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Background: MicroRNA processing is a tightly controlled multistep process involving accessory proteins.
Results: Expression of microRNAs 15a and 16 is controlled by nucleolin expression and localization.
Conclusion: Nucleolin facilitates the biogenesis of microRNAs 15a and 16 through direct interaction with the microprocessor

complex.

Significance: Nucleolin represents a novel component of the microRNA processing pathway.

MicroRNAs (miRNA) are endogenous, short, non-coding
RNA that undergo a multistep biogenesis before generating
the functional, mature sequence. The core components of the
microprocessor complex, consisting of Drosha and DGCRS,
are both necessary and sufficient for this process, although
accessory proteins have been found that modulate the bio-
genesis of a subset of miRNA. Curiously, many of the proteins
involved in miRNA biogenesis are also needed for ribosomal
RNA processing. Here we show that nucleolin, another pro-
tein critical for rRNA processing, is involved in the biogenesis
of microRNA 15a/16 (miR-15a/16), specifically at the pri-
mary to precursor stage of processing. Through overexpres-
sion and knockdown studies, we show that miR-15a/16 levels
are directly correlated to nucleolin expression. Furthermore,
we found that cellular localization is critical for the proper
functioning of nucleolin in this pathway and that nucleolin
directly interacts with DGCRS8 and Drosha in the nucleus.
Nucleolin can bind to the primary miRNA both directly and
specifically. Finally, we show that in the absence of nucleolin,
cell extracts are unable to process miR-15a/16 in vitro and
that this can be rescued by the addition of nucleolin. Our
findings offer a new protein component in the microRNA
biogenesis pathway and lend insight into miRNA dysregula-
tion in certain cancers.
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MicroRNA (miRNA)? are short ~21-nucleotide single-
stranded non-coding RNA that affect gene expression by inhib-
iting translation or degrading mRNA targets by binding to their
3'-untranslated region (3'-UTR) (1). Transcripts from miRNA-
encoding genes generate primary miRNA (pri-miRNA) that
vary in size from one to tens of kilobases and contain a 5’ cap
and a poly(A) tail. These pri-miRNA are processed in the
microprocessor complex composed of Drosha and DGCR8 into
a 60-90-nucleotide pre-miRNA (2). After being exported to
the cytoplasm by Exportin-5 and Ran-GTP, pre-miRNA are
cleaved by Dicer, which transfers the double-stranded RNA to
the Argonaut complex to generate the mature miRNA (3-5).

The miRNA biogenesis pathway is tightly regulated with
numerous other proteins transiently associating with the indi-
vidual complexes to either stimulate or inhibit processing. For
example, transient interaction of p53, p68, and p72 with Drosha
increases the processing of a subset of miRNA (6, 7). Negative
regulators of miRNA processing include the estrogen receptor,
NF45-NF90 complexes, and Lin28 (8 —10). The AU-rich bind-
ing protein KH-type splicing regulatory protein (KSRP) can
interact with both the microprocessor and the Dicer complexes
and affect their function (11, 12). The effect of these regulators
on miRNA processing can be very specific, as is the case of
heterogeneous nuclear ribonucleoprotein A1, which facilitates
the specific processing of miR-18a from the polycistronic
miRNA miR-17-92 and Lin28, which blocks the biogenesis of
let-7 family miRNA (10, 13). Although KH-type splicing regu-
latory protein and Lin28 are the only two regulatory proteins
known to affect Dicer, most of the transient effectors charac-
terized thus far interact exclusively with the microprocessor
complex, suggesting that this may be a critical step in the reg-
ulation of miRNA expression.

An interesting parallel exists between miRNA biogenesis and
ribosomal RNA (rRNA) biogenesis with a number of proteins
having important roles in both pathways. Drosha was originally

3The abbreviations used are: miRNA, microRNA(s); pri-miRNA, primary
microRNA; miR, microRNA; AML, acute myelogenous leukemia; NCL,
nucleolin; PN, parthenolide; PARP, poly(ADP-ribose) polymerase-2; RISC,
RNA-induced silencing complex; DMSO, dimethyl sulfoxide; qRT-PCR,
quantitative RT-PCR; pre-miRNA, precursor miRNA.

JOURNAL OF BIOLOGICAL CHEMISTRY 44095


http://www.jbc.org/cgi/content/full/M111.265439/DC1

Nucleolin Protein Affects Biogenesis of MicroRNAs 15a and 16

identified for its role in rRNA biogenesis, cleaving the 48 S
pre-rRNA into the 12 S rRNA intermediate (14). Both p68 and
p72 are responsible for cleavage of the 12 S rRNA to generate
the mature 5.8 S rRNA species (15, 16). Additionally, Dicer has
recently been found to associate with the chromatin encoding
rRNA (17). Depletion of either Dicer or Ago2 results in an accu-
mulation of 5.8 S rRNA species, indicating that they are neces-
sary for processing (18). Recently, it was found that Drosha
co-localizes with nucleolin in the nucleolus to increase the bio-
genesis of a mouse long non-coding RNA mrhl, which is a
2.8-kb RNA that gets cleaved into an 80-nucleotide RNA that
can be further processed into a 21-nucleotide RNA by Dicer
(19). Strikingly, this pathway, like that of rRNA biogenesis, is
very similar to the miRNA biogenesis pathway with regard to
proteins and RNA substrates.

