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p27%*! (p27) is a cell cycle inhibitor and tumor suppressor whose expression is tightly regulated in the cell.
Translational control of p27 mRNA has emerged as a prominent mechanism to regulate p27 expression during
differentiation, quiescence, and cancer progression. The microRNAs miR-221 and miR-222 repress p27 ex-
pression in various cancer cells, and this repression promotes tumor cell proliferation. In addition, the
presence of an internal ribosome entry site in the 5’ untranslated region (UTR) of p27 mRNA has been
reported. Here, we show that p27 mRNA is translated via a cap-dependent mechanism in HeLa and HL60 cells
and that the previously reported IRES activity can be attributed to cryptic promoters in the sequence
corresponding to the p27 5 UTR. Furthermore, cap-dependent translation of p27 mRNA is repressed by
miR-181a in undifferentiated HL60 cells. Repression by miR-181a is relieved during differentiation of HL60
into monocyte-like cells, allowing the accumulation of p27, which is necessary to fully block cell cycle progres-
sion and reach terminal differentiation. These results identify miR-181a as a regulator of p27 mRNA trans-

lation during myeloid cell differentiation.

Translational control of gene expression plays an essential
role in many biological processes, including early embryonic
development, cell growth, differentiation, apoptosis, and me-
tabolism. During the mitotic cell cycle, for example, timely
translation of the mRNAs encoding the p587"TS™RE kinase or
the cyclin-dependent kinase Cdk1 allows progression through
the G,/M phase (40; reviewed in reference 50). These mRNAs
are translated in a cap-independent manner, via structures in
their 5" untranslated regions (UTRs) named internal ribosome
entry sites (IRES) that allow direct ribosome recruitment.
Conversely, cap-dependent translation is reduced in the G,/M
phase. Moreover, alterations in the levels of the cap binding
protein eIF4E and other initiation factors, as well as in the
signaling pathways that regulate their functions, promote un-
controlled cell proliferation and the development of tumors
(49).

p27%P! (hereafter referred to as p27) is another regulator of
cell cycle progression whose expression is controlled at the
translation level (1, 27, 41). p27 is a cyclin-dependent kinase
inhibitor that blocks the cell cycle in G,/G, upon differentia-
tion signals or cellular insults. In addition to its roles in cell
cycle progression, p27 has been shown to regulate cell motility
and apoptosis (3, 5). p27 has been considered a tumor sup-
pressor, although mutations or deletions of the p27 gene are
rare in human cancers (51). Mice lacking p27 spontaneously
develop adenomas of the pituitary gland and are more suscep-
tible to tumorigenesis induced by chemical carcinogens or ir-

* Corresponding author. Mailing address for Fatima Geloaver: Cen-
tre de Regulaci6 Genomica (CRG-UPF), Gene Regulation Pro-
gramme, Dr. Aiguader 88, 08003 Barcelona, Spain. Phone: 34-93
3160120. Fax: 34-93 3969983. E-mail: fatima.gebauer@crg.es. Present
address for Rafael Cuesta: Department of Microbiology, NYU School
of Medicine, 550 First Avenue, New York NY 10016. Phone: (212)
263-6007. Fax: (212) 263-8276. E-mail: cuestr01@nyumc.org.

§ R.C. and A.M.-S. contributed equally to this study.

¥ Published ahead of print on 9 March 2009.

2841

radiation (16, 33, 45). Heterozygous p27"/~ mice, containing
half the p27 dose of wild-type animals, show an intermediate
phenotype, indicating that the fine regulation of p27 levels is
essential for appropriate cell proliferation (17). Further-
more, in many human cancers, low levels of p27 correlate
with tumor aggressiveness and poor prognosis (9). Recently,
p27 has been proposed to behave as an oncogene under
certain circumstances, since point mutations that prevent its
interaction with cyclins and cyclin-dependent kinases lead to
hyperplasic lesions and tumors in multiple organs (2). Thus,
given the complexity of p27 functions, an accurate knowl-
edge of the mechanisms controlling p27 expression is likely
to improve our capacity to develop successful therapies
against cancer.

