The RNA-binding protein QKIS is a direct
target of C/EBPa and delays macrophage
differentiation
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ABSTRACT Differentiated macrophages are essential for the innate immune system; how-
ever, the molecular mechanisms underlying the generation of macrophages remain largely
unknown. Here we show that the RNA-binding protein QKI, mainly QKI-5, is transcriptionally
activated in the early differentiated monocytic progenitors when CCAAT/enhancer-binding
protein (C/EBP) o is expressed. The forced expression of C/EBPa increases the endogenous
expression of QKI. Chromatin immunoprecipitation analysis and reporter assays further con-
firm that C/EBPa activates the transcription of QKl, primarily by binding to the distal C/EBPo-
binding site. Blocking the induction of QKI using RNA interference enhances the expression
of endogenous CSF1R and facilitates macrophage differentiation. Further study of the mech-
anism reveals that QKI-5 facilitates the degradation of CSF1R mRNA by interacting with the
distal QRE in the 3’ untranslated region. In summary, we show that in committed macrophage
progenitors, C/EBPa-activated QKI-5 negatively regulates macrophage differentiation by
down-regulating CSF1R expression, forming a negative feedback loop during macrophage
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differentiation.

INTRODUCTION

Cell lineage specification of hematopoietic progenitors is essential
for innate immunity, which is controlled by a complex system com-
posed of interacting transcription factors, microRNAs (miRNAs), and
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RNA-binding proteins. However, the manner in which these regula-
tors cooperate to control cell differentiation has been poorly under-
stood. In the last two decades, accumulating evidence suggests
that lineage-specific transcription factors such as GATA1, CCAAT/
enhancer-binding protein (C/EBP) o, and PU.1 dominate in the cell
specification process (Clarke and Gordon, 1998). Among them,
C/EBPa. is well known to be essential for monocyte-macrophage
differentiation through transcriptional activation of CSF1R (Stanley,
1986; Zhang et al., 1996; Dahl et al., 2003). CSF1R (also called
M-CSFR) is an integral membrane tyrosine kinase encoded by the
c-fms proto-oncogene. CSF1R, which is expressed in monocytes/
macrophages and their progenitors, is obligatory for macrophage
differentiation (Bourette and Rohrschneider, 2000; Pixley and
Stanley, 2004). Recently numerous data indicate that C/EBPa. is al-
ready expressed in hematopoietic stem cells, although at a low level
(Hu et al., 1997; Akashi et al., 2003), establishing transcriptional
priming. However, the role of C/EBPa. in the progenitors remains
largely unknown. In particular, how CSF1R is regulated at this stage
needs to be clarified.

In recent years, a new network of regulatory circuits that func-
tion using miRNAs and RNA-binding proteins at the posttranscrip-
tional level has been discovered. This network is believed to be
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involved in the regulation of a wide variety of fundamental cellular
processes, including cell growth, differentiation, and apoptosis.
Multiple posttranscriptional regulators, such as miR-122 and
miR-34a, are found to be transcribed by C/EBPa in different cells,
adding complexity to the C/EBPa regulatory network (Pulikkan
et al., 2010; Zeng et al., 2010) and suggesting that posttranscrip-
tional regulators are involved in the C/EBPo network.

The RNA-binding protein QKI belongs to the evolutionarily con-
served signal transduction and activator of RNA (STAR) family and is
implicated in embryogenesis and CNS development. The QKI
(quaking, Qk) locus encodes a diverse set of proteins created by al-
ternative splicing, and the three well-studied QKI proteins QKI-5,
QKl-6, and QKI-7 are constructed with the same 311-amino acid
body but with different carboxyl tails (Wu et al., 1999). QKl regulates
mRNA stability, nuclear retention, RNA transportation, and transla-
tional modulation and functions by dimerizing and binding to QREs
located in the untranslated region (UTR) of target mRNAs (Larocque
and Richard, 2005). Multiple genes, such as MAG, p53, p27, MBP,
and CTNNBT1, have been validated as QKI targets (Wu et al., 2002;
Larocque et al., 2002; 2005; Schumacher et al., 2005; Yang et al.,
2010). The expression of QKl isoforms is developmentally regulated,
with QKI5 highly expressed throughout embryogenesis and the
neonatal stages and decreasing gradually thereafter (Ebersole et al.,
1996). Phylogenetic conservation of QKI proteins and their wide-
spread expression in different cell types (Kondo et al., 1999;
Noveroske et al., 2002) underscore the central importance of this
gene in the regulation of normal cellular functions. Of interest, QK
is also expressed in the yolk sac endoderm, adjacent to the meso-
dermal site of developing blood islands, where early hematopoietic
and endothelial cells originate. Galarneau and Richard (2005) de-
fined the QKI response element (QRE) as a bipartite consensus se-
quence NACUAAY-N(;_20-UAAY and predicted nearly 1430 new
putative mRNA targets. CSF1R is included among them, suggesting
a potential role of QKI in monocytic differentiation.