Nucleolin has long been known as a protein critical for rRNA
biogenesis (20). Evidence suggests that it may also have a role as
an accessory protein in miRNA biogenesis. Nucleolin is pre-
dominantly a nucleolus-localized protein; however, in a num-
ber of different cancers, nucleolin is found largely in the cyto-
plasm (21-24). In the cytoplasm, nucleolin functions to
stabilize the mRNA of bcl-2, thereby inhibiting apoptosis (21).
When cytoplasmic levels of nucleolin are decreased upon treat-
ment with all-frans-retinoic acid, the levels of miR-15a and
miR-16 increase in both acute promyelocytic leukemia cell lines
and patients with acute promyelocytic leukemia treated with
all-trans-retinoic acid (25, 26). miR-15a and -16 have been
shown to target bcl-2 mRNA and are greatly decreased in
chronic lymphocytic leukemia, where nucleolin is predomi-
nantly localized to the cytoplasm (21, 27).

Therefore, we sought out to investigate the role of nucleolin
in controlling the expression of miR-15a and miR-16. We
determined how overall expression of nucleolin and its cellular
localization impacts miRNA expression. Additionally, we char-
acterized the interaction of nucleolin with components of the
miRNA biogenesis pathway and with miRNA directly.

EXPERIMENTAL PROCEDURES

Cell Culture—All cell lines were purchased from ATCC
(Manassas, VA). HEK293 and MCF-7 cells were grown in
DMEM with 10% FBS. MOLM-13 cells were grow in RPMI with
10% heat-inactivated FBS.

Antibodies, Drugs, and Oligonucleotides—Antibodies to
nucleolin (clone 4E2, MBL International), FLAG M2 (Sigma-
Aldrich), HA (Roche Applied Science, clone 3F10), Drosha
(Cell Signaling, D28B1), GAPDH (Santa Cruz Biotechnology,
SC-32233), PARP (Santa Cruz Biotechnology, SC-1019), and
B-actin (Sigma-Aldrich, A2228) were obtained from the suppli-
ers indicated. Parthenolide was purchased from Sigma-Aldrich.
Oligonucleotides used in this study were obtained from Sigma-
Aldrich and are listed in supplemental Table 1.

Plasmids and siRNA Transfection—The pCMV2-FLAG-
NCL was generously donated by Paula Bates (University of Lou-
isville) and previously described (28). The tandem affinity puri-
fication-tagged DGCRS8 expression vector was generated by the
Tuschl laboratory and was obtained through Addgene (Plasmid
ID: 10921) (29). Cells stably transfected with the pCMV2-
FLAG-NCL plasmid were selected for 3 weeks with 800 ug/ml
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G418 and maintained with 200 ug/ml G418. Cells transfected
with pFLAG/HA-DGCRS were selected in 10 ug/ml puromy-
cin for 1 week and maintained with 1 ug/ml. Primary miRNA
for in vitro processing assays were reverse-transcribed from
c¢DNA using the SuperScript I1I first strand cDNA synthesis kit
(Invitrogen), and PCR products included ~200 nucleotides of
the flanking sequences. The gel-purified products were
inserted into the pGEM-T-easy vector (Promega) by TA clon-
ing, and inserts were verified by sequencing. Small interfering
RNA were purchased from Dharmacon and Sigma-Aldrich and
routinely achieved >70% knockdown efficiency. Transfections
were carried out using Lipofectamine 2000 with 40 nMm siRNA
for 48 —72 h before knockdown experiments were carried out.

RNA Extraction and qRT-PCR—RNA was extracted using
TRIzol according to the manufacturer’s instructions. RNA was
reverse-transcribed and quantified using the TagMan miRNA
assay kit (Applied Biosystems) according to the manufacturer’s
instructions.

Northern Blotting—10 ug of RNA was run on a 15% PAGE-
urea gel and transferred to BrightStar-Plus positively charged
nylon membranes (Ambion, Inc.) by semidry transfer. The
membrane was cross-linked using a Stratalinker 1800 (Strat-
agene) at 0.12 J/cm® followed by baking for 30 min at 80 °C.
Membranes were prehybridized in ULTRAhyb-Oligo
(Ambion) for 30 min at 42 °C before the addition of 10° cpm of
32p_labeled synthetic LNA probes (Exiqon) and incubated over-
night at42 °C. Membranes were washed two times for 30 min at
37 °Cin 2X SSC and 0.5% SDS before being exposed on a phos-
phorimaging screen overnight.