Expression of p27 is tightly regulated in a cell-type- and
condition-specific manner. Although the best-characterized
regulatory mechanisms are the modulation of p27 protein sta-
bility and subcellular localization, translational control has
emerged as a prominent mode of p27 regulation during differ-
entiation, quiescence, and cancer progression (reviewed in ref-
erences 5, 9, and 37). In HeLa cells, the accumulation of p27 in
early G, is partially due to an increase in the translational
efficiency of p27 mRNA (27). Accordingly, the 5" UTR of p27
mRNA was shown to enhance the translation of a luciferase
reporter mRNA and to display IRES activity (8, 30, 35, 42, 44).
The proteins HuR and PTB (polypyrimidine tract-binding pro-
tein) recognize the p27 5" UTR and inhibit and activate IRES-
dependent translation, respectively (8, 35). In addition,
hnRNPs C1/C2 interact with a U-rich sequence located within
the IRES, although the exact roles of these proteins in p27
mRNA translation remain unexplored (42). The 3" UTR of
p27 transcript plays a negative regulatory role in translation
(24, 42, 53). Recently, the related microRNAs (miRNAs) miR-
221 and miR-222 have been shown to bind to the 3’ UTR and
repress p27 mRNA expression in cell lines derived from glio-
blastoma, melanoma, hepatocarcinoma, and papillary thyroid
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and prostate carcinomas (15, 19, 20, 23, 38, 54). Importantly,
inhibition of miR-221/miR-222 blocked the proliferation of
glioblastoma cells, whereas no effect was observed when p27
was depleted, establishing a causal relationship between miR-
221/miR-222, p27, and cell proliferation (38). These results
suggest an important role for the translational regulation of
p27 mRNA in preventing the development of certain types of
tumor.

Here, we study the mechanisms that regulate p27 mRNA
translation in HelLa and human promyelocytic leukemia
(HL60) cells. We show that translation of p27 mRNA takes
place by a cap-dependent mechanism and that the proposed
IRES activity is due to the presence of cryptic promoters in the
sequence corresponding to the p27 5’ UTR. In addition, we
have identified the miRNA miR-181a as a repressor of p27
mRNA translation in undifferentiated HL60 cells. Phorbol-12-
myristate-13-acetate (TPA)-induced differentiation of these
cells into monocytes/macrophages results in the relief of miR-
181a-mediated repression, allowing the accumulation of suffi-
cient p27 to ensure proper differentiation. Consistent with
these results, overexpression of miR-181a in the more differ-
entiated myeloid cell line THP1 results in reduction of p27
levels. These results identify miR-181a as a novel regulator of
p27 mRNA translation that functions during myeloid differen-
tiation.

MATERIALS AND METHODS

Cell culture and transfections. HeLa cells were cultured in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine serum. HL60 and
THP1 cells were grown in RPMI 1640 medium supplemented with 0.3 mg/ml
L-glutamine and 10% fetal bovine serum. HL60 cell differentiation into mono-
cyte/macrophage-like cells was induced by treatment with 30 nM TPA (Calbio-
chem) during the indicated times.

Cells were transfected with Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. For DNA transfections, 6 X 10° cells per well were
grown on a six-well plate and transfected with 0.5 pg of reporter plasmid and 3.5
ng of pCR3-B-Gal (14). The cells were analyzed 36 h after transfection. For
RNA transfection of HeLa cells, 2 ng of reporter mRNA and 2 pg of a non-
translationally competent B-galactosidase mRNA were mixed with 10 pl of
Lipofectamine, added to the cells, and incubated for 1 h at 37°C. The medium
was changed and the cells were analyzed after incubation for 5 h at 37°C. For
RNA transfection of HL60 cells, 10 X 10° to 15 X 10° cells were incubated in 9
ml of RPMI medium containing 12 g of reporter mRNA mixed with 30 wl of
Lipofectamine for 1 h at 37°C. The medium was changed and the cells were
analyzed after incubation for 4 h at 37°C.

