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The quaking (qkI) gene encodes 3 major alternatively spliced isoforms that contain unique sequences at their C termini dictating
their cellular localization. QKI-5 is predominantly nuclear, whereas QKI-6 is distributed throughout the cell and QKI-7 is cyto-
plasmic. The QKI isoforms are sequence-specific RNA binding proteins expressed mainly in glial cells modulating RNA splicing,
export, and stability. Herein, we identify a new role for the QKI proteins in the regulation of microRNA (miRNA) processing. We
observed that small interfering RNA (siRNA)-mediated QKI depletion of U343 glioblastoma cells leads to a robust increase in
miR-7 expression. The processing from primary to mature miR-7 was inhibited in the presence QKI-5 and QKI-6 but not QKI-7,
suggesting that the nuclear localization plays an important role in the regulation of miR-7 expression. The primary miR-7-1 was
bound by the QKI isoforms in a QKI response element (QRE)-specific manner. We observed that the pri-miR-7-1 RNA was
tightly bound to Drosha in the presence of the QKI isoforms, and this association was not observed in siRNA-mediated QKI or
Drosha-depleted U343 glioblastoma cells. Moreover, the presence of the QKI isoforms led to an increase presence of pri-miR-7
in nuclear foci, suggesting that pri-miR-7-1 is retained in the nucleus by the QKI isoforms. miR-7 is known to target the epider-
mal growth factor (EGF) receptor (EGFR) 3’ untranslated region (3'-UTR), and indeed, QKI-deficient U343 cells had reduced
EGEFR expression and decreased ERK activation in response to EGF. Elevated levels of miR-7 are associated with cell cycle arrest,
and it was observed that QKI-deficient U343 that harbor elevated levels of miR-7 exhibited defects in cell proliferation that were
partially rescued by the addition of a miR-7 inhibitor. These findings suggest that the QKI isoforms regulate glial cell function

and proliferation by regulating the processing of certain miRNAs.

icroRNAs (miRNAs) are noncoding short RNAs that regu-

late the expression of mRNAs by base-pairing to their 3’
untranslated regions (3’-UTR), leading to mRNA translational
repression and/or mRNA degradation (1). At present, >1,500
miRNAs have been identified in the human genome (http:
//mirbase.org), where they are functionally involved in diverse
cellular processes. Accumulating evidence suggests linking
miRNA dysregulation with disease progression (2, 3). miRNAs are
first transcribed by RNA polymerase II as long primary miRNAs
(pri-miRNAs) in the nucleus, where they are subsequently pro-
cessed into ~70-nucleotide (nt) precursor miRNAs by the RNase
IIT enzyme Drosha microprocessor complex (4-6). The precursor
miRNAs are exported into the cytoplasm (7, 8), and they are pro-
cessed into ~22-nt RNA duplexes by the RNase III enzyme Dicer
(9-12). One of the strands is assembled into RISC (RNA-induced
silencing complex) to inhibit mRNA translation or to enhance the
degradation of the mRNA (3). Interestingly, ~50% of human
miRNAs are located in the intronic regions of protein-encoding
genes, with implications for the biogenesis of the miRNAs and
their host mRNAs (13).

RNA binding proteins play important roles in the regulation of
miRNA biogenesis. For example, the human immunodeficiency
virus transactivating response RNA binding protein (TRBP) is an
integral component of the Dicer-containing complex (14). Lin-28
was shown to regulate miRNA biogenesis by binding the miRNA
terminal loop of Let-7 to block processing of primary to precursor
miRNA (15). SF2/ASF enhances expression of a group of miRNAs
by directly binding to a conserved double-stranded sequence in
their primary miRNA stem region to assist Drosha cleavage (16).
KSRP recognizes a conserved sequence in the terminal loop of
Let-7 and several other miRNAs to promote their maturation by
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facilitating an association with Drosha in the nucleus or with Di-
cer in the cytoplasm (17).

The QKI proteins belong to the heteronuclear ribonucleopro-
tein particle K (hnRNPK) homology (KH) domain family of RNA
binding proteins (18-20). The gkI gene expresses three major al-
ternatively spliced mRNAs (5, 6, and 7 kb) encoding QKI-5,
QKI-6, and QKI-7 that differ in their C-terminal 30 amino acids
(21). The QKI-5 isoform contains a nuclear localization signal
that renders this isoform predominantly nuclear (22). QKI-6 is
cytoplasmic and nuclear, and QKI-7 is predominantly cytoplas-
mic (23). The QKI proteins selectively interact with a short
sequence termed the QKI response element (QRE; ACUAAY([N1-
20JUAAY) (24). A transcriptome-wide study using CLIP (cross-
linking and immunoprecipitation) showed that QKI associates
with intronic sequences and mature mRNAs (25). The QKI iso-
forms have been shown to function in various aspects of RNA
processing during glial, oligodendrocyte, and Schwann cell differ-
entiation (18, 19). Functional QREs have been identified in the
myelin basic protein (MBP) (26-28), Krox-20 (Egr-2) (29), mi-
crotubule-associated protein 1B (30), the cyclin-dependent kinase
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inhibitor p27¥"" mRNAs (31), actin-interacting protein 1
(AIP-1) (32), and hnRNPA1 mRNAs (33, 34).

We have recently shown that the QKI proteins interact with
argonaute 2 (Ago2), a core component of RISC, during the stress
response (35). To determine whether the QKI proteins regulate
the expression of selected miRNAs, we monitored the expression
of miRNAs by microarray analysis of small interfering RNA
(siRNA)-mediated QKI depletion of U343 glioblastoma cells. The
expression of miR-7 was identified as robustly upregulated with
the loss of QKI. We noticed an increased association of pri-miR-7
with Drosha in the presence of the QKI isoforms, suggesting that
the binding of pri-miR-7 to the QKI isoforms prevents its proper
processing. Since miR-7 targets the epidermal growth factor
(EGF) receptor (EGFR), these findings have implications for EGF
signaling and cell proliferation in glial cells.