Cellular Fractionation—Cells were trypsinized and washed
three times with PBS. Three packed cell volumes of cytoplasmic
extraction buffer (10 mm HEPES, pH 7.9, 10 mm KCl, 0.1 mm
EDTA, pH 8.0,0.1 mMm EGTA, 1 mm DTT) were used to resus-
pend the pellet. After 15 min on ice, Nonidet P-40 was added to
a final concentration of 0.3%, gently mixed, and centrifuged at
4 °C for 1 min at 10,000 X g. The supernatant was saved as the
cytoplasmic fraction. The pellet was washed once with 2 vol-
umes of cytoplasmic extraction buffer. The pellet was resus-
pended in 1 volume of nuclear extract buffer (20 mm Tris, pH
7.9,400 mm NaCl, 0.2 mm EDTA, pH 8.0), incubated for 30 min
onice, and centrifuged for 5 min at 10,000 X g. The supernatant
was saved as the nuclear extract, and the pellet was discarded.

Immunoprecipitation—HEK293 cells stably expressing
either FLAG/HA-DGCR8 or FLAG-NCL were collected,
washed with PBS, and lysed in Nonidet P-40 whole cell extrac-
tion buffer (20 mm HEPES, pH 8.0, 150 mm NaCl, 0.1% Nonidet
P-40, 1 mm EDTA, 1 mm phenylmethylsulfonyl fluoride
(PMSF), and 1 pg/ml each of leupeptin, pepstatin, and apro-
tinin). 2.5 pg of antibody was added to the 500-ul immunopre-
cipitation overnight at 4 °C. RNase A (20 wg/ml) treatments
were overnight at 4 °C. 50 ul of protein A/G-agarose (Santa
Cruz Biotechnology) was added to the lysates for 2 h at 4 °C.
Beads were washed three times in lysis buffer (20 mm HEPES,
pH 8.0, 150 mm NaCl, 0.1% Nonidet P-40) and boiled in 60 ul of
2X Laemmli sample buffer. 20 ul of the boiled beads and 10% of
input and supernatant were resolved by SDS-PAGE and West-
ern blotted with the described antibodies.
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RNA Immunoprecipitation—RNA immunoprecipitation was
carried out as described previously with slight modifications
(30). HEK293 cells were trypsinized, washed twice with PBS,
and resuspended in 10 ml of PBS. Cells were cross-linked with
1% formaldehyde for 10 min followed by quenching with 0.25 m
glycine for 10 min at room temperature and washed twice with
PBS. The pellet was resuspended in buffer A (5 mm PIPES (pH
8.0), 85 mMm KCl, 0.5% Nonidet P-40) and incubated on ice for 10
min. Nuclei were collected by spinning at 2500 X g for 5 min at
4 °C. The pellet was washed once with buffer A without Non-
idet P-40. The nuclear pellet was resuspended in 500 ul of
buffer B (1% SDS, 10 mm EDTA, 50 mm Tris (pH 8.1)) and
sonicated. Insoluble material was pelleted at 14,000 X g for 10
min at 4 °C. The supernatant was diluted into immunoprecipi-
tation buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mMm EDTA,
16.7 mm Tris (pH 8.1), 167 mMm NaCl) and incubated with 5 pg
of FLAG antibody overnight at 4 °C. Beads were washed once
with low salt wash (0.1% SDS, 1% Triton X-100,2 mm EDTA, 20
mM Tris (pH 8.1), 150 mm NaCl), high salt wash (same as low
salt but with 500 mm NaCl), and LiCl wash (0.25 M LiCl 1%
Nonidet P-40, 1% sodium deoxycholate, 1 mm EDTA, 10 mm
Tris (pH 8.1)) and twice with Tris-EDTA buffer. Immunopre-
cipitated complexes were eluted from the beads by treatment
with 100 ul of elution buffer (50 mm Tris-HCI (pH 7.5), 10
mM EDTA, 1% SDS) at 65 °C for 10 min. Samples were
reverse cross-linked by incubation for 2 h at 42 °C and 6 h at
65 °C in 0.5X elution buffer plus 0.5 mg/ml proteinase K.
RNA was extracted with TRIzol and reverse-transcribed in a
20-ul final volume using the high capacity ¢cDNA kit
(Applied Biosystems) with random primers. Following
reverse transcription, 5 ul of sample was analyzed by PCR
with 500 nM primer concentration, and the reaction was
allowed to proceed for 30 —35 cycles before 10 ul of product
was analyzed on a 2% agarose gel.