In this study, we characterized the expression of QKI, its related
targets, and their interactions using two different in vitro mac-
rophage differentiation models. Our data demonstrate for the first
time that the transcription of the RNA-binding protein QKI is acti-
vated by C/EBPa. in early differentiated hematopoietic progenitors.
In turn, once transcribed, QKI inhibits the expression of CSF1R and
thus delays the terminal differentiation process of hematopoietic
progenitor cells toward a macrophage fate. Together these data im-
ply C/EBPa-QKI5-CSF1R negative feedback interaction during mac-
rophage differentiation.

RESULTS

Dynamic expression of QKI during monocyte-macrophage
differentiation

To explore the potential role of QK in the regulation of macrophage
differentiation, we first examined the endogenous expression of
QKI using Western blot analysis and isoform-specific quantitative
real-time (qRT)-PCR during the monocytic differentiation of he-
matopoietic progenitor cells. The CD34" subgroup cells, which rep-
resent the progenitor population (Li et al., 2011), were enriched and
induced toward the macrophage fate in serum-free media supple-
mented with 1 ng/ml interleukin-6 (IL-6), 100 ng/ml Fit3-ligand, and
50 ng/ml macrophage colony-stimulating factor (M-CSF). As shown
in Figure 1A, QKl expression increased at the early stage of differen-
tiation and then declined after 8 d of differentiation, at approxi-
mately the same stage that CD14 expression (a widely used marker
of differentiation) increased. These data suggest a potential role for
QKI in the regulation of monocyte differentiation.
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FIGURE 1: Dynamic expression of QKI during monocyte-macrophage
differentiation. (A) The CD34" cells were induced toward macrophage
differentiation, and QKI expression was analyzed by Western blot
analysis. CD14 served as an indicator of macrophage differentiation,
and tubulin served as an internal control for equal loading. (B) The
HL-60 cells grew for the indicated times in the presence of 32 nM of
TPA. The expression levels of QKI, CSF1R, C/EBPa, and the
differentiation marker CD11b were analyzed by Western blot. (C) The
cells were treated in the same manner as described, and the RNA
expression of the three QKl isoforms was analyzed by gRT-PCR.
GAPDH served as an internal control. The dynamic changes of QKI5
(D), QK6 (E), and QKI7 (F) during differentiation were calculated by
comparing the levels with the ethanol control.

A similar dynamic expression of QKI was also observed during
the monocytic differentiation of HL-60 cells. Tetradecanoylphorbol
13-acetate (TPA), also known as phorbol-12-myristate-13-acetate, is
a well-known macrophage differentiation inducer of HL-60 cells
(Zheng et al., 2002). On TPA induction, the macrophages differenti-
ated, and QKI expression increased at an earlier time point and then
declined gradually (Figure 1B). At the terminal differentiation stage,
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FIGURE 2: C/EBPa transcriptionally activates the expression of QKI
during early monocyte-macrophage differentiation. (A) A
bioinformatics study reveals two putative binding sites for C/EBPa, as
indicated by the gray background. The sequences of the primers used
for the ChIP assay are underlined with arrows showing the direction.
(B) The HEK293 cells were transfected with pcDNA3.1-C/EBPa. or
pcDNA3.1, and QKI expression was analyzed by RT-PCR 48 h after
transfection. (C) The cells were treated in the same manner as
described, and QKI expression was analyzed by Western blot.