MATERIALS AND METHODS

Cells, siRNAs, transfections, and antibodies. The HEK293, U343, and
U87 cell lines were purchased from the American Type Culture Collection
(Manassas, VA). Plasmids were transfected with Lipofectamine 2000 (In-
vitrogen), and siRNAs, miRNA mimics, and miRNA inhibitors were
transfected with Lipofectamine RNAi MAX (Invitrogen) according to the
manufacturer’s instructions. The siRNAs and miRNA mimics were pur-
chased from Dharmacon Inc. The siRNAs used were siLuciferase (siCTL,
5'-CGU ACG CGG AAU ACU UCG AdTdT-3’), siQKI (5'-GGA CUU
ACA GCC AAA CAA CdATdT-3") (35), siQKI-1 (5'-GAC GAA GAA AUU
AGC AGA GUA dTdT-3’) (36), and siQKI-2 (5'-CCA GCU GGC CCU
ACCAUA AdTdT-3"). miR-7 miRCURY LNA microRNA inhibitor and a
negative control were purchased from Exiqon Inc. The anti-QKI panan-
tibody has been described previously (37). Antitubulin (T6793) and anti-
Myc (M4439) antibodies were purchased from Sigma Inc. Anti-EGFR
antibodies (SC-03) were from Santa Cruz. Anti-extracellular signal-regu-
lated kinase (anti-ERK; rabbit polyclonal no. 4695) and anti-phospho-
ERK (anti-pERK; rabbit polyclonal no. 4377) antibodies were purchased
from Cell Signaling Technology.

miRNA microarray and RT-qPCR. U343 cells were transfected with
100 nM luciferase (siCTL) or siQKI with Lipofectamine RNAi MAX (In-
vitrogen). Forty-eight hours after transfection, the cells were transfected a
second time, and they were harvested at 72 h. Total RNA was isolated
using miRNAeasy minikits (Qiagen). miRNA microarray analysis was
performed and the data were analyzed by LC Sciences using 3 biological
replicates for siCTL- and siQKI-transfected U343 cells. Total RNA was
treated with DNase (Promega) for 15 min at 37°C. One microgram of total
RNA was used for the first-strand synthesis with reverse transcriptase II
with oligo(dT) or random primers (Invitrogen). Real-time PCR was per-
formed using a SYBR green PCR kit (Qiagen) or TagMan 2X universal
PCR master mix (Applied Biosystems, Foster City, CA) with gene-specific
primers. The primers for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were from Qiagen (HS-GAPDH-1). For hnRNPK the primers
were as follows: forward, 5'-ACT TGG GAC TCT GCA ATT GAC A-3';
reverse, 5'-CCC TGT GGT TCA TAA GCC ATT T-3'. TagMan primers
for human primary miR-7 came from Applied Biosystems: pri-miR-7-1,
Hs03302860_pri; pri-miR-7-2, Hs03302865_pri; and pri-miR-7-3,
Hs03302872_pri. Fifty nanograms of total RNA was used for miRNA first-
strand synthesis using the TagMan reverse transcription kit (Applied Bio-
systems), and real-time PCR was performed using TagMan 2X Universal
PCR master mix (Applied Biosystems). TagMan miRNA-specific primers
from Applied Biosystems were as follows: miR-7, 000268; miR-19b,
000396; miR-146a, 000468; miR-146b, 001097; and miR-338-5p, 002658.
Real-time PCRs were performed on the 7300 real-time PCR system (Ap-
plied Biosystems). Data analysis was performed using real-time PCR soft-
ware 7500, version 2.0.4 (Applied Biosystems). The relative concentra-
tions of the genes of interest were determined using the comparative
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threshold cycle (AC;) method after normalization to the endogenous
control (GAPDH).

Plasmids. The hnRNPK minigene was generated as previously de-
scribed (16). The mutated hnRNPK minigene, pEGFP/hnRNPK:mQRE,
harbors UAAU/C to UAAG (mutated nucleotides are underlined) in the
putative QREs and was generated by overlap extension PCRs using PCR
primers that include two border primers for hnRNPK (5'-CGT CAT GAG
TCG GGA GCT TC-3" and 5'-GCA GGA CTC CTT CAG TTC TTC
A-3"), primers for QRE-A (5'-CTT GCT TAA GGC TTC TTC CAG CAA
GCT TAG TAT TC-3' and 5'-CAA TAC TAA GCT TGC TGG AAG AAG
CCT TAA GCA AG-3'), primers for QRE-B (5'-CGG AAT TGA AAG
TTC TTA ATA TTT G-3’ and 5'-AAC TTT CAA TTC CGT TTT CTT
AAG TCT G-3'), and primers for QRE-C (5'-GGA CCT TAG TAG AAC
AGA CTT AAG-3" and 5'-CTT AAG TCT GTT CTA CTA AGG TCC-3").

An EGFR 3'-UTR reporter vector (pLuc:EGFR3'-UTR) was con-
structed by annealing and cloning a repeat flanking sequence from the
EGFR 3'-UTR harboring a miR-7 targeting site (4309 to 4354,
NM_005228), and the miR-7 seed sequence was optimized so as to be
100% complementary (underlined)—5'-CTG TGA GCA AGA CAA CAA
AAT CAC TAG TCT TCC AGA GGA TGC TTG CTG TGA GCA AGA
CAA CAA AAT CAC TAG TCT TCC AGA GGA TGC TTG-3' and 5'-
CAA GCA TCC TCT GGA AGA CTA GTG ATT TTG TTG TCT TGC
TCA CAG CAA GCA TCC TCT GGA AGA CTT GGA AGA CTA GTG
ATT TTG TTG TCT TGC TCA CAG-3'—and was inserted into the
pMIR-REPORT Luciferase vector (Ambion). The constructs encoding
myc-QKI-5, myc-QKI-6, myc-QKI-7, and myc-QKI-6:V-E were de-
scribed previously (26, 37).