In Vitro miRNA Processing Assay—The processing assay was
carried out as described previously (31). Labeled primary
miRNA were generated using the MAXIscript kit (Ambion)
according to the manufacturer’s instructions. Briefly, 1 ug of
linearized plasmid was labeled with **P-labeled UTP. RNA
products were gel-purified and eluted in 0.5 M NH,OAc, 1 mm
EDTA, 2% SDS overnight at 37 °C followed by ethanol precipi-
tation. All in vitro transcribed probes were made fresh for each
experiment. HEK293 cells were treated with siRNA for 48 h
before being collected. Cells were washed in PBS, resuspended
in in vitro processing lysis buffer (50 mm Tris (pH 8.0), 100 mm
KCl, 0.2 mm EDTA), and sonicated. Insoluble material was pel-
leted by spinning at 14,000 rpm for 10 min at 4 °C. 15 ul of cell
extract was mixed with 3 ul of 64 mm MgCl,, 3 ul of labeled
pri-miRNA (~3 X 10* cpm), and 1 unit/ul SUPERase-in
(Ambion), and the final volume was brought to 30 ul with
diethyl pyrocarbonate-treated water. For rescue experiments, 5
or 10 ul of beads from a FLAG-nucleolin immunoprecipitation
was added to the reaction. The reaction was incubated for 90
min at 37 °C before the RNA was extracted with TRIzol LS
(Invitrogen). Purified RNA was run on a 12.5% denaturing
PAGE and exposed to a phosphorimaging device overnight.
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RESULTS

Expression of miR-15a and miR-16 Correlates with Nucleolin
Expression—To determine whether nucleolin expression
impacts the levels of miRNA, nucleolin was knocked down with
siRNA, and cancer-associated mature miRNA was assessed by
qRT-PCR. As a positive control, Drosha was also knocked down
(Fig. 1A). As expected, all mature miRNA were decreased in
Drosha knockdown to 25-50% of control siRNA cells (Fig. 1C).
In nucleolin knockdown cells, five miRNA were significantly
reduced. Because none of the miRNA tested were increased
upon loss of nucleolin, we investigated whether nucleolin
directly controlled their expression through processing. Pri-
mary miRNA levels were analyzed because loss of proteins
involved in processing typically causes an increase in primary
miRNA, whereas mature miRNA decrease (2, 15). All primary
miRNA increased in Drosha knockdown, whereas only two pri-
mary miRNA, miR-15a and miR-16, increased in the absence of
nucleolin. This suggests that nucleolin may directly control the
expression of these two miRNA, whereas the other miRNA
decreased in the absence of nucleolin may be controlled
through indirect mechanisms. To determine whether the
opposite held true when nucleolin is increased, MCEF-7 cells
were stably transfected with a CMV-driven expression vector
containing FLAG-tagged nucleolin, and miRNA expression
was determined by real-time PCR. We were able to achieve an
~2-fold increase in nucleolin expression (Fig. 1B). Upon over-
expression of nucleolin, the levels of mature miR-15a and
miR-16 increased ~2.5-fold (Fig. 1D). Two other miRNA, miR-
100 and miR-31, increased significantly with miR-31 increasing
nearly 80-fold. This increase may be transcriptionally regulated
because the pri-miRNA for miR-31 significantly increased in
nucleolin-overexpressing cells. pri-miRNA for miR-15 and
miR-16 also increase, however; this may be indirectly regulated
through c-Myc. Nucleolin can inhibit c-Myc through forma-
tion of a G-quadruplex in the promoter of c-myc, and c-Myc
can transcriptionally inhibit miR-15a and miR-16 (32, 33). An
interesting observation was that nucleolin expression inversely
correlates to Drosha expression (Fig. 1, A and C). It is possible
that this relationship is the way cells compensate for altered
ribosome biogenesis as this is a common function between the
two. We speculate that upon loss of nucleolin, the cell tries to
compensate by increasing Drosha, and whenever nucleolin is
plentiful, there is less of a need for Drosha in ribosome biogen-
esis. Altogether, these data are consistent with the hypothesis
that nucleolin plays an ancillary role in the biogenesis of miR-
15a and miR-16.

Induced Cytoplasmic Nucleolin Inhibits Processing of Pri-
mary miRNA—Clinical data from chronic lymphocytic leuke-
mia patients show that nucleolin is localized primarily in the
cytoplasm, which leads to increased bcl-2 mRNA levels (21).
Because miR-15a and miR-16 are known to target bcl-2 mRNA,
we sought to determine whether cytoplasmic nucleolin could
lead to decreased levels of miR-15a and miR-16. We found that
when MOLM-13 acute myelogenous leukemia cells are treated
with parthenolide, a natural product small molecule that affects
multiple signal transduction pathways, it induces a dramatic
increase in cytoplasmic nucleolin levels (Fig. 24). Analysis of
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FIGURE 1. Nucleolin expression correlates with miR-15a and miR-16 expression. A, expression of Drosha and nucleolin 72 h following siRNA treatment. Ctr/
siRNA, control siRNA. B, expression of stably expressed FLAG-tagged nucleolin in MCF-7 cells. vec, vector. C, real-time PCR analysis of mature miRNA (top) and
primary miRNA (bottom) in cells with Drosha or nucleolin knocked down. Results are normalized to U6 small nucleolar RNA expression. D, real-time PCR analysis
of mature miRNA (top) and primary miRNA (bottom) in cells overexpressing nucleolin. Error bars = S.E.*, p < 0.1, **, p < 0.01, ***, p < 0.001. ns, not significant.