QKI was greatly down-regulated (Figure 1B). The data from the HL-
60 cells suggest that this cell line represented the data from the pri-
mary culture well. Of note, there was only one detectable band for
QKl in these cells. Previously, QKI was found to have at least three
isoforms—QKI-5, QKI-6, and QKI-7. To test whether the band repre-
sents QKI-5, QKI-6, or QKI-7, the endogenous QKI expression bands
were compared with exogenously expressed QKI-5 and QKI-6. As
shown in Supplemental Figure S1, the endogenous QKI band was
the same size as the exogenously expressed QKI-5. To further con-
firm that QKI-5 is the main isoform expressed in the hematopoietic
progenitors and the differentiated cells, a QKI isoform-specific qRT-
PCR was performed. The gRT-PCR analysis revealed that QKI-5 was
the dominant isoform that is expressed in these cells, whereas the
QKI-6 and QKI-7 expression levels were much lower (Figure 1C). In
addition, the expression levels of QKI-6/7 did not change as signifi-
cantly as that of QKI-5 during differentiation (Figure 1, D-F); how-
ever, there was a dynamic change of QKI-6 expression similar to that
of QKI-5. For this study, we focused on the role of QKI-5 in monocyte
differentiation.

C/EBPa transcriptionally activates the expression of QKI
during early monocyte-macrophage differentiation

To determine how QKl is regulated during macrophage differentia-
tion, we performed a bioinformatics study, which revealed that
there are multiple C/EBPa-binding sites located in the QKI pro-
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FIGURE 3: Direct transcriptional activation of QKI by C/EBPo..

(A) C/EBPa. transcriptionally activates the QKI promoter. In HEK 293
cells, 500 ng of the indicated QKI promoter reporter vectors or the
control pGL3 basic plasmids and 50 ng of the internal control pRL-TK
were cotransfected for 24 h before luciferase activity was examined.
The activity of the luciferase reporter plasmid was normalized against
the value of the internal standard pRL-TK. The results were expressed
as the means + SD of at least three different experiments. (B) The in
vivo interaction between C/EBPo and the QKI promoter. The HL-60
cells were treated with ethanol or TPA for the indicated time before
cross-linking. After DNA/protein cross-linking, the chromatin was
immunoprecipitated overnight with 10 pl of anti-C/EBPa. antibody.
PCR amplifications of the interested genomic regions covering the
putative C/EBPa-binding site were performed. The enrichment of the
C/EBPa-bound promoter fragment was calculated by normalizing to
IgG-immunoprecipitated DNA.

moter region (Figure 2A), suggesting potential transcriptional regu-
lation of QKI by C/EBPo.. Accordingly, the QKI expression levels
showed a similar profile when compared with the expression of
C/EBPo. during monocyte-macrophage differentiation (Figure 1, A
and B). To further test whether C/EBPa. can increase the endoge-
nous expression of QKI, C/EBPa was overexpressed in HEK293
cells. As expected, overexpression of C/EBPa increased the endog-
enous QKI expression both at RNA and protein levels (Figure 2, B
and C), further suggesting that C/EBPa. activates the transcription
of QKI.

C/EBPa directly activates QKI transcription

On the basis of our data, it is reasonable to deduce that QKI might
be directly activated by C/EBPa. To test this interaction, a series of
QKI promoter reporter vectors with or without the putative C/EBPa.-
binding sites and promoters containing mutated C/EBPo-binding
sites was constructed. As shown in Figure 3A, C/EBPa. overexpres-
sion increased the wild-type promoter activity. However, with the
proximal C/EBPa-binding site deleted or mutated, the basal pro-
moter activity only weakly responded to the overexpression of
C/EBPo.. To further confirm the interaction between the QKI pro-
moter and C/EBPo., chromatin immunoprecipitation (ChIP) analysis
was performed in control and TPA-treated HL-60 cells. As shown in
Figure 3B, after 12 h of TPA treatment, the fragment containing
the distal C/EBPa-binding site was significantly enriched in the QKI
immunoprecipitated complex, whereas the fragment covering the
proximal binding site was less enriched (unpublished data). In
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FIGURE 4: Knockdown of QKl-facilitated monocyte-macrophage differentiation. HL-60 cells were transfected with

100 nM siRNA against QKI or the NC siRNA and then were induced by 32 nM TPA or ethanol for the indicated time.

