGCR8 and Drosha specifically bound to QKIS
but not the RFP protein (Figure 4A). To further exam-
ine whether QKIS is associated with Microprocessor in
vivo, co-1P experiment was performed and showed that
the endogenous QKI5 could interact with DGCRS8 and
Drosha in an RNA-independent manner (Supplementary
information, Figure S3E). The subsequent protein frac-
tionation experiments by fast protein liquid chromatog-
raphy (FPLC) further indicated that native QKI5 from
K562 cell nuclear extracts (NEs) was detected in chro-
matographic fractions from a Superose 6 column and had
a relatively symmetrical peak of ~440 kDa (Figure 4B).
Interestingly, the elution pattern of QKIS overlapped
with that of Drosha and DGCRS [6], supporting the idea
that endogenous QKIS may also be associated with Mi-
croprocessor. The subsequent immunoprecipitation (IP)
assay confirmed this in vivo interaction in K562 and HEL
cells (Figure 4C). In addition, double labeling of K562,
HEL and 293T cells using QKI5 mouse monoclonal and
Drosha or DGCRS rabbit polyclonal antibodies revealed
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their co-localization in the nucleus (Figure 4D).

To characterize the interactions of these proteins
more precisely, GST pull-down assay was performed by
incubating lysates of 293T cells expressing exogenous
Flag-Drosha or Flag-DGCR8 with immobilized GST or
GST-QKI5 proteins. Immunoblots of pull-down samples
indicated that QKI5 directly associated with DGCRS, but
not Drosha (Figure 4E). Furthermore, to determine the
protein interaction interface of QKI5 and DGCRS8, GST
pull-down assays were performed with the GST-QKIS
protein and Flag-tagged full-length (1-773 aa), AC263
(1-510 aa), AC473 (1-300 aa), ANS510 (511-773 aa) and
AN300 (301-773 aa) DGCRS constructs expressed in
293T cells. The results showed that the double DRSM
domain of DGCRS is responsible for the interaction of
DGCRS8 with QKIS (Figure 4F). In addition, we mapped
the DGCRS interaction interface of QKIS using GST fu-
sions of the full length (1-341 aa), N-terminal fragment
(1-180 aa) and C-terminal fragment (181-341 aa) of
QKIS. Our results suggest that the KH domain of QKIS
is responsible for their interaction (Figure 4F).

QKI5 increases Microprocessor recruitment to pri-124-1

To test whether the QKI5/DGCRS8/Drosha complex
assembled specifically on pri-124-1, RNA pull-down
analysis was performed with either MS2-tagged wild-
type pri-124-1 (124 WT-MS2) or QRE-mutant pri-124-1
(124-MUT-MS2; Figure 5A). The associations of QKIS,
DGCRS8 and Drosha with pri-124-1 were dramatically
enriched when the QRE motif was present (Figure 5A).
Similar to QKIS, the co-precipitation of DGCRS and
Drosha was competitively reduced by adding non-MS2-
tagged pri-124-1 (Figure 5B). Furthermore, ectopic ex-
pression of QKI5 increased the association of DGCRS
and Drosha with pri-124-1, whereas reduced expression
of QKI5 decreased their recruitment to pri-124-1 RNAs
(Figure 5C). As the endogenous levels of DGCR8 and
Drosha proteins were relatively constant upon QKIS
overexpression or knockdown (Figure 5C), the mech-
anism by which QKI5 activated pri-124-1 processing
might primarily rely on its regulation of the recruitment
efficiency of Microprocessor. These results indicate that
QKIS recognizes the QRE on pri-124-1 and increases
Microprocessor recruitment by interacting with DGCRS.

QKI5 promotes pri-124-1 processing in vitro and in vivo

We next asked whether QKI5 could modulate Mi-
croprocessor function on pri-124-1 processing in vitro.
To avoid influence of QKI5 protein in HeLa cell NEs,
we first performed QKIS depletion by a specific QKIS
antibody. Then the transcribed wild-type (124 WT) or
QRE-mutant (124 _MUT) pri-124-1 substrates were la-
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Figure 4 QKI5 interacts with Microprocessor complex. (A) Identification of the interaction of QKI5 with Drosha and DGCRS8 by
affinity purification. 293T cells were transfected with a construct encoding Flag-QKI5 or Flag-RFP, and then Flag-tagged bait
proteins were recovered from cell lysates on Flag-agarose beads. Whole-cell lysates from K562 or HEL cells were subjected
to affinity purification with the indicated bait. Bound proteins were eluted from the beads and immunoblotted with the indicated
antibodies. (B) Co-fractionation of QKI5 and Microprocessor by FPLC. Nuclear extracts from K562 cells were fractionated on
a Superose 6 gel filtration column. Chromatographic elution profiles and immunoblot analysis of the chromatographic fractions
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beled with *’P and subjected to processing by QKI5-de-
pleted NEs. The addition of increased amounts of QKI5
protein increased the processing efficiency of 124 WT,
as indicated by a higher amount of pre-124-1 products
(Figure 5D and 5E). In contrast, QKI5 failed to affect
the processing of either 124 MUT or a control pri-
23a~27a~24-2 to corresponding precursor miRNAs (Fig-
ure 5D and 5E, Supplementary information, Figure S4A).
To further verify the above findings in vivo, GFP-labeled
wild-type (GFP-124 WT) or QRE-mutated (GFP-124
MUT) pri-124-1 constructs (Supplementary information,
Figure S4C) were co-transfected with pCMV6-QKI5
into 293T cells, respectively. The introduction of QKIS
significantly attenuated the fluorescence of GFP-124
WT, whereas the fluorescence of GFP-124 MUT was
unaffected by ectopic QKIS expression (Supplementary
information, Figure S4C). These data suggest that QKI5
could increase the processing of pri-124-1 carrying a
functional QRE motif.

QKI5 promotes pri-124-1 processing at a distance

As the identified QRE is localized ~300 nt upstream
of the pri-124-1 stem loops, we aimed to determine how
a distal RNA motif facilitates its processing. In cells,
despite being single-stranded, RNA molecules often fold
back on themselves to form base-paired structures be-
tween short stretches of complementary sequences; thus,
sites separated by many base pairs may not actually be
as far apart as previously thought. In addition, the direct
RNA-RNA interaction may actively bring two RNA seg-
ments into close proximity. To computationally predict
the possible interactions between the QRE and pri-124-1
stem loop regions, we used the IntaRNA webserver from
http://rna.informatik.uni-freiburg.de:8080/v1/IntaRNA.
jsp [25]. A highly predicted RNA-RNA interaction region
(R1:R2) was localized adjacent to the QRE motif and
near downstream of the pri-124-1 stem loops (Figure S5F
and Supplementary information, Figure S4D). To test this
possibility, we performed band shift experiments with
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four different in vitro synthesized RNAs: wild-type R1
and R2 (R1_WT and R2_ WT), as well as mutant R1 and
R2 in which the predicted base-paired stem is disrupted
(R1_MUT and R2 MUT) (Figure 5F and Supplementary
information, Table S4). In the first round, biotin-labeled
R2 WT was incubated with increasing concentrations of
R1_WT or R1_MUT, and band shifts were observed with
R1 WT but not with R1_MUT (Figure 5F). Similarly,
R2 MUT was not able to interact with R1_WT (Figure
5F). Nevertheless, the compensatory mutation (R1
MUT), which was able to reform a base-paired stem with
different primary sequences, still retarded the R2 MUT
RNAs (Figure 5F).

To further determine whether this RNA-RNA interac-
tion was responsible for QKI5 regulation, constructs ex-
pressing one or two of the variants (124-R1_MUT, 124-
R2 MUT or 124-R1+2_MUT), as well as 124 WT (Fig-
ure 5G) were used in MS2-tagged RNA pull-down (Figure
5H) and in vitro processing assays (Figure 51 and 5J).
First, the associations of QKI5, DGCRS and Drosha with
the four pri-124-1 transcripts were not affected no matter
whether the R1:R2 interaction existed or not (Figure SH).
However, disruption of this interaction (mutation in R1
or R2 alone: 124-R1_MUT or 124-R2_MUT, respective-
ly) was sufficient to abrogate QKIS function in in vitro
processing assays (Figure 5I and 5J). Nevertheless, this
regulation did not reflect a requirement for the primary
RNA sequence because the compensatory mutation (124-
R1+R2 MUT) restored full QKIS activity in pri-124-1
processing assay (Figure 51 and 5J). Collectively, these
results suggest that both Microprocessor recruitment and
R1:R2 interactions were required for QKI5 function.
Through the spatial RNA-RNA interaction, the QKI5-re-
cruited Microprocessor reaches the pri-124-1 stem loops
and facilitates its processing.