Luciferase assays. HEK293 cells were cotransfected with either pMIR-
REPORT Luciferase (pLuc) or the pEGFR 3'-UTR reporter (pLuc:
EGFR3’-UTR) along with either the wild type (pEGFP/hnRNPK) or the
mutated (pEGFP/hnRNPK:mQRE) minigene. pRLTK (Promega, Madi-
son, WI) encoding Renilla luciferase was also included and used to control
for transfection efficiency. The cell extracts were harvested after 48 h, and
luciferase activity was assayed using a dual-luciferase reporter assay kit
(Promega) and measured using a GloMax 20/20 luminometer (Promega).
For the selection of stable clones, HEK293 cells were separately transfected
with pEGFP, pEGFP/hnRNPK, or EGFP/hnRNPK:mQRE, and after 48 h,
the cells were diluted 20 times, transferred to 15-cm dishes, and cultured
in 500 pg/ml of G418 Dulbecco modified Eagle medium (DMEM) for 3 to
4 weeks. Clonal populations were selected for green fluorescent protein
(GFP) and pri-miR-7 expression by quantitative reverse transcription-
PCR (qRT-PCR) analysis.

In vivo RNA binding assay. HEK293 cells stably expressing the
hnRNPK minigene (pEGFP/hnRNPK) were transfected with myc-
pcDNA or myc-QKI-5, -6, -7, or -6:V-E. Twenty-four hours after trans-
fection, the cells were harvested in NP-40 lysis buffer (50 mM HEPES [pH
7.5], 150 mM KCl, 2 mM EDTA, 1 mM NaF, 0.5% [vol/vol] NP-40, 0.5
mM dithiothreitol [DTT], 0.01% SDS, complete EDTA-free protease in-
hibitor cocktail [Roche], and 0.5 U/l of RNasin). The lysates were im-
munoprecipitated with anti-myc antibody, and the bound RNA was iso-
lated using TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol. Reverse transcription assays were performed using SuperScript
II reverse transcriptase (Invitrogen) with random primers. The sequences
of the primers used for semiquantitative PCR were as follows: pri-miR-
7-1, 5"-AAA ACT GCT GCC AAA ACC AC-3' and 5'-GCT GCA TTT
TAC AGC GAC CAA-3', and unspliced hnrnpk, 5'-AGC TTT GTG TTA
GCT TAT AC-3" and 5'-GCT GCA TTT TAC AGC GAC CAA-3’. The
hnRNPK splicing variants were detected as described previously (16), and
5" GGG G AG GTT GTA CAG GTG AA 3" and 5" ATG ATG GTG AAA
CGG TGA C 3’ were used for AIP-1. The primers used for pri-miR-7-1
quantitative real-time PCR were Hs03302860_pri from Applied Biosys-
tems.

To evaluate in vivo protein-RNA interactions, U343 cells were incu-
bated with 4-thiouridine (Sigma; T4509) at a final concentration of 100
wM 14 h prior to cross-linking. The cells were washed once with 1X
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phosphate-buffered saline (PBS), placed on ice, and irradiated uncovered
with 0.15 J/em?® of 355-nm UV light. Cells were harvested in NP-40 lysis
buffer containing SDS (50 mM HEPES [pH 7.5], 150 mM KCl, 2 mM
EDTA, 1 mM NaF, 0.5% [vol/vol] NP-40, 0.5 mM DTT, 0.125% SDS,
complete EDTA-free protease inhibitor cocktail [Roche], and 0.5 U/l of
RNasin). Lysates were immunoprecipitated using 2 pg of either immu-
noglobulin (IgG) (Vector Laboratories) or anti-QKI-5 antibodies (Milli-
pore) and complexes captured using protein A Sepharose beads (Sigma;
P3391). The immunoprecipitates were treated with proteinase K buffer
(100 mM Tris [pH 7.5], 50 mM NaCl, 10 mM EDTA, and 1 mg/ml of
proteinase K) for 30 min at 55°C. The bound RNA was isolated using
TRIzol reagent (Invitrogen) as per the manufacturer’s protocol. Reverse
transcription protocols and qRT-PCR were carried out as described
above. Primers for pri-miR-7-1 and GAPDH are listed above. Primers for
hypoxanthine phosphoribosyltransferase (HPRT) are as follows: 5'-TGA
TAG ATC CAT TCC TAT GAC TGT AG-3" and 5'-CAA GAC ATT CTT
TCC AGT TAA AGT TG-3'.

Cell proliferation and cell cycle analysis. U343 cells were transfected
with 40 nM miRNA mimic, 40 nM siRNA, or 40 nM siRNA combined
with 100 nM miRNA inhibitor according to the Invitrogen reversal trans-
fection protocol using Lipofectamine RNAi MAX. The cells were counted
every 24 h after transfection for 3 days using a Beckman Coulter Z2 cell
counter. Similarly, the transfected cells were photographed 48 h after
transfection. For bromodeoxyuridine (BrdU) incorporation analysis, 48 h
after transfection, the cells were incubated with 10 wM BrdU for 1 h and
then harvested and fixed with 75% ethanol for more than 2 h at —20°C.
Cell cycle analysis was performed as described previously using a FACS
Calibur flow cytometer (BD Biosciences) (38). The data were analyzed
using BD CellQuest Pro software and FlowJo software. More than 20,000
cells per condition were analyzed.

Northern blotting. For miR-7, 10 g of total RNA was resolved on a
12% polyacrylamide-Tris base-boric acid-EDTA (TBE)-urea gel and
blotted onto Hybond-N+ membranes (Amersham). RNA blots were hy-
bridized with a miRCURY LNA miR-7 detection probe, 5'-ACA ACA
AAA TCA CTA GTC TTC CA-3’ (Exigion 38485-00), and antisense U6,
5'-ATA TGG AAC GCT TCA CGT AA-3' labeled with *?P by using T4
polynucleotide kinase (Invitrogen). After hybridization, the membranes
were developed by autoradiography.

Fluorescence in situ hybridization. hnRNPK intron 15 was PCR am-
plified with 5'-AGC TTT GTG TTA GCT TAT ACA TAC TAA-3" and
5'-AGA AAA GAA AAA AAG TGC G-3’" and cloned into pBluescript.
Antisense pri-miR-7-1 probe was labeled with digoxigenin-UTP (Roche)
by in vitro transcription with T7 RNA polymerase using a MEGA Script T7
kit (Ambion) according to the manufacturer’s instructions. I situ hybrid-
izations were performed on siRNA-treated U343 cells as described previ-
ously (35).