Plasmids. The bicistronic reporter plasmid pRF (52) was a kind gift of A. E.
Willis (University of Nottingham, United Kingdom). The p27 5" UTR (positions
—456 to +9) was amplified by PCR using specific oligonucleotides and fused in
frame to the firefly luciferase open reading frame (ORF) in the pRF plasmid to
yield pR-p27-F. The same PCR product was cloned in the inverted orientation at
the same position to generate pR-p27inv-F. The promoterless pR-p27-F con-
struct was derived from pR-p27-F by deletion of the simian virus 40 promoter.

Plasmids used to synthesize reporter mRNAs in vitro were generated using
pBSK'As as the vector (21). The fragment containing Renilla and firefly lucifer-
ase ORFs from either pRF or pR-p27-F was inserted into pBSK’As to produce
R-F and R-p27-F, respectively. The firefly luciferase ORF sequence flanked by
the p27 5’ UTR and the full-length 3’ UTR in either the sense or inverted
orientation was cloned into pBSK'As to generate p27-F-p27 and p27-F-p27inv,
respectively. A small palindrome with the sequence 5'-CCCGGAGCGCCCAG
ATCTGGGCGCTCCGGGGTAC-3' (28) was cloned 13 nucleotides (nt) down-
stream from the 5’ end to produce Hp27-F-p27 and Hp27-F-p27inv. Plasmids
with the 5" UTR of p27 in the inverted orientation were derived from p27-F-p27
and p27-F-p27inv by inverting the Nael-Smal fragment of the p27 5" UTR.

Fragments of the p27 3" UTR were amplified by PCR and cloned downstream
of the firefly luciferase OREF, in either the sense or inverted orientation, to
produce the following plasmids: p27-F-[1-551], p27-F-[551-1], p27-F-[552-1341],
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p27-F-[1341-552], p27-F-[1-234], p27-F-[234-1], p27-F-[235-551], and p27-F-
[551-235]. The numbers in brackets indicate the 3’ UTR positions included in
each fragment.

To generate the plasmids p27-F-p27-181mut, -221mut, -181mutl, and
-181mut2, the binding sites of miR-181a or miR-221 in the p27 3’ UTR were
mutated by overlap extension PCR mutagenesis.

The lentivirus-derived plasmid pLVTHM-931 was used to knock down p27
from HL60 cells. This plasmid generated a short hairpin RNA (shRNA) against
positions 466 to 487 of the p27 ORF and was constructed by cloning the prean-
nealed primers 931s (5'-CGCGTCCCCGCAACCGACGATTCTTCTACTCGA
AAGTAGAAGAATCGTCGGTTGCTTTTTGGAAAT-3') and 931a (5'-CGA
TTTCCAAAAAGCAACCGACGATTCTTCTACTTTCGAGTAGAAGAAT
CGTCGGTTGCGGGGA-3') into the Mlul and Clal sites of pLVTHM (55).

To overexpress miR-181a in THP1 cells, the primary miR181a sequence was
amplified by PCR from genomic DNA using the primers genl8la-se (5'-AGCT
AAGCTTCTGTAAAGTGAGTAGAATTCTG-3') and genl8la-an (5'-GCTA
TCTAGACTTCAGCGAATTCTGAGCACC-3') and cloned into pLNHX
(Clontech).

In vitro transcription. nRNAs were synthesized as described previously (22).
All mRNAs contained a poly(A) tail of 72 residues and either a 5’ ™’GpppG cap
or a non-translationally competent ApppG cap, as indicated. mRNAs used in the
same experiment were synthesized and quantified in parallel.

Luciferase reporter assays. Cells were lysed with Pasive lysis buffer (Pro-
mega), and the enzymatic luciferase activity was measured using the Promega
luciferase Kits.