Given the significance of QRE for QKI5’s ability to
regulate pri-124-1 cleavage, we hypothesized that other
pri-miRNAs harboring a QRE might also be reasonable
targets of QKIS. To investigate this possibility, we in-

are shown. The positions of the molecular mass size markers are indicated by arrowheads, and an equal volume from each
fraction was analyzed. (C) QKI5 interacts with the DGCR8/Drosha complex in vivo. Whole K562 or HEL cell lysates were
immunoprecipitated with anti-QKI5. Immunocomplexes were then immunoblotted using antibodies against the indicated pro-
teins. An unrelated protein GAPDH was used as the control. (D) Immunofluorescence analysis of the colocalization of QKI5
with Drosha or DGCRS in K562, HEL and 293T cells. The cells were immunostained with anti-QKI5 and anti-Drosha or an-
ti-DGCRS8 and labeled with fluorescent secondary antibodies. Red, QKI5; green, Drosha or DGCRS; blue, nucleus. Scale bar,
30 um. (E) QKI5 specifically interacts with DGCR8 in vitro. Immobilized GST or GST-QKI5 was incubated with 293T cell ly-
sates expressing Flag-Drosha or Flag-DGCR8. Bound proteins were eluted from the beads and immunoblotted with anti-Flag.
The amounts of GST and GST-QKI5 were determined by immunoblotting with anti-GST. (F) Mapping of the DGCR8 and QKI5
domains involved in their interaction. Left panel: the domain structures of DGCRS8 and its deletion mutants are shown. Immo-
bilized GST-QKI5 was incubated with 293T cell lysates expressing full-length DGCR8 or one of the Flag-DGCR8 deletion mu-
tants. Right panel: the domain structures of QKI5 and its deletion mutants are shown. Immobilized GST-QKI5 or its deletion
mutants were incubated with 293T cell lysates expressing Flag-DGCRS.
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troduced a QRE either upstream or downstream of pri-
23a~27a~24-2 (Supplementary information, Figure
S5A). As expected, the mature miRNAs expressed from
both 23a_ QRE™ and 23a_QRE™"" were induced by ~3-
fold upon ectopic QKI5 expression, whereas pri-miRNA
was reduced by ~5-fold, indicating that processing of
the QRE-containing pri-23a~27a~24-2 was promoted
(Supplementary information, Figure S5B). In addition,
RNA pull-down analysis using MS2-tagged wild-type
or QRE-containing pri-23a~27a~24-2 was performed to
validate whether the regulation is attributed to QKI5-me-
diated recruitment of the Microprocessor. Immunoblot
of RNA precipitates showed that DGCR8 and Drosha
were indeed recruited more strongly to QRE-contain-
ing pri-23a~27a~24-2, regardless of whether the QRE
was inserted upstream or downstream of miRNA stem
loops (Supplementary information, Figure S5C and
S5D). Thus, the action of the QRE-containing pri-
23a~27a~24-2 appeared to mimic the effect of QKIS on
pri-124-1 in vitro.

Attenuation of miR-124 and QKI5 is required for eryth-
roid differentiation

QKI5 was initially identified as a candidate for the
classical neurologic mutation gk*, which is related to gli-
al cell differentiation [26, 27] as well as various develop-
mental processes; however, little is known regarding its
role in erythroid programming. In our experiments, the
level of QKI5 continuously decreased during erythroid
differentiation of HPCs (Figure 2B), indicating its in-

Fang Wang et al.

volvement in this process. In addition, the expression of
QKIS paralleled that of miR-124 during this process, fur-
ther indicating a physiological connection between these
regulators. To examine the relevance of these regulators
(QKI5 and miR-124) in erythroid differentiation, HPCs
were first transduced with lentivirus expressing GFP
(lenti-GFP), miR-124 (lenti-124) or miR-124 inhibitors
(lenti-Zip-124), and then induced by EPO to erythroid
maturation. Given the decreased processing efficiency
of pri-124-1 during erythroid differentiation, we also
generated an alternative lentivirus construct by placing
the ~80-nt hairpin pre-124-1 under the control of RNA
polymerase III (pSIH-124). As shown in Supplementary
information, Figure S6A and S6C, the level of miR-124
that matured from pSIH-124 (~3-fold increase) was less
than that processed from lenti-124. Therefore, we still
chose the lenti-124 construct for further investigation.
After HPCs were cultured for 7 days in EPO-supple-
mented medium, the HPCs could be roughly classified
into three differentiation stages according to the abun-
dance of erythroid markers CD235a and CD71: undiffer-
entiated erythroid progenitors (CD71 /CD235a "), moder-
ately differentiated erythrocytes (CD71"¢"/CD235a") and
more mature erythrocytes (CD71°*/CD235a"). Of note,
ectopic miR-124 reduced the kinetics of HPC erythroid
maturation, as shown by decreased numbers of differen-
tiated CD71"#"/CD235a" cells but increased numbers of
CD71 /CD235a progenitors on days 7 and 11 of eryth-
roid culture (Figure 6A and Supplementary information,
Figure S6D). In fact, the miR-124-transduced HPCs had

Figure 5 Association of QKI5 with pri-124-1 promotes its processing by Microprocessor. (A) Immunoblot of endogenous
QKI5, DGCR8 and Drosha in RNA pull-down assays from 293T cells transfected with either MS2-tagged 124_WT (124_WT-
MS2) or MS2-tagged 124_MUT (124_MUT-MS2). The unrelated protein GAPDH was used as a control. The same sample
as shown in Figure 3K was used in this analysis. (B) Immunoblot of endogenous QKI5, DGCR8 and Drosha in competitive
RNA pull-down assays, as shown in Figure 3J. The same sample as shown in Figure 3L was used in this analysis. (C) Left
WB panels: immunoblot of endogenous levels of QKI5 (or Flag-QKI5), DGCR8 and Drosha in 293T cells co-transfected with
124_WT-MS2 and either pCMV6-QKI5 or pCMV6, and si-QKI5 or si-control. Right RNA pull-down panels: immunoblot of
endogenous QKI5, DGCR8 and Drosha associated with MS2-tagged 124_WT in RNA pull-down assays. (D) /n vitro process-
ing assay using [o-**P] UTP-labeled wild-type pri-124-1 (124_WT) or QRE mutant pri-124-1 (124_MUT) as the substrates.
Pri-miRNA transcripts are incubated with QKI5-depleted HeLa NEs and various amounts of purified Flag-QKI5 as described
in Materials and Methods. The sequences of wild-type and mutant QRE motifs are shown at the bottom of the figure, and
altered sequences are indicated by an underline. (E) The quantitative data were derived from three independent in vitro
processing experiments. The calculation formula was shown in Supplementary information, Figure S4B. (F) RNA-RNA inter-
action detected by band shift experiments. Upper panel: visualization of the predicted duplexes formed by 4-26 nt (included
in the R1 region, 1-48 nt) and 552-572 nt (included in the R2 region, 542-580 nt) of pri-124-1 (for binding details, see Supple-
mentary information, Figure S6C). Lower panel: band shift experiments with biotin-labeled wild-type R2 (R2_WT) or mutant
R2 (R2_MUT) and increasing volumes of unlabeled wild-type R1 (R1_WT) or mutant R1 (R1_MUT, a complementary muta-
tion to R2_MUT). The quantitative data were derived from 2-3 independent experiments. (G) A schematic representation of
pri-124-1 variants that have wild-type or mutant R1 or/and R2 sequence. (H) The association of QKI5, DGCR8 and Drosha
with different MS2-tagged pri-124-1 variants as described in G. (l) /n vitro processing assay using [a-**P] UTP-labeled pri-
124-1 variants as described in G. (J) The quantitative results of in vitro processing assay in |. The calculation formula was
shown in Supplementary information, Figure S4B. Error bars reflect SEM from three biological replicates if not stated other-

wise. Significance was determined by #-test with *P < 0.05.
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higher percentage of immature basophilic erythroblasts
on day 7 of culture (Figure 6B and 6C), and remained as
immature erythroblasts (pro-erythroblasts and basophilic
erythroblasts) after 11 days (Figure 6C and Supplemen-
tary information, Figure S6D). Accordingly, inhibition
of miR-124 (Supplementary information, Figure S6A)
augmented HPC erythroid differentiation (Figure 6D-6F,
Supplementary information, Figure S6E), suggesting a
negative role for miR-124 in erythropoiesis.