RESULTS

Identification of QKI-regulated miRNAs in glial cells. Due to the
QKT association with intronic regions (25), we sought to examine
whether the QKI RNA binding proteins influence the expression
of certain miRNAs in glial cells. The human U343 glioblastoma
cell line, known to express the QKI-5, -6, and -7 isoforms, was
transfected with siRNAs targeting luciferase (control) or the gkI
mRNAs (35). The efficient knockdown of the QKI isoforms was
confirmed by immunoblotting using pan-anti-QKI antibodies
(37), while the anti-B-tubulin antibody was used as a loading con-
trol (Fig. 1A). Total RNA was isolated from control siRNA- and
siQKI-treated cells and analyzed using miRNA microarrays. The
expression of 10 miRNAs was significantly altered with decreased
QKI expression (Fig. 1B). Differentially expressed miRNAs are
detailed in Table 1 from three independent microarray experi-
ments performed with three separate biological replicates. The
expression of miR-204, -1979, -19b, -146a, -146b-5p, and -338-5p
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hsa-miR-204
hsa-miR-1979
hsa-miR-19b
hsa-miR-146a
hsa-miR-146b-5p
hsa-miR-338-5p

hsa-611
hsa-let-7*
hsa-miR-1224-5p
hsa-miR-7
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Relative miRNA Expression
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siCTL siQKI siQKI-1 siQKI-2

FIG 1 Identification of QKI regulated miRNAs in U343 glioblastoma cells. (A)
Cell extracts prepared from U343 cells transfected with siCTL or siQKI were sep-
arated by SDS-PAGE and immunoblotted with anti-pan-QKI antibodies and
B-tubulin as a loading control. (B) Total RNA purified from siCTL- and siQKI-
transduced U343 cells was analyzed for miRNA expression using miRNA microar-
ray analysis by LC Sciences. The heat map indicates the differential expression of
miRNAs in the siCTL- versus siQKI-transduced cells. Each row represents a dif-
ferent mature miRNA sequence. Shown are median values from normalized, log
ratio (base 2) data sets and plotted as a heat map from three biological and tech-
nical replicates. Green indicates decreasing miRNA expression, whereas red indi-
cates increasing miRNA expression. (C) TagMan qRT-PCR was performed to
verify the changes observed in the microarray. miRNAs with signals of >500 and
alog, change (siQKI/siLuc) of <—1 or >1 were verified. The data shown repre-
sent the mean expression level of 3 different biological replicates calculated by AC;-
normalized to the endogenous GAPDH control of 3 independent experiments
performed in triplicate. Error bars represent standard deviations of the means. (D)
U343 cells were transfected with the indicated control or QKI siRNAs and the
levels of miR-7 monitored by TagMan qRT-PCR.
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TABLE 1 miRNA expression in siCTL- and siQKI-expressing U343
cells®

Mean signal
value

Log, Fold

Reporter name P value siCTL  siQKI  (siQKI/siCTL) change

hsa-miR-204 2.26E—03 6,616 3,778 —0.81 0.570382
hsa-miR-146b-5p 2.88E—03 1,395 266 —2.39 0.190782
hsa-miR-7 5.04E—03 296 4,016 3.76 13.54792
hsa-miR-1979 6.29E—03 10,809 5,763 —0.91 0.532185
hsa-miR-338-5p  7.19E—03 675 155 —2.13 0.228458
hsa-miR-146a 7.34E—03 566 167 —1.76 0.295248
hsa-miR-1224-5p 7.45E—03 149 479 1.69 3.226567
hsa-miR-19b 8.74E—03 515 134 —1.94 0.260616
hsa-miR-611 342E—03 42 79 0.90 1.880952
hsa-let-7¢* 9.85E—03 30 56 0.89 1.866667

“ P < 0.01 by ¢ test.

decreased, while the expression of miR-7, -611, and -1224-5p and
let-7* increased (Fig. 1B). Those miRNAs with high signal inten-
sity (>500) and the most significant change (>3-fold) were miR-
19b, miR-146a, miR-146b-5p, miR-338-5p, and miR-7. Using
quantitative real-time PCR, we confirmed the reduction in the
expression of miR-146b-5p and miR-338-5p as well as the increase
in miR-7 expression (Fig. 1C). However, no significant alteration
in the expression of miR-19b and miR-146a was detected between
the QKI-positive and -negative cell lines (Fig. 1C). The sequences
of the primary RNAs encoding miR-146b-5p, miR-338-5p, and
miR-7 were analyzed for the presence of QREs. miR-7 is encoded
by three primary miRNA genes, termed miR-7-1, -2, and -3 (39).
Interestingly, we identified three QKI binding sites in the primary
sequence of miR-7-1 and miR-7-2 near the precursor stem-loop
structure, but not miR-7-3 (see Fig. S1 in the supplemental mate-
rial). The primary sequences of miR-146b-5p and miR-338-5p
were devoid of any QREs, suggesting that they may be regulated
indirectly by the QKI isoforms. Therefore, we focused on whether
the QKI proteins could regulate miR-7 by associating with the
QREs harbored in the primary RNAs. By monitoring the levels of
miR-7-1,-2,and -3 in U343 cells by qRT-PCR, we ascertained that
pri-miR-7-1 was abundantly expressed, while pri-miR-2 and -3
were essentially not expressed (see Fig. S2 in the supplemental
material). The increased mature miR-7 expression observed in
siQKI U343 cells was also confirmed by Northern blotting (see
Fig. S3A in the supplemental material). We next confirmed the
increase in miR-7 was not an off-target effect using two additional
siRNAs directed against the QKI isoforms numbered siQKI-1 and
siQKI-2. U343 cells transfected with siQKI, siQKI-1, and siQKI-2
all resulted in nearly a complete reduction in QKI isoforms, as
assessed by immunoblotting and a significant increase in miR-7
levels, albeit to different levels (Fig. 1D).

hsa-miR-7-1 is embedded in the last intron of the hnRNPK
gene, which is alternatively spliced with duplicated 3’ splice sites.
The three putative QREs, designated QRE-A, -B, and -C, are high-
lighted in Fig. 2A. The increased miR-7 observed in siQKI U343
cells could be the result of increased transcription of the inRNPK
host gene or an increase in pri-miR-7-1 transcription per se. Using
qRT-PCR, we examined the expression of the hnRNPK and pri-
miR-7-1 RNA levels. Interestingly, neither changed in the siQKI-
transfected U343 cells compared to control cells (Fig. 2B and C).
Moreover, QKI-deficient U343 cells did not exhibit defects in hn-
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RNPK alternative splicing, as assessed by the usage of the proximal
and distal 3’ splice sites (see Fig. S3B in the supplemental mate-
rial). These findings suggest that QKI regulates the posttranscrip-
tional processing of pri-miR-7.