(A) The knockdown efficiency of QKI during the different periods. (B) The cell morphology was viewed and imaged using
a microscope. The siQKl-treated cells displayed a monocyte-macrophage-like appearance much earlier than the control.
(C) The CD14* population was analyzed by FACS. The data presented are representative of three different experiments.

contrast, in the ethanol-treated cells or the late-differentiated cells
(48 h of TPA treatment) when C/EBPa. expression was low, there was
a weak enrichment of the QKI promoter by C/EBPa (Figure 3B),
further confirming the interaction between the QKI promoter and
C/EBPa.
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QKI functions as an inhibitor of monocyte-macrophage
differentiation
From the foregoing data, we speculate that QKI, specifically QKI-5,
might be involved in the fine tuning of macrophage differentiation. To
this end, we knocked down QKI in the progenitor cells undergoing
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FIGURE 5: QKI negatively regulates the expression of CSF1R. (A) A schematic representation of
the potential posttranscriptional regulation of CSF1R by QKI. The CSF1R mRNA was analyzed
by searching a sequence matrix. Potential QREs were indicated by the corresponding binding
position in the brackets. (B) HL-60 cells transfected with 100 nM siQKI or the control were
cultured in the presence of 32 nM TPA for an additional 12 h. The QKI and CSF1R mRNA
abundance and protein expression levels were analyzed by PCR and Western blot analysis.
B-Actin and o-tubulin served as internal controls. (C) SKBR3 cells were transfected with either
QKIS or the control. The expression of QKI and CSF1R was analyzed both at mRNA and protein
levels by RT-PCR and Western blot 48 h after transfection. (D) QKI reduced the mRNA stability
of CSF1R. The cells were treated in the same manner as described. Forty-eight hours after
transfection, the cells were treated with actinomycin D for the indicated time, and the mRNA
abundances of CSF1R, GAPDH, and B-actin were analyzed by qRT-PCR. (E) The quantification
data from D.

effects on macrophage differentiation in cells
without TPA treatment (Figure 4C).

QKI negatively regulates the
expression of CSF1R

As an RNA-binding protein, it is highly pos-
sible that QKI delays the monocytic differen-
tiation by targeting its downstream mRNAs.
CSF1R, an arbiter of macrophage differentia-
tion (Bourette and Rohrschneider, 2000;
Pixley and Stanley, 2004), was a potential tar-
get of QKI (Figure 5A; Galarneau and Rich-
ard, 2005). Bioinformatics analysis and a lit-
erature review revealed that CSF1R mRNA
might be regulated by miRNAs and the RNA-
binding protein HuR (Lewis et al., 2005; Woo
etal., 2009), further suggesting that posttran-
scriptional regulation of CSF1R is of signifi-
cantimportance. To address the regulation of
CSF1R, we investigated whether QKI could
affect the expression of CSF1R. As expected,
siQKl increased the endogenous expression
of CSF1R at both mRNA and protein levels
in HL-60 cells with 12 h of TPA treatment
(Figure 5B), further suggesting that CSF1R is
regulated by QKI. In contrast, forced expres-
sion of QKI5 in the SKBR3 cells decreased
the endogenous expression of CSF1R (Figure
5C). Moreover, expression of QKI in SKBR3
cells decreased the half-life of CSF1R mRNA,
suggesting that QK| decreased the expres-
sion of CSF1R by destabilizing the CSF1R
mRNA (Figure 5D, 5E). Of note, the fold
change of CSF1R at the protein level (3.1-
fold) was larger than the change at the mRNA
level (2.1-fold) under QKI5 knockdown, sug-
gesting that QKI5 might also repress protein
expression and destabilize the RNA.

The QREs located in the 3 UTR of CSF1R
are highly conserved among multiple spe-
cies, suggesting a conserved regulation of
CSFIR by QKI (Figure 6A). To determine
whether CSF1R is regulated by QKI, we con-
structed serial reporter vectors with wild-type
or mutant QREs or without the QREs (Figure
6B). Overexpression of QKI5 decreased the
activity of the full-length CSF1R 3’UTR while
only weakly changing the activities of the re-
porters without the distal QRE or with the
QRE mutated, suggesting that the distal
QRE might be the true responsive QRE
(Figure 6B). To further test the possibility of a