In addition, in the gain- or loss-of-function analysis
of QKI5 (Supplementary information, Figure S6B), the
percentage of differentiated CD71"*"/CD235a" cells was
decreased by ~10% on day 7 and by ~20% on day 11 in
QKI5-overexpressing HPCs (Figure 6J-6L, Supplemen-
tary information, Figure S6F), whereas the erythroid
maturation was promoted in QKI5-knockdown HPCs
(Figure 6G-61, Supplementary information, Figure S6G),
indicating an inhibitory role similar to that of miR-124 in
erythropoiesis.

Furthermore, re-introduction of miR-124 could restore
the erythroid maturation of HPCs driven by QKIS knock-
down (Supplementary information, Figure S7A), where-
as suppression of miR-124 compensated for the impaired
erythroid differentiation caused by QKIS overexpression
(Supplementary information, Figure S7B). These results
suggest that the differentiation-inhibiting effect of miR-
124 is closely connected to QKIS regulation in HPCs.

miR-124 inhibits erythroid differentiation through target-
ing c-MYB and TAL1

In general, QKI5 regulates erythropoiesis, at least
in part, via its ability to activate pri-124-1 process-
ing, however, the downstream effectors of this QKI5-
miR-124 pathway remain unknown. To investigate the
downstream targets of miR-124, the miRanda, PicTar
and TargetScan databases were utilized. Among the pre-
dicted targets, c-MYB and TAL1 (Figure 7A) are well-
known positive regulators of erythroid differentiation [28,
29]. To examine whether the antagonistic effect of miR-
124 on erythropoiesis is dependent on the miRNA :target
interactions, we first cloned the wild-type (wild-type re-
porter) or miR-124-binding site-mutant (mutant reporter)
¢-MYB and TAL1 3’ untranslated regions (UTRs; Figure
7A) into a pMIR-reporter plasmid and co-transfected
these constructs into 293T cells with miR-124 mimic or a
scrambled control, respectively. Reporter assays revealed
that miR-124 significantly reduced the luciferase activi-
ties of wild-type c-MYB and TAL1 reporters compared
with the scrambled control (Figure 7B). In contrast, the
luciferase activities of the mutant reporters were not re-
pressed by miR-124, indicating that the repression was
dependent on miRNA binding (Figure 7B). Furthermore,

¢-MYB and TAL1 were downregulated by ectopic miR-
124 in HPCs, and their upregulation was observed after
QKIS repression, which reduced the level of miR-124
(Figure 7C). Similarly, the endogenous levels of c-MYB
and TAL1 were reduced in miR-124 mimic-transfect-
ed K562 cells but not in control-transfected K562 cells
(Supplementary information, Figure S8A), and down-
regulating QKIS ultimately increased the intracellular
levels of c-MYB and TAL1 (Supplementary information,
Figure S8A). Thus, the differentiation-inhibitory activity
of QKI5 or miR-124 was likely mediated by their indi-
rect or direct repression of c-MYB and TAL1 expression
during erythropoiesis.

OKI5 and miR-124 negatively regulate erythropoiesis in
xenograft mice

To further determine the functional relevance of QKIS
and miR-124 in vivo, NOD/SCID mice (rn = 3 per group)
were intravenously injected with human HPCs transduc-
ed with either lenti-GFP (GFP mice), lenti-QKIS5 (QKIS
mice) or lenti-124 (miR-124 mice) to establish engraft-
ment models (Supplementary information, Figure S7B).
The mice were assessed 4 weeks later by flow cytomet-
ric quantification of a human specific myeloid marker,
CD33, in two hematopoietic organs, bone marrow (BM)
and spleen (SP) (Supplementary information, Figure S8C
and S8D). An ~3-fold increase in miR-124 was observed
in BM and SP from miR-124 mice than the control GFP
mice (Supplementary information, Figure S7E), whereas
the QKIS protein level was increased by 2-3-fold in BM
from QKI5 mice (Supplementary information, Figure
S8F). The resulting human erythroid differentiation was
measured by staining for CD235a and CD71 in CD33"
human cells. QKI5 and miR-124 mice showed decreased
numbers of differentiated CD71""/CD235a" cells in both
BM and SP cell components (Figure 7D and 7E, Sup-
plementary information, Figure S8G) compared with the
GFP mice. In addition, histologic analysis of the mouse
SPs revealed a greater number of erythroid cell clusters
in the QKI5 and miR-124 mice, indicating impaired
erythroid maturation (Supplementary information, Figure
S8H). Thus, these results confirm the negative roles of
QKI5 and miR-124 in erythropoiesis in vivo.

Furthermore, in both the BM and SP from QKI5 mice,
the level of human pri-124-1 was downregulated by ~3-
fold, whereas miR-124 was upregulated by ~2-fold (Fig-
ure 7F). In this case, although mmu-miR-124 could not
be distinguished from the total miR-124, the influence of
QKI5 on mouse pri-124 processing (a conserved QRE is
located ~300 nt upstream of mouse pri-124-2 stem loops)
would most likely amplify this result.

In addition, enforced miR-124 expression in BM
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markedly reduced c-MYB and TAL1 levels (Figure 7G),
and QKIS overexpression had the same effect (Figure
7G). Altogether, these in vitro and in vivo results indicate
that reduced QKI5 expression during erythroid differenti-
ation contributes to the post-transcriptional attenuation of
the erythropoiesis antagonist miR-124; this subsequently
releases the expression of two critical erythropoiesis
modulators, c-MYB and TAL1.

Global regulation of miRNA production by QKI5

The above results demonstrate that downregulation of
QKIS contributes to the post-transcriptional attenuation
of differentiation-inhibitory miR-124, an event required
for normal erythroid development. We then asked wheth-
er other miRNAs, particularly those miRNAs antagonis-
tic to erythropoiesis, could also be modulated by QKIS.
To investigate this hypothesis, global miRNA expression
was assessed upon QKI5 overexpression. Total RNA
samples were prepared from GFP -selected K562 cells
(Supplementary information, Figure S9A) with ectopic
QKI5 expression (QKIS) or GFP transduction (Con; Sup-
plementary information, Figure S9B). Small RNAs in the
miRNA size range were examined by deep sequencing.
The size distribution peaked at ~22 nt (Supplementary

information, Figure S9C), and the number of miRNA
reads (Figure 8A) did not differ between the control and
QKI5-overexpressed K562 cells. To identify differenti-
ation-inhibitory miRNAs that were regulated by QKI5
similarly to miR-124, we compared upregulated miR-
NAs from QKIS overexpression profiles to our previous
miRNA array data of K562 erythroid differentiation and
discovered 44 candidates (Figure 8B and Supplementary
information, Table S5). To confirm miRNA expression
independently and more quantitatively, we selected 14
candidates (Figure 8C) with comparable enrichment in
K562 cells and determined their expression by g-PCR.
Except for miR-501-5p, all of the miRNAs showed con-
tinuously decreased expression during erythroid differen-
tiation (Figure 8C). However, we observed the accumu-
lation of pri-34a, -331, -454, -574, -135a and -130b after
hemin treatment (Figure 8C), suggesting the existence
of post-transcriptional regulation of these pri-miRNAs.
Furthermore, q-PCR analysis of QKI5-overexpressing
or QKI5-knockdown K562 cells indicated that miR-34a-
5p, -454-3p, -574-3p, -130b-3p and -135a-5p (hereinafter
called miR-34a, -454, -574, -130b and -135a) are can-
didate targets of QKIS (Figure 8C and Supplementary
information, Table S6).