QKI-5 and QKI-6 regulate the expression of miR-7. We con-
structed a minigene as described previously (16) that encompasses
the miR-7-1-containing intron of hnRNPK and its flanking exons
downstream of an enhanced green fluorescent protein (EGFP)
open reading frame (Fig. 3A). The use of the minigene avoids
potential complications due to multiple endogenous miR-7 loci
and unforeseen transcriptional or posttranscriptional regulations
(16). A second hnRNPK minigene was constructed named
pEGFP/hnRNPK:mQREs in which the 3 putative QREs located
within the miR-7-1-containing intron were mutated as to prevent
association with the QKI proteins. The epidermal growth factor
receptor (EGFR) 3'-UTR is known to harbor two miR-7 seed se-
quences (40). We cloned the miR-7 binding sites and flanking
sequences from the EGFR 3'-UTR into a firefly luciferase reporter
that we named pLuc:EGFR3’-UTR (luciferase plus miR-7 target
sequences). HEK293 cells were cotransfected with the hnRNPK
minigene (pEGFP/hnRNPK) and the luciferase reporter (pLuc:
EGFR3’-UTR). We examined whether the miR-7 RNAs were
functional in these cells, and indeed, we observed a robust dose-
dependent inhibition of the pLuc:EGFR3’-UTR but not the pLuc
control reporter (Fig. 3B). The transfection of pEGFP/hnRNPK:
mQRE led to similar findings (Fig. 3B). These findings confirm the
production of mature functional miR-7 from both minigenes.

We then generated cells stably expressing the pPEGFP/hnRNPK
and pEGFP/hnRNPK:mQRE minigenes. Cells expressing these
minigenes were used to determine which of the QKI isoforms
regulate the maturation of miR-7. The cells were lysed, and we
observed a significant increase, ~8-fold, in the production of
miR-7 in cells transfected with pEGFP/hnRNPK, as measured by
real-time RT-PCR (Fig. 4A). As the putative QREs of primary
miR-7-1 do not reside within the precursor stem region or termi-
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boring sequences from the 3'-UTR of the EGF receptor with the miR-7 target-
ing sequences (pLuc:EGFR3’-UTR) are depicted. HEK293 cells were cotrans-
fected with pLuc or pLuc:EGFR3’-UTR, along with increasing amounts of
either the wild-type hnRNPK minigene (pEGFP/hnRNPK) or the mutated
minigene (pEGFP/hnRNPK:mQRE), and assayed for luciferase activity nor-
malized to that for Renilla.

nal loop or in the sequence of the mature miR-7, we hypothesized
that the QKI isoforms may repress the maturation of miR-7-1
from the primary to precursor stage in the nucleus. To determine
which of the QKI isoforms downregulate miR-7 expression, we
transfected QKI-5, -6, or -7 in HEK293 cells stably expressing
pEGFP/hnRNPK and pEGFP/hnRNPK:mQRE. Total RNA iso-
lated from the transfected cells was resolved on denaturing gels,
and the presence of the precursor and mature miR-7 RNAs was
detected by Northern blotting. We observed that the ectopic ex-
pression of either QKI-5 or QKI-6 significantly reduced the
expression of the mature miR-7 derived from pEGFP/hnRNPK-
expressing cells (Fig. 4B, upper portion; compare lanes 2 and 4
with lane 1) but not cells expressing pPEGFP/hnRNPK:mQRE (Fig.
4B, upper portion; compare lanes 7 and 9 with lane 6). QKI-7 and
QKI-6:V-E, an RNA binding defect mutant of QKI-6 (26), did not
reduce the expression of miR-7 (Fig. 4B, upper portion). Interest-
ingly, the miRNA precursor levels did not parallel the decreased
levels of mature miR-7, implying that QKI-5 and QKI-6 might
also act at a post-Drosha-cleavage step such as during export or at
the Dicer cleavage. The U6 snRNA was used as a loading control.
The expression of the myc epitope-tagged QKI isoforms is shown
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FIG 4 QKI-5 and QKI-6 abrogate mature miR-7 processing. (A) The levels of
miR-7 were measure by real-time qRT-PCR in HEK293 or HEK293 cells stably
expressing the indicated plasmids. (B) HEK293 cells stably expressing the in-
dicated hnRNPK minigene were transfected with pcDNA empty vector or
expression vectors encoding myc epitope-tagged QKI-5, QKI-6, QKI-7, or
QKI-6:V-E (20 pg of plasmid in a 10-cm culture dish). After 48 h, the RNA was
extracted and 10 wg of total RNA was loaded and resolved on 12% polyacryl-
amide TED-urea gels and transferred onto Hybond-N+ membranes. The
membranes were hybridized with a U6 antisense and mature miR-7 antisense
LNA (Exiqon) probe labeled at the 5" end with **P. The ethidium bromide-
stained RNA gel is shown (lanes 1 to 10). The experiment was performed in
triplicate, and results were quantified as the means and standard errors of the
means. Protein extracts were also prepared and immunoblotted with anti-B-
tubulin as a loading control and anti-Myc antibodies to visualize the QKI
expression (lanes 11 to 20). The quantification is depicted at the bottom.

in relation to the loading control B-tubulin (Fig. 4B, lower por-
tion). These findings suggest that the QKI isoforms that localize to
the nucleus (i.e., QKI-5 and QKI-6) are able to inhibit miR-7
maturation.