Northern blot analysis and quantitative reverse transcription (qRT)-PCR.
Total RNA was extracted from cells using Trizol (Invitrogen) according to the
manufacturer’s instructions. Ten micrograms of HeLa or 50 ng of HL60 total
RNA was resolved in a 1% agarose denaturing gel, transferred, and hybridized
as described previously (10). Random-primed probes were used against the
full-length firefly luciferase ORF, the B-actin ORF, and nt 590 to 2198 of p27
mRNA. To determine miRNA expression, 30 pg of total RNA were resolved in
a 15% acrylamide-7.5 M urea gel and transferred to Zeta-Probe GT membranes
(Bio-Rad) in 0.5X Tris-buffered EDTA at 200 mA overnight at 4°C. The mem-
branes were UV cross-linked and heated at 80°C for 1 h. Hybridization was
performed at 50°C as described above, using 5'-*?P-labeled anti-miR-181a and
anti-miR-221 oligoribonucleotide probes (Ambion) or an oligonucleotide com-
plementary to U6 (a gift from J. Valcarcel, Centre de Regulacié Genomica,
Spain).

qRT-PCR was carried out from 4 ug of total RNA using avian myeloblastosis
virus retrotranscriptase (Promega), followed by PCR with a LightCycler Fast-
Start DNA MasterPlus SYBR green I kit (Roche). The oligonucleotides were
complementary to the ORF positions 1033 to 1052 and 1158 to 1178 of firefly
luciferase, 2179 to 2200 and 2259 to 2280 of B-actin, and —16 to +5 and 146 to
165 of p27.

Western blotting. Total-protein extracts were obtained by lysis with RIPA
buffer (150 mM NaCl, 10 mM Tris, pH 7.2, 5 mM EDTA, 0.1% sodium dodecyl
sulfate [SDS], 1% sodium deoxycholate, 1% Triton X-100, 1X protease inhibitor
cocktail [Roche]). Proteins were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) and transferred to polyvinylidene difluoride membranes. Anti-
p27XiP! (c-19; Santa Cruz Biotechnology), anti-eIF4A (a gift from W. Merrick,
Case Western Reserve University, Cleveland, OH), anti-eIF4E (c-20; Santa Cruz
Biotechnology), anti-caspase 3 (5A1; Cell Signaling Technology), and anti-f-
actin (Sigma) antibodies were used, and proteins were visualized by chemilumi-
nescence (enhanced chemiluminescence; GE Healthcare).

Metabolic labeling and pulse-chase experiments. Untreated or TPA-treated
HLG60 cells were incubated in medium without methionine and cysteine for 1 h
at 37°C. One hundred microcuries per milliliter of [*>S]methionine/[>>S]cysteine
(Amersham Biosciences) was added, and the incubation was extended for 1 h.
The cells were washed, and the medium was replaced by complete medium. The
cells were subsequently lysed with RIPA buffer at 0, 15, 45, and 120 min. p27 was
precipitated from equivalent amounts of total-protein extracts, resolved on a
15% SDS-polyacrylamide gel, and transferred to polyvinylidene difluoride mem-
branes. Labeled p27 was visualized by autoradiography and by immunoblotting
with a-p27 antibodies.

Virus production, infection, and cell clone selection. Recombinant lentiviruses
were produced by transient transfection of 293T cells as previously described
(55). Briefly, cells were cotransfected with 20 pg of either pPLVTHM-931 plasmid
or pLVTHM, 15 pg of pPLHVAR, and 5 g of pVSV-G by calcium phosphate
precipitation. After 24 h, the medium was changed, and recombinant lentiviruses
were collected 24 h and 48 h after medium replacement, filtered through
0.45-pum sieves, and concentrated by centrifugation at 26,000 rpm for 90 min at
4°C. Viruses were resuspended in culture medium.
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Recombinant retroviruses were produced by transient transfection of GP2-293
cells (Clontech) with 15 wg of pLNHX-pri-miR-181a or pLNHX and 10 pg of
pVSV-G plasmids. Recombinant viruses were collected as described above.