Figure 6 miR-124 and QKI5 are negative regulators of erythroid differentiation. (A) Monitoring of the viable HPC population
(left panel) and the CD235a-/CD71-stained fraction (medium panel) of lenti-GFP- or lenti-124-transduced HPCs on day 7 of E
culture. The morphology (May-Grunwald Giemsa staining) of HPCs is shown in the right panel. A 400> magnification of a rep-
resentative field is shown. Scale bar, 50 um. (B) Quantification of the percentage of cells gated as CD717/CD235a", CD71""/
CD235a" and CD71°"/CD235a" fractions in HPCs transduced with lenti-GFP or lenti-124 on days 7 and 11 of E culture. (C)
Quantification of the percentages of basophilic (Bas), polychromatophilic (Pol), orthochromatic (Ort) erythroblasts and eryth-
rocytes (Ery) that were determined by Giemsa staining of cytospin preparations of lenti-GFP- or lenti-124-transduced HPCs
on days 7 and 11 of E culture. (D) Monitoring of the viable HPC population (left panel) and the CD235a-/CD71-stained frac-
tion (medium panel) of lenti-GFP- or lenti-Zip-124-transduced HPCs on day 7 of E culture. The morphology (May-Grunwald
Giemsa staining) of HPCs is shown in the right panel. A 400x magnification of a representative field is shown. Scale bar, 50
um. (E) Quantification of the percentage of cells gated as CD717/CD235a", CD71"%"/CD235a" and CD71°*/CD235a" fractions
in HPCs transduced with lenti-GFP or lenti-Zip-124 on days 7 and 11 of E culture. (F) Quantification of the percentages of
basophilic (Bas), polychromatophilic (Pol), orthochromatic (Ort) erythroblasts and erythrocytes (Ery) that were determined by
Giemsa staining of cytospin preparations of lenti-GFP- or lenti-Zip-124-transduced HPCs on days 7 and 11 of E culture. (G)
Monitoring of the viable HPC population (left panel) and the CD235a-/CD71-stained fraction (medium panel) of lenti-GFP- or
lenti-si_QKI5-transduced HPCs on day 7 of E culture. The morphology (May-Grunwald Giemsa staining) of HPCs is shown
in the right panel. A 400x magnification of a representative field is shown. Scale bar, 50 um. (H) Quantification of the percent-
age of cells gated as CD717/CD235a", CD71""/CD235a" and CD71°*/CD235a" fractions in HPCs transduced with lenti-GFP
or lenti-si_QKI5 on days 7 and 11 of E culture. (I) Quantification of the percentages of basophilic (Bas), polychromatophilic (Pol),
orthochromatic (Ort) erythroblasts and erythrocytes (Ery) that were determined by Giemsa staining of cytospin preparations
of lenti-GFP- or lenti-si_QKI5-transduced HPCs on days 7 and 11 of E culture. (J) Monitoring of the viable HPC population (left
panel) and the CD235a-/CD71-stained fraction (medium panel) of lenti-GFP- or lenti-QKI5-transduced HPCs on day 7 of E
culture. The morphology (May-Grunwald Giemsa staining) of HPCs is shown in the right panel. A 400x magnification of a rep-
resentative field is shown. Scale bar, 50 um. (K) Quantification of the percentage of cells gated as CD717/CD235a", CD71""/
CD235a" and CD71"°*/CD235a" fractions in HPCs transduced with lenti-GFP or lenti-QKI5 on days 7 and 11 of E culture. (L)
Quantification of the percentages of basophilic (Bas), polychromatophilic (Pol), orthochromatic (Ort) erythroblasts and eryth-
rocytes (Ery) that were determined by Giemsa staining of cytospin preparations of lenti-GFP- or lenti-QKI5-transduced HPCs
on days 7 and 11 of E culture. Error bars reflect SEM from three biological replicates if not stated otherwise. Significance was

determined by -test with *P < 0.05.
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Figure 7 The QKI5-miR-124-targets axis in erythroid cells. (A) A computer prediction of the conserved and mutated binding
sites within the 3' UTR of human c-MYB and TAL1 mRNAs for miR-124. (B) Relative luciferase activity of the indicated report-
er constructs. (C) Immunoblot of endogenous c-MYB and TAL1 levels in HPCs transduced with lenti-124 or lenti-si_QKI5. (D)
Monitoring of CD235a-/CD71-stained fraction in bone marrow (BM) from mice transplanted with lenti-GFP-transduced HPCs
(GFP mice), lenti-QKI5-transduced HPCs (QKI5 mice) or lenti-124-transduced HPCs (miR-124 mice). (E) Quantification of
the percentage of cells gated as CD717/CD235a", CD71""/CD235a" and CD71"°"/CD235a" fractions of human HPC-derived
cells in BM and spleen (SP) from GFP mice, QKI5 mice and miR-124 mice. (F) g-PCR of pri-124-1 and miR-124 levels in the
BM and SP of transplanted mice. (G) Immunoblot of QKI5, c-MYB and TAL1 protein levels in the BM of transplanted mice.
Error bars reflect SEM from three biological replicates if not stated otherwise. Significance was determined by #-test with *P <

0.05; **P < 0.01.
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Figure 8 QKI5 regulates multiple miRNA targets in erythroid cells. (A) Comparison of miRNA abundance in small RNA-
seq data from QKI5 versus control. (B) Heatmap representation of relative miRNA expression obtained from small RNA-
seq data (left panel) and microarray data (right panel, the miRNA array was performed in K562 cells undergoing erythroid
differentiation by hemin treatment, see also Supplementary information, Table S5). (C) Heatmap representation of g-PCR
results of pri-miRNA and miRNA transcripts corresponding to individual miRNAs either in K562 cells of E culture (left panel),
K562 cells with QKI5 overexpression (medium panel) or K562 cells with endogenous QKI5 knockdown (right panel). (D) The
left panel: representation of the predicted QKI5 binding sites (QRE, red bar) on possible pri-miRNA transcripts spanning *
kb fragments from miRNA stem loops (round black). The medium panel: RNA-IP-PCR assays for pri-miRNAs performed on
anti-QKI5 immunoprecipitates (QKI5) from K562 cell lysates. RNA-IP with unrelated IgG serves as the control (IgG). RT: no
reverse-transcribed PCR reaction. The right panel: the genomic location of each miRNA. (E) A schematic representation of
target genes overlapping between miR-124, -130, -135 and -454. (F) Hypergeometric test suggesting a significant overlap
between miRNA target genes and “erythroid genes” in dataset GSE43023. (G) A schematic representation of how QKI5 acts
at a distance to regulate Microprocessor-mediated pri-124-1 processing during erythropoiesis.
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Furthermore, to verify whether QKI5-mediated reg-
ulation is due to its recognition of pri-miRNAs, we
predicted potential QREs located within 2 kb of pri-miR-
NA stem loops in the RBPDB database and performed
RNA-protein complex immunoprecipitation (RNA-IP)-
PCR analysis to determine their interactions (Figure
8D). Although the full-length transcripts of individual
pri-miRNAs need to be further identified, RNA frag-
ments within 2 kb of the miR-34a, -454, -574, -135a and
-130b stem loops were found to be associated with en-
dogenous QKIS in K562 cells (Figure 8D). Taken togeth-
er, our findings suggest that QKIS may bind to multiple
pri-miRNAs and modulate their processing, which likely
accounts for the post-transcriptional regulation of these
miRNAs in differentiating erythroid cells.