differentiation. A stable and efficient knockdown efficiency was con-
firmed by Western blot (Figure 4A). As shown in Figure 4B, the adhe-
sion of the HL-60 cells induced by TPA occurred much earlier and more
obviously in the QKI RNA interference group than in the control group.
In addition, when compared with the control, the morphology of the
small interference RNA-mediated knockdown of the endogenous QK
(siQKl) cells was more similar to that of monocytes-macrophages. Flu-
orescence-activated cell sorting (FACS) analysis using the CD14 marker
further confirmed that knockdown of QKI facilitated TPA-induced
monocyte-macrophage differentiation, whereas QK| had no obvious
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direct interaction between CSF1R and QKI, we applied an RNA-IP
assay in FLAG-QKI5- or FLAG-only—expressing cells (Figure 6C). As
expected, the endogenous CSF1R mRNA was pulled down by FLAG-
QKI, whereas the unrelated glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA was not enriched in the IP complex (Figure 6D).
To further confirm whether the QKI5-CSF1R mRNA interaction was
dependent on the distal QRE, a CSF1R 3’UTR reporter either with
wild-type or mutant QREs was cotransfected with FLAG-only or FLAG-
QKI5 into cells. FLAG-QKI5 was found to interact only with the lu-
ciferase mRNA harboring the wild-type QRE (Figure 6E).
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ethidium bromide staining. CSF1R, rather than GAPDH mRNA, was enriched in the pull-down

other set of genes repressing differentiation,
thus keeping the progenitors in balance be-
tween proliferative and differentiated.
C/EBPa.is only one of the important tran-
scription factors activating CSF1R expression
and priming the differentiation of monocytes
(Zhang et al., 1996; Pan et al., 1999; Feng
et al., 2008). Of interest, the regulatory re-
gion of the QKI promoter 2 kb upstream of
the ATG start codon was found to contain
multiple hematopoietic differentiation-re-
lated transcriptional factor-binding sites
(Cartharius et al., 2005), further suggesting
that QKI might be a ubiquitous gatekeeper
of the balance between proliferation and dif-
ferentiation. In light of these findings, we can
observe that the switch between differentia-
tion and proliferation is fine-tuned during
monocytic differentiation, and altered QKI
expression should affect the monocytopoie-
sis. Accordingly, siQKl influenced the timing
of monocytic differentiation. In the future, an
in vivo study using conditional transgenic
and knockout mice could provide more solid

complex. (E) The CSF1R 3’'UTR reporter with either wild-type or mutant QRE was cotransfected
with FLAG or FLAG-QKIS5 into cells. The luciferase and GAPDH mRNAs in the
immunoprecipitation were detected by RT-PCR and visualized by ethidium bromide staining. The
FLAG-QKIS was found to interact only with the luciferase mRNA harboring the wild-type QRE.

DISCUSSION

Monocytopoiesis, which produces monocytes—macrophages, is es-
sential for innate immunity and wound healing. Although great ad-
vances have been made in the understanding of the myeloid dif-
ferentiation process, the underlying mechanism is not fully
understood, particularly why the primed progenitor cells are
maintained in an undifferentiated stage to ensure cell expansion. A
feedback loop composed of posttranscriptional regulators is found
to play an important role in multiple processes, such as cell cycle
and inflammation (Yang et al., 2011; Zhou et al., 2011). Previously,
miR-223 was found to function as a fine-tuner of granulocyte pro-
duction by posttranscriptionally regulating NFI-A and C/EBPa:. (Fazi
et al., 2005; Johnnidis et al., 2008), suggesting that there is a post-
transcriptional network in hematopoietic differentiation.

Our study indicates that the RNA-binding protein QKI plays a
pivotal role in monocyte-macrophage differentiation. In this study,
we found that in the progenitor cells or earlier-differentiated cells,
where the differentiation priming transcription factor C/EBPo has
been activated, QK| was transcriptionally activated by C/EBPa.
Abundant expression of QK at this stage inhibits the expression of
CSF1R, which thus delays the terminal differentiation process of
monocytes-macrophages. Here our study showed that in addition to
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evidence for the role of QKI in monocytic dif-
ferentiation. Of note, although we focus on
the role of QKI-5 in this study, we could not
exclude the possibility that QKI-6 and QKI-7
might also be involved in the process, espe-
cially when QKI-5 and QKI-6 have similar
expression profiles, and the QKI knockdown assay against all the
isoforms was considered.

To address how QKI delays the differentiation process and thus
ensures that enough mature cells are in the immune system, we deter-
mined that CSF1R might be one of the key mediators. It is important
to note that although CSF1R is the obligatory regulator of macrophage
differentiation (Bourette and Rohrschneider, 2000; Pixley and Stanley,
2004), an experiment is needed to test whether the double knock-
down of QKI-5 and CSF1R leads to premature differentiation to show
that QKI delays macrophage differentiation by targeting CSF1R.