mature miRNA by qRT-PCR revealed a significant decrease in
both miR-15a and miR-16 concurrent with cytoplasmic local-
ization of nucleolin (Fig. 2B). To determine whether treatment
with parthenolide decreased the transcription of these miRNA,
the pri-miRNA were amplified by PCR. Astonishingly, we
found not a decrease but rather an increase in the pri-miRNA
precursor of miR-15a and miR-16 (Fig. 2C). Given this finding,
we analyzed the precursor species by Northern blot and found
that levels of the pre-miR-15 and -16 precursors decreased sim-
ilarly to that of the mature miRNA following parthenolide
treatment (Fig. 2D). These data are similar to that observed
when either Drosha or DGCR8 are knocked down, resulting in
a decrease of mature species and an increase in the primary
precursors (21). Although it was clear that nucleolin increased
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in cytoplasmic localization, it appeared that nucleolin did not
decrease in nuclear expression despite the miRNA expression
indicating this. Nucleolin normally resides in the nucleolus and
is not evenly dispersed throughout the nucleus. Upon activa-
tion of p53, nucleolin leaves the nucleolus (39). We previously
reported that parthenolide potently activates p53 (34). It has
been reported that Drosha co-localizes with nucleolin in the
nucleolus, and so we hypothesized that the interaction between
nucleolin and Drosha is decreased upon relocalization of
nucleolin out of the nucleolus. To determine this, MOLM13
cells were treated with parthenolide, and nucleolin was immu-
noprecipitated from nuclear extracts. We found that nucleolin
interacts with Drosha and that this interaction is disrupted
upon treatment with parthenolide (Fig. 2E). From these data,
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FIGURE 2. Decreased association of nucleolin with the microprocessor complex affects miRNA processing. A, MOLM-13 cells were treated with 10 um PN
for the times indicated. The efficiency of cellular fractionation was determined using GAPDH and PARP. Cleaved PARP is visible in the cytoplasm after 8 h of
treatment. B, expression of mature miRNA following treatment with PN for the times indicated as determined by qRT-PCR and normalized to U6 small nucleolar
RNA expression. Error bars = S.E. **, p < 0.01, ***, p < 0.001. C, PCR of primary miRNA following treatment with PN with actin as a loading control. D, Northern
blot analysis of RNA from MOLM13 cells treated with PN. Quantitation of precursor species is indicated below each lane and is normalized to U6. E, Western blot
(IB) of nucleolin immunoprecipitation (IP) from nuclear extracts to interrogate the interaction of nucleolin with Drosha in the nucleus following PN treatment.

we concluded that nucleolin facilitates the processing of miR-
15a and miR-16 likely through the microprocessor complex,
which is localized exclusively in the nucleus. Upon cellular
stress, nucleolin alters its localization and is spatially separated
from the microprocessor complex, which is responsible for the
cleavage of primary miRNA to generate the precursor. We sus-
pect that in the absence of nucleolin, the microprocessor can
less effectively cleave the primary species, resulting in the
observed buildup of the pri-miRNA for miR-15a and miR-16.
Conversely, when the acute promyelocytic leukemia HL-60 cell
line was treated with all-trans-retinoic acid, nucleolin was
observed to move from the cytoplasm to the nucleus (supple-
mental Fig. 14). The increased nuclear localization of nucleolin
was accompanied by significant increases in mature miR-
15a/16 (supplemental Fig. 1B). The primary miRNA were not
increased in these cells following treatment (supplemental Fig.
1C), indicating post-transcriptional regulation.

Knockdown of Nucleolin Ablates Processing of Primary
miRNA—To further validate that nucleolin is involved in the
processing of primary miRNA, nucleus-localized nucleolin was
induced in MCF-7 cells. This was achieved through treatment
of MCEF-7 cells with parthenolide. Interestingly, in MCE-7 cells,
parthenolide induced nucleus-localized nucleolin, whereas in
MOLM-13 acute myelogenous leukemia cells, parthenolide
increased cytoplasmic levels of nucleolin (Figs. 24 and 3C). This
differential effect was independent of the capacity of partheno-
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lide as a specific HDACI inhibitor, which is the same in both
cell lines (34). Upon analyzing the miRNA expression in par-
thenolide-treated and DMSO-treated control cells, there was a
substantial (>12-fold) increase in mature miR-15a in parthe-
nolide-treated cells. miR-16 expression also significantly
increased in parthenolide-treated cells, albeit to a lesser extent
(~2.5-fold). This could be due to the fact that the steady-state
levels of mature miR-16 are over 50-fold higher under normal
conditions than miR-15a* and may not be as easily increased as
miR-15a. To rule out that all miRNA are altered upon parthe-
nolide (PN) treatment, we also analyzed let-7a expression,
which was not altered following changes in nucleolin expres-
sion (Fig. 1, Band D). let-7a mature miRNA remain unchanged.
To determine whether the large increases observed were truly
due to nucleolin and not the effects of parthenolide, nucleolin
or RISC-free control siRNA were transfected into MCF-7 cells,
and 72 h later, treated with parthenolide. Incredibly, when
nucleolin is dramatically knocked down (Fig. 34, inset), the
increase in miR-15a is almost completely ablated as the result-
ing miRNA levels were close to that of the DMSO-treated cells,
whereas the RISC-free control remained comparable with
untransfected cells. Similarly, miR-16 in nucleolin knockdown
cells decreased significantly from the RISC-free control group
following parthenolide treatment (Fig. 3A).