OKI5-responsive miRNAs have a signature of eryth-
roid-regulatory activity

To determine whether these identified QKI5-respon-
sive miRNAs are involved in erythroid differentiation,
we used K562 and HEL cells (robust in vitro models)
to assess their function by detecting the surface mark-
ers CD235a/CD71 (Supplementary information, Figure
S9D), staining for hemoglobin with benzidine (DAB;
Supplementary information, Figure S9E) and quantifying
v-globin mRNAs (Supplementary information, Figure
SO9F). As a control, the well-studied erythropoiesis an-
tagonist miR-223-3p (hereinafter called miR-223) was
included. The miR-223-, -454-, -130b- or -135a-ex-
pressing K562 cells were blocked from differentiation
as indicated by the decrease in CD717/CD235a" cells
after 48-h hemin treatment (Supplementary information,
Figure S9D). In addition, these cells exhibited a reduced
percentage of DAB-positive cells (Supplementary infor-
mation, Figure S9E) and lower y-globin mRNA levels
(Supplementary information, Figure S9F). The function-
al analysis of these miRNAs revealed a similar result
in HEL cells (Supplementary information, Figure S9D-
SOF). Therefore, these data indicate that the QKI5-asso-
ciated post-transcriptional attenuation of miR-454, 135a
and -130b, as well as miR-124, may be a common para-
digm required for normal erythroid development.

To gain further insights into the biological functions
of these miRNAs, we performed computational analyses
to identify overlaps or synergy between miRNA target
profiles and to predict their changes during erythropoi-
esis. First, the highly reliable target genes of miR-124,
-454, -135a and -130b were obtained from miRTarBase
and starBase, respectively. Notably, target genes with
the annotation “weak interactions” in miRTarBase were
excluded, and only those supported by at least five ex-
periments and validated by at least four prediction tools
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in starBase were adopted (Figure 8E and Supplementary
information, Table S7). Gene Ontology analysis showed
that miR-124, -454, -135a or -130b synergistically regu-
late cohorts of genes that participate in similar processes,
including hematopoiesis and hematopoietic or lymphoid
organ development (Supplementary information, Table
S7). More importantly, common targets of these miRNAs
were also enriched for erythropoiesis (Figure 8E and
Supplementary information, Table S7).

Next, to predict the erythroid-regulatory activity of
these miRNA target genes, four erythropoiesis-associat-
ed RNA-Seq or array datasets (GSE43023, GSE53635,
GSE61566 and GSE53983) were downloaded from the
GEO database. A group of “erythroid genes” was defined
by both high expression and upregulation along with
erythroid maturation in each dataset. A hypergeometric
test indicated that miRNA target genes have significant
overlaps with the “erythroid genes”, suggesting their
common and stringent involvement in erythropoiesis
(Figure 8F and Supplementary information, Figure S9G).
Taken together, our findings suggest that these QKI5-re-
sponsive miRNAs may have fundamentally eryth-
roid-regulatory activities.

Discussion

The impact of miRNAs on gene expression clearly
correlates with their abundance, and miRNA abundance
can be regulated in seemingly endless ways [1]. In the
last decade, identification of the pathways by which miR-
NAs are produced, matured and turned over has revealed
many aspects of their biogenesis. Microprocessor-me-
diated processing is the first step of cleavage, and its
efficiency is crucial for determining miRNA abundance.
Interestingly, pri-miRNA processing is also regulated
during processes such as differentiation and tumor pro-
gression. For example, during early development, nu-
merous pri-miRNAs are expressed but are not efficiently
converted into mature miRNAs [30]. Similarly, reduced
processing contributes to widespread downregulation of
miRNAs in many human cancers [31-33]. These find-
ings have uncovered a significant role for the regulated
Microprocessor-mediated mechanism of miRNA biogen-
esis. Determinants around miRNA stem loops are better
understood [11, 12, 34], as illustrated by both the design
and prediction [35] of Drosha substrates. However, other
cis-elements that outside of the typical pri-miRNA stem
loops, are relatively little known. In fact, compared with
the small size of stem loops, pri-miRNAs contain more
distant recognition elements that may enable specificity
concerning when, where and to what extent they are ex-
pressed. These elements are attractive subjects for further
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studies in which additional unique determinants used by
different pri-miRNAs would be identified.

Our present study revealed that a distal cis-element
within pri-124-1 could dynamically regulate its process-
ing by Microprocessor (Figure 8G). This QRE motif is
distinguished from the previously reported stem-loop
proximal elements by being able to act at a distance.
The mechanism by which the QRE motif affects Mi-
croprocessor processing is through a proposed RNA-
RNA interaction. In fact, despite being single-stranded,
RNA molecules often fold back on themselves to form
base-paired segments between short stretches of comple-
mentary sequences; therefore, sites separated by many
base pairs may not actually be as far apart as previously
thought. In the case of pri-124-1, two complementary
regions (R1 and R2) near the QRE and pri-124-1 stem
loops interact with each other and bring the QKI5-re-
cruited Microprocessor into close proximity to pri-124-1
stem loops. A recent report also illustrated that two com-
plementary regions within pri-17~92 could selectively
inhibit its processing by Microprocessor [36]. Thus,
the local RNA conformations formed through comple-
mentary cis-regulatory regions would contribute a lot to
pri-miRNA processing. Moreover, the QRE motif also
functions as a “Microprocessing enhancer” through the
formation of a specific RNA structure, which resem-
bles a transcription enhancer that activates the promoter
through special chromatin structures. Yet two previous
studies have reported the contradictory results regarding
the effect of QKI isoforms on miRNA expression; Chen
et al. [19] indicated the association of mature miR-20
with and its stabilization by either QKI isoforms, where-
as Wang et al. [20] showed prevention of pri-miR-7 pro-
cessing by QKIS and QKI6 through their binding near
the stem-loop structure. However, both of these studies
failed to illustrate the detailed mechanisms underlining
QKI regulation. Our finding differs from theirs as we
established the QKI5-directed recruitment mechanism
of Microprocessor on pri-miRNAs, and this regulation
is mediated by a distant RNA motif far from the central
stem-loop structures.

Our identification of the functional QRE motif may
represent an emerging model where pri-miRNA recog-
nition is a modular phenomenon in which each module
contributes modestly, and each pri-miRNA depends on
individual modules to varying degrees. As pri-miRNAs
can be very long, numerous RBP motifs either adjacent
or distant to the processing site could act synergistical-
ly to regulate pri-miRNA processing. This synergy is
critical for signal integration by different RBPs, e.g.,
in pri-124-1 processing, we also identified a previously
reported protein, KSRP, as a potential negative regula-
tor (Figure 2B). Thus, QKI5 and KSRP could transmit

separate signals to Microprocessor complex. A previous
study reported that only 25% of the fluctuations in miR-
NA expression in developing B cells could be attributed
to changes in transcription as inferred by the pri-miRNA
abundance in the same cells [37]; thus post-transcription-
al events would bring more specificity to the develop-
mental regulation of miRNA biogenesis.

Finally, we identified a unique miRNA signature
subjected to QKI5 regulation during erythroid differen-
tiation. Functional screening of these miRNAs in eryth-
roid differentiation further verified their repressive roles
(miR-124, miR-454, miR-130b and miR-135a). Thus, the
downregulation of QKI5 along with erythroid differen-
tiation inhibits the processing of a subset of antagonistic
miRNAs, which may become a common pattern to ren-
der those miRNAs harmless at the post-transcriptional
level. This new paradigm for QKIS allows more inputs
on QKI5-associated gene regulation, i.e., in addition to
its characterized roles in regulating pre-mRNA splicing,
circular RNA formation, mRNA export, translation and
stability [24, 38-41], QKI5 also acts as a component of
Microprocessor to affect pri-miRNA processing pathway.

The study of regulators and their accessory factors re-
sponsible for miRNA biogenesis will help determine the
sophisticated mechanisms that fine-tune the miRNA ma-
chinery. Further investigations should unravel the coop-
eration of multiple mechanisms to coordinate the exqui-
site outputs of certain miRNAs at the post-transcriptional
level. Such knowledge will not only expand our under-
standing of how miRNA abundance is controlled under
physiological conditions but also will present exciting
opportunities for screening of compounds manipulating
the miRNA machinery that can be used in therapeutic
applications.