QKI-5 and QKI-6 bind the pri-miR-7-1. To determine if the
QKI isoforms associate directly with pri-miR-7-1, we examined
the capacity of the QKI isoforms to coimmunoprecipitate with
pri-miR-7. We also examined their ability to associate with the
hnRNPK pre-mRNA and mRNA (Fig. 5). HEK293 cells stably
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FIG 5 Association of the pri-miR-7 RNA with the QKI isoforms. (A) Sche-
matic illustration of PCR primers used to detect the pri-miR-7-1 mRNA, the
hnRNPK pre-mRNA, and mature mRNA. (B and C) HEK293 cells expressing
pEGFP/hnRNPK (B) and pEGFP/hnRNPK:mQRE (C) were transfected with
pcDNA or the indicated myc-QKI isoform. After 48 h, the cells were lysed and
10% of the fraction was used as input, while the remaining cellular extracts
were immunoprecipitated (IP) with the anti-Myc antibody. The bound RNAs
were purified and detected by semiquantitative RT-PCR to visualize the pres-
ence of the indicated RNAs. The samples were analyzed in the presence (+) or
absence (—) of reverse transcriptase (RT) as indicated. The size of the DNA
fragments is shown in base pairs on the right. (D) Cross-linked U343 cells were
immunoprecipitated with either control IgG or anti-QKI-5 antibodies. The
bound RNAs were isolated, and qRT-PCR was used to determine levels of
bound pri-miR-7-1 or control mRNAs for GAPDH and HPRT.

0

expressing either the pEGFP/hnRNPK or pEGFP/hnRNPK:
mQRE minigene were transiently transfected with QKI-5, -6, or 7
expression vectors. The QKI isoforms were immunoprecipitated
and the bound RNAs monitored by semiquantitative RT-PCR and
cross-linking qRT-PCR. We observed that QKI-5 and QKI-6 as-
sociated with the pri-miR-7-1 and with the unspliced host hn-
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RNPK pre-mRNA. Some weak interaction was also observed with
QKI-7 (Fig. 5B). As expected, no significant binding was observed
in the absence of reverse transcriptase or in pcDNA and QKI-6:
V-E controls (Fig. 5B). Moreover, we did not observe any associ-
ation between the QKI isoforms and the hnRNPK mRNA (Fig.
5B). Binding of QKI-5, -6, and -7 to AIP-1 (32) served as a positive
control (Fig. 5B). The binding between QKI and the pri-miR-7-1
RNA was direct and mediated by the QREs, as we did not observe
an interaction between QKI-5/6 and pri-miR-7-1 when the three
QREs were mutated in the pri-miR-7 (Fig. 5C). As association can
occur after lysis (41), we labeled U343 cells with 4-thiouracil and
performed UV cross-linking. The cells were lysed under harsh
conditions, and immunoprecipitations were performed with ei-
ther control immunoglobulin G (IgG) or anti-QKI-5 antibodies.
The bound RNA was isolated, and the presence of the pri-miR-7
was verified by qRT-PCR. We observed ~17-fold enrichment of
pri-miR-7-1 bound to QKI-5 over the IgG control and ~4-fold
enrichment over GAPDH and HPRT negative controls (Fig. 5D).
Taken together, these findings show that QKI isoforms associate
with pri-miR-7.

The QKI isoforms cause accumulation of Drosha-associated
pri-miR-7-1. To examine if QKI affects the interaction of Drosha
with pri-miR-7-1, we performed Drosha immunoprecipitations
using U343 cells treated with control siRNA, siQKI, or siDrosha
and monitored the levels of the associated pri-miR-7-1 by qRT-
PCR. The respective siRNAs for QKI and Drosha led to decreased
protein expression as observed by immunoblotting (Fig. 6A). We
observed a strong interaction between Drosha and pri-miR-7-1 in
control siRNA-treated cells, as expected, and this association was
abolished in siQKI- and siDrosha-treated U343 cells (Fig. 6B),
suggesting that the presence of QKI isoforms may alter the effi-
ciency of pri-miR-7-1 processing by Drosha. To examine whether
pri-miR-7-1 is retained in the nucleus, we performed in situ hy-
bridization, and indeed, we detected the presence of pri-miR-7-1
within nuclear foci of control siRNA-treated cells but not siQKI-
treated cells (Fig. 6C). These findings suggest that the QKI iso-
forms in U343 cells associate and sequester pri-miR-7-1 within
the nucleus, preventing its proper maturation.

QKI deficiency reduces the expression of the EGFR and cell
growth. miR-7 is known to target the EGFR (40, 42). Thus, we
examined the expression of the EGFR in U343 glioblastoma cells
transfected with siCTL, siQKI-1, and siQKI-2. An miR-7 mimic
was used as a positive control, while a negative-control mimic
termed miR CTL was also used. The transfection of mimic miR-7
in U343 cells downregulated EGFR expression compared to miR
CTL (Fig. 7A, lanes 1 and 2). siQKI-1 and siQKI-2 lowered the
expression of the QKI isoforms, as expected, and also reduced the
expression of the EGFR, similar to mimic miR-7 (Fig. 7A). Similar
findings were obtained in U87 glioblastoma cells but to a lesser
extent (see Fig. S4 in the supplemental material). We next exam-
ined whether QKI siRNA-transfected U343 cells had impaired ex-
tracellular signal-regulated kinasel/2 (ERK1/2) activation in re-
sponse to EGF. Serum-starved U343 cells were stimulated with
EGF for 15 min, and protein extracts were prepared and immu-
noblotted with anti-phospho-ERK antibodies. Robust ERK acti-
vation was observed in miR CTL and siCTL cells (Fig. 7B, lanes 2
and 6); however, this activation was impaired in miR-7-, siQKI-
1-, and siQKI-2-transfected U343 cells (Fig. 7B, lanes 4, 8, and 10).