4 B. Pickering, unpublished observation.
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FIGURE 3. Primary miRNA processing is inhibited in the absence of nucleolin. A, MCF-7 cells were treated with 25 um PN or DMSO for 3 h before RNA
extraction and qRT-PCR of mature miRNA. Nucleolin knockdown (NCL KD) and RISC-free siRNA control cells (No KD) were transfected 72 h prior to parthenolide
treatment. **, p < 0.01, ***, p < 0.001. ns, not significant. B, PCR amplification of primary miRNA from RNA extracted in A. C, cellular fractionation of MCF-7 cells
following treatment with PN demonstrating the increased nuclear nucleolin levels at the 3-h time point used in A and B.

We next sought to determine how the primary miRNA pre-
cursors of miR-15a and miR-16 were affected by the induced
nuclear localization of nucleolin. From the data shown in Fig. 2,
we concluded that cytoplasmic nucleolin inhibited the process-
ing of pri-miRNA species as determined by their increase.
Upon analyzing the pri-miRNA following parthenolide treat-
ment in either the untransfected or the RISC-free control
groups, we observed an absence of pri-miR-15a and pri-miR-
16. These data indicate that in the presence of increased nuclear
nucleolin, the primary miRNA are efficiently processed into
precursor and ultimately mature miRNA, resulting in exhaus-
tion of the pool of primary species in the cell. However, after
knocking down nucleolin, a significant portion of the primary
species persists, comparable with the levels observed in the
DMSO-treated controls (Fig. 3B). The levels of pri-let-7a, like
mature let-7a, were unaltered in all conditions. From these
data, we conclude that it is likely that it is not off-target effects
from parthenolide that induce the biogenesis of pri-miR-
15a/16 but rather the increased nuclear localization of nucleo-
lin. In the absence of nucleolin, the microprocessor complex
appears unable to efficiently up-regulate the processing of the
pri-miRNA, resulting in no increase of mature miR-15a and
miR-16 species.

Nucleolin Interacts with Components of the Microprocessor
Independent of RNA—The data generated from the altered
localization of nucleolin demonstrate that nucleolin is only able
to exert an effect on miR-15a/16 expression while in the
nucleus and that it is the primary miRNA that are affected,
indicating that nucleolin may interact with the microprocessor
complex. To determine whether it affects processing by directly
binding to the proteins in the microprocessor complex com-
posed of Drosha and DGCRS, an immunoprecipitation experi-
ment was conducted. HEK293 cells stably expressing tandem
affinity purification FLAG and HA tags at the N terminus of
DGCRS8 were used. Lysates were immunoprecipitated with
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either FLAG or HA antibody to bring down DGCRS, and West-
ern blot was used to determine whether nucleolin was present
in the pulldown. HEK293 cells not transfected with the expres-
sion plasmid were used as a control for nonspecific binding of
FLAG or HA. Nucleolin was not present in the IgG isotype
control pulldown or in the lysates not expressing DGCR8 with
FLAG or HA but strongly came down with both FLAG and HA
in FLAG/HA-DGCRS expressing cells (Fig. 44). Nucleolin is a
well known RNA-binding protein, and to rule out the possibil-
ity that nucleolin came down as a result of tethering to a com-
mon RNA, the lysates were exhaustively treated with RNase A.
The interaction between DGCRS8 and nucleolin persisted even
after complete digestion with RNase A, indicating a protein-
protein interaction.

Nucleolin has been shown to co-localize with Drosha to
affect the processing of a long non-coding RNA mrhl in the
nucleolus (19). However, in that study, a direct interaction was
never investigated. FLAG-tagged nucleolin was immunopre-
cipitated in HEK293 lysates and probed for Drosha binding. No
interaction was found when FLAG-nucleolin alone was used in
the immunoprecipitation (Fig. 4B). When lysates were treated
with RNase A, a weak band appeared, which could be the result
of freeing Drosha from other complexes dependent on RNA.
We consistently found that Drosha was decreased in the super-
natant and yet failed to appear in the immunoprecipitation. We
surmised that it was in fact binding to nucleolin but was lost
during the washes due to a weak interaction or unstable com-
plex. To overcome this issue, 5% polyethylene glycol with
molecular mass 8000 Da was used in the wash buffer to reduce
the void space during the washes. The addition of PEG to the
wash buffer reduced the loss of Drosha and revealed that
Drosha also interacts with nucleolin.