Materials and Methods

Cell culture

Human umbilical cord blood (UCB) was obtained from normal
full-term deliveries after informed consent as approved by the Re-
search Ethics Committee of Peking Union Hospital (Beijing, Chi-
na). Mononuclear cell (MNC) fractions were isolated from UCB
by Percoll density gradient (d = 1.077; Amersham Biotech, Ger-
many). CD34" cells were enriched from MNCs through positive
immunomagnetic selection (CD34 MultiSort kit, Miltenyi Biotec,
Bergisch-Glad-bach, Germany). The isolated CD34" hematopoiet-
ic progenitor cells (HPCs) were cultured in IMDM supplemented
with 30% fetal bovine serum (FBS; Hyclone), 1% BSA, 100 uM
2-ME, 2 ng/ml recombinant human IL-3, 100 ng/ml recombinant
human SCF (Stem Cell Technologies, Vancouver, BC, Canada),
2 U/ml recombinant human EPO (R&D Systems, Minneapolis,
MN, USA), 60 mg/ml penicillin and 100 mg/ml streptomycin.
Cells were harvested every 3-5 days. Human erythroleukemia cell
lines K562 and HEL were maintained in RPMI1640 supplemented
with 10% FBS (Gibco, Carlsbad, CA, USA). Erythroid differen-
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tiation of K562 and HEL cells was induced using 30 uM hemin
(Sigma-Aldrich, Deisenhofen, Germany) for 0, 24, 48 and 72 h.
293T cells were obtained from American Type Culture Collection
and grown in DMEM with 10% FBS. For morphological analysis,
cells were smeared on glass slides by centrifugation, stained with
May-Griinwald/Giemsa and analyzed at 400x magnification under
a microscope (Nikon TE2000) equipped with a digital camera.

Oligonucleotides and constructs

MiR-124 mimics, miRNA inhibitors (anti-124) and negative
control molecules (NC) were obtained from Dharmacon (Aus-
tin, TX, USA) and transfected with DharmFECT1 (Dharmacon,
Austin, TX, USA) at a final concentration of 60 nM. siRNA smart
pools (specifically for QKI5 and RBPs) and control siRNAs (Si-
Con) were synthesized by Dharmacon and transfected (100 nM)
using DharmFECT1. For QKI5 overexpression, the human QKIS
(NM_006775) cDNA ORF Clone was purchased from Origene
(pCMV6-QKIS in Figures 2H, 5D and 5K, and QKIS in Figure
3B, RC205779). Mutations (QKI5"'"*%) or deletions (QKI5* ™)
on the KH domain of QKI5 ¢cDNA were created using the Quick-
Change Site-Directed Mutagenesis kit (Stratagene, CA, USA).
For pri-124-1 overexpression, a 579-bp wild-type (124 _WT)
construct containing QRE and pri-124-1 stem loops from human
genomic DNA was cloned into pPCMV6 vector downstream of the
CMYV promoter. The QRE mutant pri-124-1 construct (124 _MUT)
was created using the QuickChange Site-Directed Mutagenesis
kit. The mutant sequence was displayed in Figure 6D and also
shown in Supplementary information, Table S4. Pri-124-1 vari-
ants, which have different RNA-RNA interaction mutant regions
(124-R1_MUT, 124-R2 MUT and 124-R1+R2_MUT) were also
created using the QuickChange Site-Directed Mutagenesis Kkit.
For RNase H protection assay, a segment containing 1-174 nt
(124-QRE, containing the QRE motif and miR-124 stem loop) of
124 WT was subcloned from 124 WT. For the QRE-introduced
pri-23a~27a~24-2 constructs, QRE-containing oligonucleotides
(5'-GGGTAATTAACACGGGGGA-3") were inserted ~60 bp
upstream of miR-23a stem loop or ~30 bp downstream of the
miR-24-2 stem loop. These QRE-containing pri-23a~27a~24-2
constructs were cloned into the pCMV6 vector to generate 23a
QRE™ or 23a_QRE™", respectively. For the reporter gene assay
of miR-124 targets, the reverse complementary sequence to miR-
124 was inserted into pGL-3 downstream of the firefly luciferase
gene to generate a positive reporter construct (positive). The 3’
UTR of human ¢c-MYB and TAL1 mRNA was PCR amplified and
cloned into pGL3 downstream of the firefly luciferase gene to gen-
erate the wild-type reporters (c-MYB and TAL1). Mutations of the
miR-124 binding sites in the c-MYB and TAL1 mRNA sequences
were created using the QuikChange Site-Directed Mutagenesis kit.
Transfection of these constructs was carried out with either Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA) for 293T cells or
Lipofectamine LTX & PLUS for K562 and HEL cells according to
the manufacturer’s protocols. All primers are listed in Supplemen-
tary information, Table S4.

Lentivirus production

For miR-124 overexpression, a same 579-bp construct con-
taining QRE and pri-124-1 stem loops from human genome was
cloned into a pol II promoter lentivector (pCDH-CMV-MCS-EF1,
CD511B-1, System Biosciences, CA, USA) to generate lenti-124,
or an 80-bp pri-124-1 stem loop was cloned downstream of a pol
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III promoter lentivector (pSIH1, SIS01A-1, System Biosciences,
CA, USA) to generate pSIH-124. For miR-124 inhibition, miR-
Zips lentiviral vector (lenti-Zip-124) was purchased from System
Biosciences (MZIP124-PA-1). For QKIS overexpression, the QKIS
c¢DNA was cloned downstream of the CMV pol II promoter (pW-
PXL, Addgene) to generate lenti-QKIS. For QKIS knockdown, the
double-stranded siRNA templates specific to QKI5 were cloned
into lentivector pSIH1 to generate lenti-si_QKI5. The matching
lentivirus packaging kit was purchased from System Biosciences
(SBI, CA, USA) and used according to the manufacturer’s in-
structions. The harvested viral particles (lenti-124, lenti-Zip-124,
lenti-QKIS5 and lenti-si_QKI5) were added to HPCs or K562 cells,
respectively. The cells were washed the next day with PBS and
plated for subsequent experiments.

RNA isolation and quantitative real-time PCR

Total RNA was extracted from cells using Trizol reagent (In-
vitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instruction. The RNA was quantified by absorbance at 260 nm.
cDNA was synthesized by M-MLV reverse transcriptase (Invitro-
gen) from 2 pg of total RNA. Oligo (dT) 18 primers were used as
the RT primers for reverse transcription of mRNAs and pri-miR-
NAs. Stem-loop RT primers were used as the RT primers for
reverse transcription of mature miRNAs. q-PCR was carried out
in the BIORAD IQ5 real-time PCR System (Biorad, Foster City,
CA, USA) using SYBR Premix Ex Taq kit (Takara, Dalian, Chi-
na) according to the manufacturer’s instructions. For mRNAs and
pri-miRNAs, the data were normalized using endogenous GAPDH
as a control. For the measurement of mature miRNAs, the data
were normalized using the endogenous U6 snRNA control. Quan-
titative RNA-IP analysis was performed using 1 pl template RNA
in 20 pl reverse-transcription reactions. The data were presented as
the fold change or enrichment of precipitated RNA associated with
QKIS relative to input RNAs. The comparative Cq method was
used to quantify the target genes relative to an endogenous control.
For each individual analysis, one of the samples was designated as
the calibrator and given a relative value of 1.0. All quantities were
expressed as n-fold relative to the calibrator. The primers used for
PCR are listed in Supplementary information, Table S4.

Northern blot analysis

For pri-124-1 hybridization, 30 pug of total RNAs collected
from hemin-treated K562 and HEL cells, or 60 pg of total RNAs
collected from EPO-treated HPCs were resolved on 3.5% PAGE
gels, and northern blot was performed according to the manufac-
turer’s protocol. Digoxigenin-labeled antisense pri-124-1 probes
were prepared using T7 RNA polymerases by in vitro transcription
with the DIG Northern Starter Kit (Roche, NJ, USA). For miR-124
hybridization, 40 pg of total RNAs collected from hemin-treat-
ed K562 and HEL cells, or 60 pg of total RNAs collected from
EPO-treated HPCs were isolated on 15% PAGE gels, and northern
blot was performed as previously described [42]. Isotope-labeled
antisense miR-124 probes were prepared using T4 Polynucleotide
Kinase. The sequences of the oligonucleotide probes are listed in
Supplementary information, Table S4.