Elevated miR-7 levels are known to suppress cell proliferation
in glial cells (40, 42). To determine whether the increased miR-7
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4',6-diamidino-2-phenylindole (DAPI), and the images were merged.
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MERGE

caused by the QKI siRNA altered the growth potential, we moni-
tored cell proliferation and performed cell cycle analysis of U343
cells harboring miR CTL, miR-7, siCTL, and siRNAs targeting
QKI. The transfection of miR-7, siQKI-1, and siQKI-2 prevented
cell proliferation, while cells grew normally with miR CTL and
siCTL, as assessed by cell counting using a Beckman Coulter Z2
cell counter (Fig. 7C). We reasoned that the growth inhibition
observed in siQKI-1- and siQKI-2-transfected U343 cells was due
to elevated miR-7 levels (Fig. 1D). Thus, we inhibited miR-7 using
an miR-7 miRCURY LNA miRNA inhibitor. The transfection of
the miR-7 inhibitor partially rescued the cell proliferation defect
of siQKI-1- and siQKI-2-transfected U343 cells (Fig. 7C, right
graph). Interestingly, cells depleted of the QKI isoforms using
siQKI-1 and siQKI-2 had increased cell flattening (Fig. 7D), sug-
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gesting that these cells have an altered cytoskeleton. This pheno-
type was not observed in miR-7-treated cells (Fig. 7D), and it is
reasonable to assume that the QKI-depleted U343 cells results in
the alteration of other QKI targets in addition to miR-7. We also
examined the cell proliferation defect of miR-7-, siQKI-1-, and
siQK-2-transfected U343 cells by flow cytometry with propidium
iodide (PI) (see Fig. S5 in the supplemental material), and with
2-color flow cytometry using PI and BrdU to label the cells in S
phase (Fig. 7E). Indeed, the miR-7-, siQKI-1-, and siQKI-2-trans-
fected cells were mainly in the G,/G, phase of the cell cycle, with
few cells in the S phase (Fig. 7E; see also Fig. S5). Taken together,
our findings show that QKI-deficient U343 cells have altered
EGEFR expression and signaling. Moreover, these cells have defects
in cell proliferation and are arrested in the G,/G, phase, and this
effect is partially attributed to elevated miR-7 levels.

DISCUSSION

In this work, we show that the depletion of the QKI isoforms in
U343 glioblastoma cells leads to an miRNA imbalance. miR-7 was
the miRNA that was the most elevated in QKI-depleted cells, and
we pursued its characterization. We observed that pri-miR-7-1,
and not pri-miR-7-2 or pri-miR-7-3, was the major primary
miR-7 expressed in U343 cells, and interestingly, it harbors 3 pu-
tative QREs. The processing of pri-miR-7 to mature miR-7 was
inhibited with the ectopic expression of the QKI-5 and QKI-6
isoforms, but not the cytoplasmic QKI-7 nor QKI-6 harboring an
RNA binding-defective mutation (QKI-6:V-E). This regulation
required the presence of the QREs within pri-miR-7-1. pri-miR-
7-1 was tightly bound to the Drosha microprocesser complex in
the presence of QKI, and this association was severely impaired in
QKI-depleted U343 cells. These findings imply that the QKI iso-
forms associate with pri-miR-7-1 and may hinder Drosha pro-
cessing. EGFR is a target of miR-7 (40), and indeed, QKI-depleted
U343 cells, as well as U87 cells, had reduced EGFR expression and
signaling to ERK. Elevated levels of miR-7 are known to inhibit
cell proliferation, and indeed, we observed that siRNAs targeting
QKI inhibited U343 cell proliferation and that this effect was par-
tially reversed by inhibiting miR-7 activity. These findings suggest
that the QKI isoforms regulate glial cell function by regulating the
expression of specific miRNAs.

Glial cells such as oligodendrocytes are known to be regulated
at multiple levels by epigenetics changes, including histone mod-
ifications and miRNAs (43, 44). The expression of >37 miRNAs is
regulated during oligodendrocyte differentiation (45). Specifi-
cally, it was shown that miR-9 is able to target peripheral myelin
protein gene pmp22 (45). In addition, miR-23 through targeting
laminB1 is required for proper oligodendrocyte differentiation
(46). These findings suggest a key role for miRNAs in oligoden-
drocyte differentiation. The role of miRNAs in oligodendrocyte
function was further supported using a conditional allele of Dicer
in mice (47, 48). The removal of Dicer in oligodendrocytes using
CNP-Cre, Oligl-Cre, and Olig2-Cre resulted in mice with com-
promised myelin and increased immature progenitors (47, 48).
miR-138, miR-219, and miR-338 have been shown to be upregu-
lated during oligodendrocyte differentiation, and interfering with
these miRNAs inhibits oligodendrocyte maturation. Overexpres-
sion of miR-219 and miR-338 was shown to be necessary to pro-
mote oligodendrocyte differentiation and to compensate for the
loss of Dicer (47, 48). Since deficiency of QKI represses miR-338 in
U343 cells (Fig. 1), it is likely that increased QKI expression during
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FIG 7 QKI-deficient U343 cells have reduced EGFR expression, reduced EGF-dependent ERK activation, and reduced cell proliferation. U343 cells were
transfected with 40 nM synthetic small RNAs: mimic miR negative control (miR CTL), mimic miR-7 (miR-7), siLuciferase (siCTL), and two siQKI siRNAs
(siQKI-1 and siQKI-2), as described in Materials and Methods. In the rescue experiment, 100 nM miR-7 inhibitor or inhibitor control was cotransfected with the
indicated siRNAs. (A) The cells were harvested at 48 h after transfection, and the total cell lysates were subjected to immunoblotting with anti-EGFR, anti-pan-
QKI, and anti-B-tubulin antibodies as indicated. (B) The cells were starved overnight 48 h after transfection and then stimulated with 20 ng/ml of EGF for 15 min
(+) or left untreated (—). Protein extracts were prepared, and pERK1/2, total ERK, and B-tubulin were detected by immunoblotting. (C) The cells were counted
every 24 h after transfection using the Beckman Coulter Z2 cell counter. The cell numbers were normalized by the number of cells used for the transfection (day
0; between 190,000 and 260,000 cells). Two independent experiments were performed in duplicate. The data were expressed as averages * standard deviations.
**, P <0.01; %%, P < 0.001 (Student ¢ test). (D) The cells were photographed 48 h after transfection. The experiments were performed twice; one representative
image is shown. (E) The cells were labeled with 10 wM BrdU for 1 h at 48 h after transfection and then harvested and stained with fluorescein isothiocyanate
(FITC)-conjugated anti-BrdU antibody (green, FL1) and propidium iodide (red, FL2). The cell cycle was analyzed using FACS Calibur flow cytometry. Two
independent experiments were performed; one representative FACS graph is shown. The averaged percentage of BrdU-positive cells was calculated from the two
experiments. The FACS histograms and the percentage of cells at Go/G,, S, and G,/M phases are presented in Fig. S5 in the supplemental material.