Infection of HL60 or THP1 cells was performed by adding increasing amounts
of virus to the cell culture medium, followed by centrifugation of the culture
plate at 1,200 rpm for 2 h at room temperature and incubation at 37°C for 24 h.
Selection of HL60 cells expressing the shRNA against p27 was performed by
detection of the green fluorescent protein marker (included in the vector) using
fluorescence-activated cell sorting (FACS). To select THP1 cells expressing
pri-miR-181a, infected cells were grown in RPMI medium containing 400 p.g/ml
Geneticin (Gibco-BRL).

FACS analysis. To determine the HL60 cell cycle distribution, cells were fixed
in 70% cold ethanol and stained with 50 pg/ml propidium iodide (Sigma) in the
presence of 10 ug/ml RNase A (Roche) for 1 h at 37°C. The cells were analyzed
for DNA content on a FACSCanto (BD Bioscience). To evaluate cell differen-
tiation, HL60 cells were incubated with a-CD11b-allophycocyanin antibody (BD
Bioscience) in phosphate-buffered saline for 30 min on ice, washed, and analyzed
for CD11b expression on a FACSCanto.

RESULTS

p27 mRNA is translated by a cap-dependent mechanism in
HeLa cells. In order to study the mechanisms of p27 mRNA
translational regulation, we first tested whether the 5 UTR
displayed IRES activity in HeLa cells. We generated a bicis-
tronic reporter construct containing the 5" UTR of the human
p27 transcript (nt —456 to +9) between the two cistrons of the
PR-F vector (Fig. 1A, top). Because the efficiency of transla-
tion may be influenced by the length of the UTRs, we used the
same 5'-UTR fragment cloned in an inverted orientation as a
negative control. In addition, to eliminate the possibility that
the observed activity was derived from promoter activity of the
cloned intercistronic sequence, we deleted the promoter (sim-
ian virus 40) from the vector. The empty vector was also in-
cluded as a control. Asynchronous HeLa cells were transfected
with these constructs, and the activities from the two cistrons
were measured and corrected for cotransfected -galactosi-
dase. As shown in Fig. 1A (bottom), the p27 5" UTR enhanced
the translation of the second cistron (firefly luciferase) ~12-
fold compared to the empty pR-F vector, whereas the inverted
segment increased translation by only 4-fold. As expected, the
activity of the first cistron (Renilla luciferase) remained con-
stant for these constructs. Surprisingly, however, the promot-
erless control showed elevated firefly luciferase activity while
the Renilla luciferase activity was almost undetectable. These
results suggest that the intercistronic sequence contains cryptic
promoters that produce artifactual IRES activity.