RACE analysis

To isolate the full-length pri-124-1, 5" and 3" RACE reactions
were performed on total RNA of 48 h hemin-treated K562 cells us-
ing the 5’-Full RACE Kit and 3'-Full RACE Kit (TaKaRa, Dalian,
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China) according to the manufacturer’s protocol. Primers used for
the RACE experiment are listed in Supplementary information,
Table S4.

Luciferase reporter assay

For functional analysis of the miR-124-1 promoter, 293T cells
were co-transfected with 0.4 pg of pGL-3 basic constructs contain-
ing the miR-124-1 promoter, along with 0.02 pg of the pRL-TK
control vector and 0.2 pg of the pcDNA3.1 constructs with full-
length cDNA of QKI5 (pCMV6-QKIS) and their corresponding
empty vector controls. For miRNA target analysis, 293T cells were
co-transfected with 0.4 pg of the reporter construct, 0.02 ug of the
pRL-TK control vector and 5 pmol of miR-124 mimic or negative
control (scramble). Cells were harvested 48 h post transfection and
assayed with Dual Luciferase Assay (Promega, WI, USA) accord-
ing to the manufacturer’s instructions. All transfection assays were
carried out in triplicate.

Western blot analysis

Whole-cell lysate or nuclear extract was subjected to west-
ern blot analysis following a previously described procedure
[43]. The following antibodies were used for western blotting:
GAPDH (0411) was purchased from Santa Cruz Biotechnol-
ogy. QKIS (AB9904) was purchased from Millipore Compa-
ny. KSRP (ab95229), ELAVLI (ab28660), EIF4B (ab38359),
SRSF10 (ab112054), PABPC1 (ab21060), Drosha (ab12286),
DGCRS (ab36865), DDX17 (ab66764), FUS (ab23439), C-MYB
(ab62824), TAL1 (ab119754), GST (ab6613) and Flag (ab1162)
were purchased from Abcam Company. All the experiments were
repeated at least once with similar results. Immunoblots were
quantified using ImageJ software.

RNA-protein complex immunoprecipitation

1 x 107 K562 or HEL cells were harvested in ice-cold PBS.
Next, the cell pellets were resuspended in 1 ml lysis buffer B (50
mM Tris, pH 7.4, 150 mM NaCl, 0.05% Igepal, 1 mM PMSEF, 1
mM aprotinin, 1 mM leupeptin and 2 mM VRC) and subjected to
two rounds of gentle sonication. After the lysates were centrifuged
at 12 000 rpm for 15 min, the supernatants were precleared with
Dynabeads (Invitrogen) in lysis buffer B with a supplement of 10
ng yeast tRNA (Sigma). Then, the precleared lysates were used
for RIP with either anti-QKIS or a rabbit isotype control immu-
noglobin G (IgG). RNA-IP was carried out for 4 h at 4 °C. The
beads were washed three times with the same lysis buffer B, with
the last wash containing an additional 0.5% sodium deoxycholate,
followed by extraction with buffer C (100 mM Tris, pH 6.8, 4%
SDS, 12% B-mercaptoethanol and 20% glycerol) at room tempera-
ture for 10 min. The IP material was used for RNA extraction with
Trizol. For RT-PCR, each RNA sample was treated with DNase I
(Ambion, DNA-freeTM kit); then, reverse transcription was per-
formed with random primers. The resulting material was used for
PCR analyses. The fold enrichments of RNAs by QKIS antibodies
over IgG were assayed by q-PCR. The primers used for RNA-IP-
PCR experiment are listed in Supplementary information, Table
S4.

RNA EMSA
The biotin-labeled miR-124-QRE and p27-QRE RNA probe,
cold probe and mutant probe were synthesized by RiboBio Life

Science Company. A total of 50 fmol of biotin-labeled RNA probes
were incubated with various concentrations of Flag-QKI5 (purified
from 293T cells by anti-Flag M2 magnetic beads, Sigma-Aldrich)
using the LightShift Chemiluminescent RNA EMSA Kit (Pierce,
IL, USA) according to the manufacturer’s protocol. Competition
experiments were performed with 200-fold molar excess of the un-
labeled probe (cold probe) preincubation. The reactions were incu-
bated at room temperature for 30 min before adding RNA loading
dye and separated by native 8% PAGE. The probes used for the
RNA EMSA experiment are listed in Supplementary information,
Table S4.

Protein-RNA complex immunoprecipitation by RNA pull-
down

MBP-affinity purification was used to identify proteins that
associated with pri-miRNAs. The expression plasmid MS2-MBP
was a gift from Dr Lingling Chen (Institute of Biochemistry and
Cell Biology, Chinese Academy of Sciences (CAS)), and MS2-
MBP was expressed and purified from E. coli following a protocol
from the Steitz lab. Three bacteriophage MS2 coat protein-binding
sites (5'-cgtacaccatcagggtacgagctagecccatggegtacaccatcagggtac-
gactagtagatctcgtacaccatcagggtacg-3') were inserted downstream
of pri-124-1 or pri-23a~27a~24-2 using Stratagene QuikChange
Site-Directed Mutagenesis Kit. To obtain proteins associated
with pri-miRNAs, 293T cells were transfected with MS2-tagged
pri-miRNA constructs, and 10 million cells were used for each
immunoprecipitation assay. The cells were harvested 48 h post
transfection and subjected to RNA pull-down analysis as described
elsewhere [44].

Affinity purification of K562 and HEL cell extracts

HEK?293T cells were cultured in 10-cm dishes and transfected
with Flag-QKI5 or Flag-RFP constructs. Forty-eight hours post
transfection, the cells were lysed, and Flag-tagged bait proteins
were recovered on Flag-agarose beads by incubating at 4 °C for 2 h.
A total of 1 x 10° of K562 and HEL cells were lysed in 2 ml lysis
buffer and precleared with Flag-agarose beads. The supernatant
was incubated with Flag-agarose beads that were prebound with
bait proteins at 4 °C overnight. The bound proteins were eluted,
boiled, subjected to SDS-PAGE, and immunoblotted with antibod-
ies against Drosha and DGCRS.

FPLC chromatography

K562 NEs were applied to a Superose 6 gel filtration column
(GE Healthcare Life Sciences) that had been equilibrated with
dithiothreitol-containing buffer and calibrated with protein stan-
dards (blue dextran, 2 000 kDa; thyroglobulin, 669 kDa; ferritin,
440 kDa; bovine serumalbumin, 67 kDa; and RNase A, 13.7 kDa;
all from GE Healthcare Life Sciences). The column was eluted at
a flow rate of 0.5 ml/min, and fractions were collected.

Protein-protein complex immunoprecipitation

K562 and HEL cellular extracts were incubated with QKI5
mouse monoclonal antibody or normal mouse IgG at 4 °C over-
night, followed by the addition of protein A/G-Agarose (Roche)
for 2 h at 4 °C. The beads were then washed, and the immune com-
plexes were subjected to SDS-PAGE followed by immunoblotting
with antibodies against Drosha and DGCRS8. Immunodetection
was performed using enhanced chemiluminescence (Engreen) ac-
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cording to the manufacturer’s instructions.

GST pull-down

GST fusion constructs were expressed in BL21 E. coli cells,
and crude bacterial lysates were prepared by sonication in PBS
buffer in the presence of protease inhibitor cocktails. In GST pull-
down assays, ~5 pg of purified GST fusion protein was mixed
with 293T cell lysates expressing Flag-Drosha, Flag-DGCRS or its
deletion mutants and incubated in NETN buftfer (20 mM Tris-HCI,
pH 8.0, 100 mM NacCl, 0.5% NP-40, 1 mM EDTA and the protease
inhibitor cocktails) at 4 °C for 1 h. The binding reaction was then
added to 30 pl of glutathione-Sepharose beads and mixed at 4 °C
for 2 h. The beads were washed three times with NETN buffer,
resuspended in 30 pl of 1x SDS-PAGE loading buffer, resolved
on 10% gels and immunoblotted with antibodies against Flag and
GST.