Nucleolin Binds to Primary miR-15a and miR-16—Nucleolin
is a well known RNA-binding protein. It has no known catalytic
function in RNA cleavage, but it necessary for rRNA cleavage
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FIGURE 4. Nucleolin interacts with the microprocessor complex and pri-
mary miRNA. A, immunoprecipitation (/P) of DGCR8 from whole cell extracts
of HEK293 expressing FLAG/HA-DGCRS. IgG isotype control in DGCR8-ex-
pressing cellsand FLAG or HA in cells not expressing tagged DGCR8 served as
controls for nonspecific interactions. RNase A indicates incubation with 20
ng/mlovernight. Supernatant represents 10% of total supernatant. /B, immu-
noblot. B, immunoprecipitation of FLAG-nucleolin from HEK293 cells whole
cell extracts and immunoblotting for Drosha. PEG 8000 indicates that polyeth-
ylene glycol (molecular weight 8000) was added to the wash buffer to a final
concentration of 5% (w/v). C, HEK293 cells expressing either FLAG-nucleolin
or FLAG/HA-DGCR8 were immunoprecipitated with either IgG or FLAG, and
the bound primary miRNA was amplified by PCR. No RTindicates purified RNA
from immunoprecipitates that was not reverse-transcribed before PCR anal-
ysis. Input represents 0.1% of total RNA.

(20). The proposed mechanism is that nucleolin holds the RNA
in proper conformation to be cleaved by other components of
rRNA biogenesis. Furthermore, nucleolin has been shown to
co-localize with Drosha to affect the biogenesis of a long non-
coding RNA but cannot by itself cleave the RNA (19). We deter-
mined that nucleolin binds to the components of the micropro-
cessor but sought to determine whether it also binds to the
primary miRNA, perhaps to stabilize its conformation for
cleavage. An RNA immunoprecipitation experiment was con-
ducted with HEK293 cells overexpressing either nucleolin or
DGCRS, as a positive control. After cross-linking and sonica-
tion, nucleolin or DGCR8 was immunoprecipitated with FLAG
antibody or IgG control, and the presence of primary miR-15a,
miR-16, or let-7a was determined by PCR. DGCRS8 bound to
pri-miR-15a and -16, as expected (Fig. 4C). When primary miR-
15a and miR-16 were amplified from nucleolin immunopre-
cipitates, we found that nucleolin bound them to alevel equal to
that of DGCRS, indicating that nearly the entire pool of pri-
miR-15a and -16 in the cell that is bound by DGCRS also con-
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tains nucleolin. To determine whether binding of nucleolin is
specific, we also amplified pri-let-7a from both pools of
extracted RNA and found that it was only bound by DGCR8 but
not by nucleolin (Fig. 4C). The background contamination
from genomic DNA was minimal as PCR amplification of
extracted RNA without reverse transcription (No RT) revealed
no amplification of primary miRNA (Fig. 4C). It also appears
that a large pool of primary miR-15a and miR-16 exists in the
cell that is poised to be processed but is not actively engaged
with DGCRS or nucleolin because the bound RNA was less than
0.1% of the total pool. This seems plausible because both
miRNA are implicated in controlling the apoptotic response of
a cell in addition to controlling the cell cycle, both of which
require a rapid response to stimuli best provided from an inac-
tive pool of unprocessed miRNA.

Nucleolin Affects Processing of Primary miRNA in Vitro—To
confirm that nucleolin can indeed facilitate the processing of
primary miRNA, we conducted an iz vitro microRNA process-
ing assay. Whole cell extracts were generated from HEK293
cells with nucleolin knocked down or Drosha knocked down as
a positive control for defective processing (Fig. 54). In extracts
with nucleolin knocked down, nucleolin was reconstituted by
the addition of immunoprecipitated FLAG-tagged nucleolin
(Fig. 5B). Both control extracts (no transfection and control
siRNA) were able to process the radiolabeled pri-miRNA to
generate the precursor species for miR-15a/16 and let-7a (Fig.
5C). When Drosha was knocked down, the extracts were unable
to generate the predicted precursors for both miRNA. Extracts
lacking nucleolin were unable to process miR-15a/16 but could
still generate the precursor for let-7a. The addition of immuno-
precipitated nucleolin could rescue the processing in nucleolin-
deficient cells, indicating that it can directly affect miRNA
processing. There was no effect on let-7a processing with
nucleolin rescue. Taken together, these data indicate that
nucleolin directly and specifically affects the processing of pri-
mary miR-15a and miR-16.