It has been established that impairment of CSF1R expression is
one feature of acute myeloid leukemia (AML; Casas et al., 2003),
and thus it is interesting to see that aberrant QKI expression is also
involved in this process in a manner other than that of the well-known
transcriptional causes. It has been reported that CSF1R is overex-
pressed in certain breast cancers (Kirma et al., 2004; Kluger et al.,
2004; Toy et al., 2005). To this end, in addition to the role in mono-
cytopoiesis, negative regulation of CSF1R by QKI might be aberrant
in other cell lineages. In fact, our previous study revealed that QK]
might be a tumor suppressor and is down-regulated in some cancer
cells (Yang et al., 2010). It is worth testing to determine whether the
aberrant QKI expression in cancers causes CSF1R overexpression.
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In conclusion, our studies indicate that 1) in committed progeni-
tor cells, the primed C/EBPa. activates the expression of CSF1R and
QKI, whereas the latter negatively regulates CSF1R expression to
maintain the progenitors in an undifferentiated stage; and 2) QK
down-regulation in late monocytopoiesis “unblocks” CSF1R transla-
tion, promoting the differentiation and maturation of macrophages
(Supplemental Figure S2).

MATERIALS AND METHODS

Reagents

Both anti-CD11b and anti-CD14 were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Antibodies against C/EBPa. and CSF1R
were obtained from Cell Signaling Technology (Danvers, MA). Anti-
bodies against pan-QKl, o-tubulin, and B-actin were from Sigma-
Aldrich (St. Louis, MO). Fluorescein isothiocyanate (FITC)-conjugated
monoclonal CD14 or immunoglobulin G (IgG) antibodies (mAbs) were
from Immunotech (Marseille, France). The protease inhibitor cocktail
was obtained from Calbiochem (La Jolla, CA). The TPA (Sigma-Aldrich)
was dissolved in absolute ethanol to a concentration of 1 mM for the
stock. Penicillin/streptomycin, trypsin/EDTA, and phosphate-buffered
saline (PBS) were obtained from Life Technologies (Carlsbad, CA).
Protein A Sepharose was obtained from Amersham Pharmacia Bio-
tech (GE Healthcare Bio-Sciences, Piscataway, NJ). Dithiothreitol was
purchased from Invitrogen (Carlsbad, CA). All other reagents were
purchased from domestic companies unless specifically stated.

Cell culture
The human cancer HL-60 cell line, originally from the American Type
Culture Collection (Manassas, VA), was stored by our laboratory and
grown in RPMI 1640 supplemented with 2 mM glutamine, 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, and
10% fetal bovine serum at 37°C in a 5% CO, humidified incubator.
Human cord blood was obtained after informed written consent
and processed under the approval of the Fourth Military Medical
University Ethics Committee. Isolation of the CD34" cells from cord
blood, unilineage culture, and morphological analysis were per-
formed as previously described (Gabbianelli et al., 2000). Briefly, the
CD34" cells were purified from cord blood by positive selection us-
ing the midi-MACS immunomagnetic separation system according
to the manufacturer's instructions (Miltenyi Biotec, Bergisch Glad-
bach, Germany). The purity of the CD34" cells was assessed by flow
cytometry using a monoclonal PE (phycoerythrin)-conjugated anti-
CD34 antibody and was routinely >90%. CD34" progenitors were
cultured in Iscove’s modified Dulbecco’s medium supplemented
with bovine serum albumin (10 mg/ml), pure human transferrin
(700 mg/ml), human low-density lipoprotein (40 mg/ml), insulin
(10 mg/ml), sodium pyruvate (10 mol/l), L-glutamine (2 x 103 mol/I),
rare inorganic elements supplemented with iron sulfate (4 x
108 mol/l), and nucleosides (10 ug/ml each).

Cell differentiation assay
To induce the monocyte-macrophage differentiation of HL-60 cells,
the cells were induced by TPA for the indicated periods at the indi-
cated concentration. Cell morphology was observed by microscope.
To induce CD34* cord blood human progenitor cell differentia-
tion toward a macrophage fate, the cells were cultured in serum-free
medium that was supplemented with 1 ng/ml IL-6 and 100 ng/ml
Flt3-ligand combined with saturated-level M-CSF (50 ng/ml).