Immunofluorescence

K562, HEL and HEK293T cells were grown on cover slips
and fixed with 4% (v/v) paraformaldehyde for 15 min at room
temperature. The cells were then permeabilized with 0.5% Triton
X-100 for 10 min and incubated with 5% (v/v) goat serum for
30 min at room temperature followed by incubation with diluted
primary antibody at 4 °C overnight. The cells were then probed
with Alexa Fluor 488 and 594 secondary antibodies (Invitrogen).
Fluorescence signals were detected using a confocal fluorescence
microscope (NikonEZ-C1, Nikon).

In vitro processing assays

Processing reactions were performed as described previously
[17]. Briefly, Hela cell nuclear extracts (Hela NE, Cil Biotech,
Belgium) was treated with QKI5 antibody-coated protein G beads
at 4 °C for 30 min (refer to as “QKI5-depleted Hela NE”). In 30 pl
processing reaction, 6.4 mM MgCl,, 1 unit/ml of Ribonuclease In-
hibitor (Invitrogen), the **P-labeled transcripts of 1 x 10° cpm, and
20 ul of QKI5-depleted Hela NE, were incubated with different
concentrations of Flag-QKI5 protein (1x, 10 ng/pl; 2%, 20 ng/ul;
4x, 40 ng/pl) purified from 293T cells by anti-Flag M2 magnetic
beads (Sigma-Aldrich) or not. The reaction mixture was incubated
at 37 °C for 120 min. The *P-labeled RNA substrates were pre-
pared by standard in vitro transcription with T7 RNA polymerase
in the presence of [a-""P]-UTP using 124 WT, 124 MUT, 23a,
124-R1_MUT, 124-R2 MUT and 124-R1+R2_MUT constructs as
templates. RNA was phenol-extracted from the reaction mixture
and analyzed on 8% denaturing urea-polyacrylamide gel.

RNase H protection assay

A standard RNase H protection reaction is carried out as de-
scribed previously [11, 45, 46]. Briefly, in 25 ul reaction, P-la-
beled 124-QRE transcripts of 1 x 10° cpm, 10 pg/ml DNA oligo-
nucleotide, 12 mM HEPES, pH 8.0, 60 mM KCI, 3 mM MgCl,, 1
mM DTT, 20 U of RNasin (Invitrogen) and 1 U of E. coli RNase
H (TaKaRa, 2150A) were incubated with 10 ng/ul Flag-QKIS
protein purified from 293T cells by anti-Flag M2 magnetic beads
(Sigma) or not. The reaction mixture was incubated at 30 °C for
40 min. The *P-labeled 124-QRE substrates were prepared by
standard in vitro transcription with T7 RNA polymerase in the
presence of [a-P]-UTP using 124-QRE construct as template.
RNA was phenol-extracted from the reaction mixture and analyzed
on 8% denaturing urea-polyacrylamide gel.
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Gel shift experiments

RNA band shift experiments were performed as described pre-
viously [47, 48]. Briefly, the biotin-labeled R2_ WT, biotin-labeled
R2 MUT, R1_WT and R1_MUT fragments were synthesized in
vitro (RiboBio). RNA band shift experiments were performed in
1% structure buffer (Ambion) in a total reaction mixture volume
of 15 pul as follows: 125 nM of biotin-labeled R2_ WT or biotin-la-
beled R2_MUT, and different concentrations of unlabeled R1_WT
or R1 MUT fragments at 30 °C for 20 min. Prior to gel loading,
the binding reactions were mixed in 4.5 pl of native loading dye
(50% glycerol, 0.5x TBE, 0.1% bromophenol blue and 0.1% xy-
lenecyanol) and run on native 8% polyacrylamide gels. The RNAs
used for this experiment are listed in Supplementary information,
Table S4.

Flow cytometry

The cells were harvested at the indicated time points and
washed twice at 4 °C in PBS/0.5% BSA to block Fc receptors.
The transduced CD34" HPCs were assessed for green fluorescence
(GFP) and CD235a expression after staining with PE-conjugated
anti-CD235a and APC-conjugated anti-CD71 antibodies (BD
Biosciences PharMingen). Mouse BM cells were stained with
PE-conjugated anti-33 antibodies (eBioscience, CA, USA). Flow
cytometry was carried out on a C6 Flow Cytometer Instrument (BD
Biosciences, Franklin Lakes, NJ, USA).

Mice and transplantation assays

All animal experiments were performed with the approval of
the Research Ethics Committee of Peking Union Medicine Col-
lege. Purified human CD34" HPCs were exposed to lentiviruses
expressing GFP, QKI5 or miR-124 at MOI of 15. All cells were in-
cubated for 16 h at 37 °C in 5% CO, before being washed twice in
PBS. A small number of cells from each transduction group were
cultured in vitro, whereas the remaining cells were transplanted
into mice. NOD/SCID mice of 5 weeks of age were each injected
with 1 x 107 transduced cells in the lateral tail veins. These mice
had been conditioned with 2x 450 ¢Gy y-radiation from a '37Cs
source 4 h previously. Mice were killed 4 weeks post transplanta-
tion, and the BM and SP were harvested and processed into sin-
gle-cell suspensions and used in subsequent experiments.

Small RNA-seq

K562 cells were infected with lentiviruses expressing QKIS
or a GFP control and sorted by FACS to collect the GFP-positive
cells (Supplementary information, Figure S7A). Small RNA was
isolated from the total RNA with the mirVana miRNA Isolation
Kit (Life Technologies, CA, USA) following the manufacturer’s
instructions. Small RNA libraries were prepared with the Ion Total
RNA-Seq Kit v2 (Life Technologies) following the manufacturer’s
instructions and then were sequenced on the Ion Torrent Proton
System using lon PI Chips with two libraries (Con: K562-lenti-
GFP; QKIS5: K562-lenti-QKIS) sequenced on one chip. Roughly,
the libraries were sized using the Experion system (BioRad, Her-
cules, CA, USA) and normalized to a working concentration of
10 pM. The libraries were then diluted to 1 pM, and lon sphere
particle emulsion PCR amplification was completed on an lon
OneTouch 2 instrument according to the recommendations in the
Ion PI Template OT2 200 Kit (Life Technologies, Carlsbad, CA,
USA). After emulsion PCR, a Qubit Ion sphere quality control
assay was performed to verify that the percentage of templated ion
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sphere particles (ISPs) was in the optimal range of 10%-25% prior
to enrichment and sequencing. The loaded chips were sequenced
with the Ton PI Sequencing 200 kit. The sequence data were fil-
tered, the expression profiles were constructed and the adapter di-
mer reads were separated from the miRNA reads already identified
in miRBase 17.0. A full list of relative miRNA expression is listed
in Supplementary information, Table S6.

Bioinformatics analysis of miRNA targets

The target genes of four miRNAs (miR-124-3p, miR-454-3p,
miR-130b-3p and miR-135a-5p) were downloaded from miRTar-
Base [49] and starBase [50]. To retrieve relatively reliable miRNA
target genes, it should be noted that the target genes with the an-
notation “Weak” interactions in miRTarBase were excluded, and
those target genes supported by at least five experiments and val-
idated by at least four prediction tools in starBase were adopted.
Gene Ontology analysis of the target genes was performed by the
functional annotation tool DAVID [51] with the default parameter
setting.

To further validate the essential role of the miRNA target genes
in erythropoiesis, a total of four erythropoiesis-associated RNA-
seq or array datasets (GSE43023, GSE53635, GSE61566 and
GSE53983) were downloaded from GEO database. For each data-
set the top 10% expressed genes at each stage of erythropoiesis
were defined as the erythropoiesis-associated highly expressed
genes, and the upregulated genes during erythropoiesis were iden-
tified as a fold change > 1.5 between any pairwise comparisons
and an RPKM > 0.1 in most of the differentiation stages. The
“Erythroid genes” were defined as the overlap between highly ex-
pressed genes and upregulated genes for each dataset.

Statistical analysis

For all quantified data, the mean + SEM is presented. Statistical
significance between two experimental groups is indicated by an
asterisk, and comparisons were made using Student’s ¢-test. P-val-
ues < 0.05 were considered significant.

Data deposition
The GEO accession numbers for microarray and small RNA-
seq analyses are GSE30380 and GSE57363.
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