DISCUSSION

In this study, we demonstrate that nucleolin affects the
expression of miR-15a/16. We also found that cellular localiza-
tion of nucleolin is important for its function and concluded
that this is most likely because of its interaction with the micro-
processor complex in the nucleus. When nucleolin is knocked
down or is altered in its localization, the processing of primary
miRNA is significantly decreased, indicating that it is necessary
for proper expression of miR-15a/16. In addition, we found that
nucleolin can bind directly to the primary miRNA species for
miR-15a/16 and facilitate their processing in vitro. Taken
together, these data suggest that nucleolin acts as an accessory
protein to the microprocessor complex to facilitate miRNA
biogenesis. As is the case with other accessory proteins involved
in miRNA biogenesis, nucleolin does not globally regulate
miRNA processing like Drosha or DGCRS.

We initially identified a correlation between nucleolin local-
ization and miR-15a/16 expression before exploring how
nucleolin may affect their expression. Nucleolin has been char-
acterized as an AU-rich binding protein that stabilizes the
3’-UTR of bcl-2 mRNA upon cytoplasmic localization (21). The
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result of this is increased bcl-2 protein expression and inhibi-
tion of apoptosis, one of the hallmarks of cancer. miR-15a/16
have been well characterized as negative regulators of bcl-2
mRNA, and decreased expression of these miRNA is noted in
numerous cancers. In some instances, decreased miR-15a/16
expression is due to chromosomal deletions; however, this only
accounts for about half the patients with increased bcl-2, indi-
cating that other mechanisms must be present (27). Our data
indicate that increased cytoplasmic localization of nucleolin in
cancer may be partially responsible for reduced miR-15a/16
expression. We propose that nucleolin plays a critical role in the
balance between miR-15a/16 and bcl-2 mRNA to control the
induction of apoptosis. Under normal conditions, nucleolin is
localized in the nucleus of cells, specifically in the nucleolus,
where it associates with the microprocessor complex. This
results in an increase in expression of mature miR-15a/16,
which then down-regulates bcl-2 mRNA. After induction of
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cellular stress, nucleolin leaves the nucleus to stabilize the
3’-UTR of bcl-2 while simultaneously decreasing the expres-
sion of miR-15a/16, thereby further stabilizing bcl-2 mRNA.
A number of proteins involved in miRNA processing are also
essential for ribosomal RNA biogenesis including Drosha, one
of the core proteins in the microprocessor complex (14). It is
tempting to speculate that miRNA processing evolved from the
existing machinery required for rRNA. Indeed a number of
miRNA have been shown to localize to the nucleolus, a region
long believed to be exclusive to rRNA biogenesis (35, 36). More-
over, nucleolin co-localizes with Drosha in the nucleolus to
facilitate the processing of mrhl, a long non-coding RNA in
mice. The transcript of this long non-coding RNA is 2.8 kb,
which gets cleaved by the cooperative actions of nucleolin and
Drosha to an 80-nucleotide precursor reminiscent of pre-
miRNA (19). This product can be further processed by Dicer
into a 22-nucleotide species, analogous to miRNA. DGCRS8
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localizes primarily to the nucleolus, and the dsRNA binding
domains appear to be necessary for this because a truncation
mutant lacking these domains is retained in the nucleus but
fails to enter the nucleolus (37). Similarly, if the RNA recogni-
tion motifs of nucleolin are deleted, it fails to enter the nucleo-
lus (38). Nucleolar retention of nucleolin requires a minimum
of two of the four RNA recognition motif domains to be pres-
ent. Itis possible that cytoplasmic localization of nucleolin does
not account for the disruption of miRNA processing we
observed in Fig. 2 but instead is the result of nucleolin leaving
the nucleolus because of the induction of stress on the cell,
which has been previously reported (39).

The domain structure of nucleolin includes an acidic N-ter-
minal region followed by a nuclear localization sequence, four
RNA recognition motifs, and an arginine-glycine-rich repeat
domain with putative RNA helicase activity (40). The four RNA
recognition motifs bind to rRNA in a stem-loop conformation,
stabilizing it for cleavage (41). Although the four RNA recogni-
tion motif domains are sufficient for RNA binding, the acidic
N-terminal domain is required for cleavage of the precursor
rRNA in vitro, indicating that it may be necessary for interac-
tions with other proteins in the complex (20). Our data demon-
strate that nucleolin interacts with DGCR8 and Drosha in an
RNA-independent manner and yet also binds to the pri-
miRNA. Based on this, we propose that although nucleolin may
not possess any RNase III domains characteristic of the core
proteins in the miRNA biogenesis pathway (4, 42), it instead
facilitates cleavage of the primary miRNA by maintaining
proper conformation of the pri-miRNA while simultaneously
positioning Drosha and DGCRS for binding and cleavage.
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