To assess this possibility directly, we transfected bicistronic
RNA constructs synthesized in vitro, either containing or lack-
ing the 5 UTR of p27 in the intercistronic region (Fig. 1B).
The second cistron showed negligible expression under these
conditions, challenging the presence of an IRES element in the
p27 5" UTR. To further confirm this hypothesis, we transfected
monocistronic mRNAs containing the firefly luciferase ORF
flanked by the 5" (456-nt) and 3’ (1,341-nt) UTRs of the p27
transcript and a poly(A) tail of 72 residues (Fig. 1C, top). To
evaluate the contribution of cap-dependent versus cap-inde-
pendent (i.e., IRES) translation, the mRNAs contained either
a canonical "GpppG cap or a non-translationally competent
ApppG cap analog. In addition, a stable hairpin downstream of
the canonical cap structure was used as an alternative mode to
inhibit cap-dependent translation (28). Luciferase values were
corrected for the levels of the reporter mRNAs after transfec-
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FIG. 1. p27 mRNA is translated via a cap-dependent mechanism in
HelLa cells. (A) The 5'-UTR sequence of p27 contains cryptic promot-
ers. HeLa cells were transiently transfected with bicistronic plasmids
containing the ORFs of Renilla and firefly luciferases (open and filled
boxes, respectively) and the 5" UTR of p27 (nt —456 to +9) inserted
in the intercistronic region in either sense (pR-p27-F) or inverted
(pR-p27inv-F) orientation. The empty vector (pR-F) and a promoter-
less plasmid were used as controls. Luciferase values were normalized
by cotransfected B-galactosidase and plotted relative to pR-F. The
average of three independent experiments is shown. SV40, simian virus
40. (B) HeLa cells were transfected with bicistronic capped and poly-
adenylated mRNAs that either contained (R-p27-F) or lacked (R-F)
the 5" UTR of p27 in the intercistronic region. Firefly luciferase values
were corrected for Renilla luciferase activity and plotted relative to
R-F. The average of three independent experiments is shown.
(C) Translation of p27 mRNA occurs by a cap-dependent mechanism.
HeLa cells were transfected with polyadenylated reporter mRNAs
containing either a canonical ™ GpppG cap (cap) (p27-F-p27), a cap
followed by a stable hairpin (H-p27-F-p27), or the non-translationally
competent cap analog ApppG (A-p27-F-p27) at the 5’ end. mRNAs
contained the 5’ (456-nt) and 3’ (1,341-nt) UTRs of the p27 transcript.
Five hours after transfection, protein and RNA extracts were obtained.
The luciferase activity was measured, corrected for mRNA levels, and
plotted relative to H-p27-F-p27. The average of three independent
experiments is shown.
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FIG. 2. Sequence elements in the 3" UTR of p27 inhibit cap-de-
pendent translation in HeLa cells. A scheme of the reporter mRNAs
used in the experiment is shown at the top. mRNAs were as described
in the legend to Fig. 1C and contained the 3’ UTR in either sense
(solid line) or inverted (arrow) orientation. Luciferase values were
normalized for mRNA levels after transfection. The average of at least
three independent experiments is shown.

tion, allowing the exclusion of effects due to changes in the
stability of the different mRNA constructs. The presence of
either the noncanonical cap analog or the hairpin decreased
luciferase activity by ~70-fold, indicating that efficient trans-
lation of p27 mRNA requires a functional cap structure (Fig.
1C, bottom). Furthermore, RNase protection assays from
HeLa cells transfected with a monocistronic plasmid contain-
ing the full-length 5" UTR of p27 showed at least four tran-
scripts with reduced 5'-UTR length, confirming the existence
of promoter activity in the 5'-UTR sequence (data not shown).
Taken together, these data show that the translation of p27
mRNA takes place by a cap-dependent mechanism in HeLa
cells.

The p27 3’ UTR represses cap-dependent translation. To
evaluate the influence of the 3" UTR on cap-dependent trans-
lation of p27 mRNA, we transfected HeLa cells with monocis-
tronic transcripts containing the 3’ UTR in either the sense or
inverted orientation (Fig. 2, top). An inverted 3’ UTR should
lack regulatory sequences while preserving the same length as
the wild-type 3" UTR. The results showed that inversion of the
3" UTR increased luciferase activity by ~3-fold (Fig. 2, bot-
tom). This increase was not observed when cap-dependent
translation was hampered by the use of a hairpin or an ApppG
cap analog, indicating that sequence elements in the 3 UTR
regulate cap-dependent translation of p27 mRNA.

Expression of p27 is regulated at the translation level dur-
ing HL60 cell differentiation. To identify the regulatory ele-
ments, we first searched for a cellular model with robust trans-
lational control of p27 mRNA between two distinct biological
situations, which would allow us later to evaluate the biological
significance of p27 translational regulation. We tested HL60
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FIG. 3. Translation of p27 mRNA increases during HL60 cell dif-
ferentiation. (A) HL60 cells were treated with 30 nM TPA for the
indicated times. The levels of p27 were assessed by Western blotting
from 50 pg of total protein extracts using eIF4A as a loading control
(top). The amounts of p27 were corrected for the loading control, and
the values are shown relative to the amount present in undifferentiated
cells. p27 de novo synthesis was determined by metabolic labeling with
[**S]methionine for 1 h, followed by immunoprecipitation (middle).
After SDS-PAGE, the signal was quantified using a phosphorimager.
p27 mRNA levels were evaluated by Northern blotting and corrected
for the 18S rRNA loading control, and the values are shown relative to
the amount present in undifferentiated cells (bottom). (B) The stability
of p27 increases marginally after TPA treatment. The half-life of p27
was determined by pulse-chase experiments. After a labeling period of
1 h, cells were washed and samples were taken at 0, 15, 45, and 120
min. p27 was immunoprecipitated from either 700 wg (untreated) or
200 pg (24 h TPA-treated) of total-protein extract and separated by
SDS-PAGE. A representative gel is shown on top. Data from three
independent experiments were quantified and plotted as a regression
curve (graph).