Plasmid construction, virus packaging, and infection
QP (QKI promoter) and the truncations without the putative
C/EBPa-binding sites (*QP1, 2QP2) were constructed as previously
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described. For the construction of QPm1 (with the distal C/EBPa.-
binding site mutated), the synthetic two reverse complement DNA
sequences harboring the mutated C/EBPa-binding site (synthesized
by Sangon, Shanghai, China; Supplemental Table S1) were used and
annealed before cloning into the QP1 vector. The QPm2 (with the
proximal C/EBPa-binding site mutated) was cloned using a muta-
genesis kit according to the manufacturer’s instructions (Takara Bio,
Otsu, Japan). To construct the CSF1R 3'UTR reporters or truncations
without the putative QREs, the fragments were amplified by reverse
transcription-PCR from the mRNA using the primers listed in Supple-
mental Table S1. The PCR products were digested with the indi-
cated restriction enzymes before being ligated into our previously
modified pGL3-control vector in which the EcoRI, EcoRV, Ndel, and
Pstl restriction enzyme sites were inserted downstream the Xbal site.
Stealth small interfering RNAs (siRNAs) targeting QKI were synthe-
sized by Invitrogen and dissolved in diethylpyrocarbonate-treated
H,O at a concentration of 20 pmol/l as a stock. Construction and
infection of the control and QKI overexpression adenovirus were
performed as previously described (Yang et al., 2010, 2011).

RNA-IP

RNA-IP was performed as described previously (Yang et al., 2010).
The RNA in the immunoprecipitated complex or in the previously
saved input fraction was extracted. Specific primers were applied for
detection of the target mRNAs (Supplemental Table S1).

Reporter assay

The cells were harvested 24 h after transfection and assayed with
the Dual Luciferase Assay Kit (Promega, Madison, WI) according to
the manufacturer’s instructions. The values were expressed as the
means + SD from at least three independent experiments. Because
QKI overexpression might alter the internal control pRL-TK due to
alternative splicing, all the fold changes in these vectors by QKI
were normalized to the changes in pGL3-SV40. Statistical analyses
were performed using Student’s t tests. A value of p < 0.05 was
considered as a significant difference.

RT-PCR
At the start of each experiment, the cells with the indicated treatment
were harvested at the indicated time for RNA extraction, and 2 pg of
total RNA was used to prepare the cDNA (TRIzol, Invitrogen; MLV
Reverse Transcriptase, Promega). PCR was then performed on 1 pl of
cDNA, as described, using specific pairs of primers for the targets
(Supplemental Table S1). B-Actin was used as an internal control.
For the mRNA decay assay, the cells were cultured in the indicated
conditions and further treated with actinomycin D at time 0, and RNA
was extracted at the indicated time to examine the RNA stability.
The gRT-PCR assay was performed using an AB 7500 system.
The conditions were as follows: 10 pl of SYBR Green | (Takara Bio),
0.5 pM of each 5" and 3’ primer, 2 pl of the sample, and H,O to a
final volume of 20 pl. The samples were amplified for 45 cycles with
a denaturation at 95°C for 5 s, and the annealing and extension
were at 60°C for 34 s. SYBR Green fluorescence was measured to
determine the amount of double-stranded DNA. To discriminate
specific from nonspecific cDNA products, a melting curve was ob-
tained at the end of each run. Relative mRNA levels of different QKI
isoforms and CSF1R were normalized to GAPDH levels and com-
pared with the control using the 279d%t,

Western blot assay

The levels of QKI, CD11b, CD14, and CSF1R were quantified using
the corresponding antibodies listed, with standard procedures for

Molecular Biology of the Cell



Western blot. The normalization was performed using mouse mono-
clonal anti—B-actin or anti—o-tubulin antibodies.

Flow-cytometric analyses
HL-60 cells (5 x 10°) were incubated for 20 min at 4°C with the FITC-
conjugated CD14 mAbs (from Immunotech). As a control, the cor-
responding cells labeled with a FITC-conjugated isotype 1gG were
used. After washing with PBS, the cells were analyzed by FACS
(Beckman Coulter, Brea, CA).

Statistical analyses

All of the experiments were performed at least in triplicate, and the
data are expressed as the means £ SD. A Student's t test was ap-
plied for statistical analysis. p < 0.05 was considered as significantly
different.
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