oligodendrocyte differentiation may contribute to the increased  were identified in vivo (25). Our findings suggest that the regula-
expression of miR-338 during oligodendrocyte maturation. Thus, tion of miRNAs by QKI isoforms observed herein provides an
QKIs regulate posttranscriptionally the expression of many genes  additional level of regulation in gene expression by altering
directly by associating with QREs, and indeed, ~2,500 transcripts ~ miRNA levels.
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Approximately 50% of human miRNAs are located within in-
tronic regions of protein coding genes and the miRNA expression
pattern often parallels that of the protein coding gene (49). pri-
miR-7-1 is an miRNA located within intron 15 of the hnRNPK
gene upstream of alternative splicing exons. We noted that QKI
expression had no effect on the expression of pri-miR-7-1 or the
expression of the hnRNPK gene or its 3" splicing. Our results sug-
gest that the QKI isoforms influence the efficiency of processing of
pri-miR-7-1 and the export of the precursor miR-7. The presence
of the QKI isoforms increases the association of pri-miR-7-1 with
the Drosha microprocessor complex, as visualized by coassocia-
tion studies. It was shown that pri-miRNAs are processed cotran-
scriptionally (50, 51). Indeed, in QKI-depleted U343 cells, we ob-
served a lack of nuclear retained pri-miR-7, consistent with it
being processed more efficiently, resulting in elevated levels of
miR-7.

The most frequent genetic alterations detected in glioblasto-
mas include mutations within the TP53, CDK inhibitor p16INK43,
and phosphatase and tensin homologue deleted on chromosome
10 (PTEN) genes In addition, EGFR amplification, an increase in
angiopoietin 1 (Ang 1), and vascular endothelial growth factor
(VEGE-A) are frequently observed (52, 53). A study reported the
loss of QKI mRNA expression in human glioblastomas and not
other tumors (54). The gkl gene locus is located on 6q26-q27, a
region commonly associated with abnormalities in human malig-
nancies, including astroctytic tumors (55). The deletion of the gkI
gene was observed in primary glioblastomas and anaplastic astro-
cytomas, defining gkI as a putative tumor suppressor gene (55).
Another study identified glioblastoma cell line CRL2020 as a gkI
knockout (56). In addition, the sequencing of 13,000 coding re-
gions of colorectal and breast tumors identified 200 genes with
mutations, including an R336Q mutation within gkI (57); how-
ever, it remains to be determined whether this mutation results in
QKT loss of function. Recently, multidimensional cancer genome
analysis has defined QKI as a putative tumor suppressor that is
frequently (~20%) deleted in glioblastomas (36). It was shown
that QKI knockdown increases tumorigenicity, as assessed by in-
creased growth in soft agar of glioma cells with stable clones con-
taining shQKI and the increased incidence of tumors in flanks of
nude mice harboring these QKI-deficient glioma cells (36). Al-
though there is evidence suggesting that QKI may be a tumor
suppressor, the loss of p53 in quaking viable mice did not acceler-
ate tumor onset (58), and similarly, quaking viable mice harboring
a patched] null allele also did not have accelerated tumorigenesis
(59). However, the quaking viable mice may not be an ideal model
to study tumorigenesis, as these mice succumb to other defects
when bred in the p53 null or patched!l background (58, 59).

A role for the QKI proteins was observed recently in miRNA
function, as it was shown that QKI is downstream of p53 and
regulates the stability of miR-20a, which, in turn, negatively reg-
ulates transforming growth factor  receptor 2 (TGF-BR2) (36).
QKI was shown to associate with miR-20a via its KH domain, and
this interaction is specific for miR-20a (36). The QKI/miR-20a
interaction stabilizes miR-20a, which then suppresses TGF-BR2
(36). As miR-20a does not harbor a QRE, it remains unclear as to
how QKI selectively recognizes miR-20a. We did not observe a
variation in miR-20a in our microarray data (data not shown).
Herein, we show a different mechanism by which QKI regulates
miRNAs. We show that QKI associates with a QRE bearing pri-
miR-7-1 and regulates its nuclear retention, such that the QKI-
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deficient cells have increased miR-7 production. We observe that
robust QKI depletion of U343 cells using siRNAs alters cell mor-
phology (Fig. 7D), leading to arrest in the G,/G, phase of the cell
cycle (Fig. 7C and E; see also Fig. S5 in the supplemental material).
Moreover, this effect was partially rescued by the inhibition of
miR-7 (Fig. 7C), suggesting that miR-7 contributes to the cell
proliferation defect observed in QKI-depleted U343 cells.

miR-7 is a conserved miRNA that targets several genes. In Dro-
sophila, miR-7 plays important roles against environmental fluc-
tuations during development: it promotes photoreceptor differ-
entiation of the eye and germ line stem cell lineage differentiation
(60-62). In humans, ~444 genes are predicted targets of miR-7
using Targetscan 6.1. Increasing evidence has indicated that
miR-7 suppresses tumor generation in several human cancers by
targeting multiple genes (63, 64). Moreover, miR-7 has been
shown to inhibit the expression of EGFR and is downregulated in
glioblastomas (40, 42). Since QKI regulates miRNA expression, it
suggests that QKI also monitors gene expression during cell dif-
ferentiation and tumor occurrence by altering miR-7 expression.

In conclusion, we identify a role for the QKI proteins in the
regulation of miRNA processing in glial cells. We observed that
the nuclear QKI isoforms associate with QREs within primary
miR-7-1 and regulate the efficiency of its processing. These find-
ings provide a new mechanism by which the QKI isoforms regu-
late glial cell proliferation.
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