cells, since previous reports had shown that p27 mRNA dis-
plays increased association with polysomes when these cells are
induced to differentiate to monocyte/macrophage-like cells by
the addition of TPA, suggesting increased translation during
this process (41). To confirm these observations, we performed
pulse-chase experiments and measured both the de novo syn-
thesis and stability of p27, followed by Western and Northern
blotting to evaluate the steady-state amounts of p27 protein
and transcript. Western blot analysis showed that the amount
of p27 increased dramatically during TPA-induced differenti-
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FIG. 4. p27is required for terminal differentiation of HL60 cells. (A) Depletion of p27 was achieved by infection of HL60 cells with a lentivirus
expressing a specific ShRNA against the p27 ORF. Control cells were infected with viruses containing the empty vector. p27 levels were analyzed
by Western blotting in p27 knockdown (kd) and control cells at different times of TPA addition. The amounts of p27 relative to control cells are
indicated. eIF4A was used as a loading control. (B) Cell cycle withdrawal induced by TPA treatment is delayed in p27 kd cells. Control and p27
kd cells were treated with TPA for the indicated times and stained with propidium iodide. The cell cycle distribution was determined by FACS
analysis and is represented as the percentage of cells in Gy/Gy, S, and G,/M. The average of three independent experiments is shown. (C) Low
levels of p27 delay differentiation. Cells were treated with TPA, stained with anti-CD11b antibody (a specific marker for monocytes), and analyzed
by FACS. The percentage of CD11b-positive cells at each time point is plotted. The graph shows the average of three independent experiments.
(D) p27 promotes cell survival during TPA-induced differentiation. Cell death was determined by detection of active caspase 3 (a cleaved product
of 17 kDa) by Western blotting. The signals of two independent experiments were quantified, corrected for the eIF4A loading control, and plotted.

ation, especially during the first 24 h of treatment (Fig. 3A,
top). This protein accumulation could not be explained by
increased p27 mRNA levels (Fig. 3A, bottom). Metabolic la-
beling with [**S]methionine followed by immunoprecipitation
showed that the synthesis of p27 increased 3.5-fold at 24 h (Fig.
3A, middle). In addition, pulse-chase experiments showed that
the stability of p27 increased only marginally (~1.5-fold) in
TPA-treated compared to untreated cells (Fig. 3B). These
results indicate that translational regulation accounts for most
of the increase of endogenous p27 protein levels observed
during HL60 cell differentiation.

Roles of p27 during HL60 cell differentiation. To evaluate
the biological significance of p27 translational increase, we
depleted p27 by RNA interference and tested the effects of this
depletion on the cell cycle, differentiation, and survival of
HL60 cells. A homogeneous population of cells expressing an
shRNA against the coding sequence of p27 mRNA was ob-
tained by lentiviral infection and FACS selection. As a control,
cells infected with viruses containing the empty vector were
used. The efficiency of p27 depletion reached ~80%, as esti-
mated by Western blotting (Fig. 4A). After TPA treatment,
HL60 cells exit the cell cycle and accumulate in G, a step prior
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FIG. 5. Determinants of p27 translational control in HL60 cells. (A) The 3" UTR of p27 mRNA represses translation in undifferentiated cells,
and full derepression during differentiation requires an intact 5" UTR. mRNA reporters containing the UTRs of the p27 transcript in either sense
or inverted orientation, as depicted, were transfected into untreated (—) or 24-h TPA-treated (+) cells and processed as described in the legend
to Fig. 1. The values are represented relative to that obtained for p27-F-p27 in untreated cells. A transcript lacking p27 sequences (firefly luciferase)
was used as a control. The average of at least three independent experiments is shown. (B) Mapping the regulatory elements in the p27 3" UTR.
Reporter mRNAs containing the p27 5" UTR and either the full-length p27 3" UTR or the indicated fragments were transfected into HL60 cells.
In each case, the mRNA with the corresponding 3'-UTR fragment in inverted orientation was used as a control (arrows). The luciferase values
were corrected for mRNA levels and compared to the corresponding control. The average of three independent experiments is shown.

to terminal differentiation (48). Analysis of the cell cycle dis-
tribution showed that p27-depleted cells exhibited a delay in
G,y/G; accumulation (Fig. 4B). This delay was first detected at
24 h of TPA treatment, when the greatest changes in p27 levels
were observed (Fig. 3). Accordingly, p27-depleted cells also
showed delayed differentiation starting at this time point, as
measured by the presence of the monocyte surface marker
CD11b (Fig. 4C). In addition, p27-depleted cells showed ac-
cumulation of activated caspase 3, indicative of increased
apoptosis (Fig. 4D). These results indicate that appropriate
p27 levels, which are mostly obtained by translational control,
are necessary for full differentiation of HL60 cells, in addition
to protecting differentiating cells from apoptosis.

Determinants of p27 mRNA translational control. To iden-
tify which UTR elements influence p27 mRNA translation in
HL60 cells, untreated or 24-h TPA-treated cells were trans-
fected with reporter p27 transcripts containing the 5’ and/or 3’
UTR in wild-type or inverted orientation (Fig. 5A, top). Sim-
ilar to the endogenous p27 transcript, translation of the wild-
type reporter p27 mRNA increased ~3-fold in differentiated
cells, while translation of a reporter lacking p27 sequences
remained constant (Fig. 5A, bottom, compare p27-F-p27 with
Firefly). Inversion of the 3’ UTR resulted in increased trans-
lation in undifferentiated cells, with no further increase during
differentiation (Fig. 5A, bottom, p27-F-p27inv). These results
indicate that sequence elements in the 3" UTR repress trans-
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lation of p27 in undifferentiated cells and that this repression is
relieved during differentiation. Inversion of the 5’ UTR re-
duced translation ~2-fold in undifferentiated cells and ham-
pered translational activation during differentiation (Fig. 5A,
bottom, p27inv-F-p27), indicating that elements in the 5" UTR
are required for translational activation. The fact that inver-
sion of the 5" UTR has no effect in the context of a reporter
containing the inverted 3" UTR suggests that translational
regulation by the 5’ and 3" UTRs is functionally connected,
especially during differentiation (Fig. 5A, bottom, p27inv-F-
p27inv).

Because the 3’ UTR makes the strongest contribution to
translational repression of p27 mRNA in undifferentiated cells,
we next analyzed which segments of the 3’ UTR carried the
repressor function. A set of mRNAs containing different frag-
ments of the 3" UTR was generated, as well as the correspond-
ing mRNAs with inverted 3" UTR sequences as controls (Fig.
5B). Undifferentiated HL60 cells were transfected with these
transcripts, and their efficiency of translation was analyzed.
The results showed that the regulatory sequences required for
translational repression in undifferentiated cells are located
within the first 234 nt of the 3" UTR.

miR-181a inhibits cap-dependent translation of p27 mRNA.
Once the regulatory region was mapped, we tried to identify
factors that could bind to this region and potentially participate
in the translational control of p27 mRNA by UV cross-linking
experiments. Because no specific protein cross-links were de-
tected (data not shown), we considered the possibility that an
miRNA could be responsible for regulation. In silico searches
using the miRanda algorithm (http://microrna.sanger.ac.uk;
Wellcome Trust Sanger Institute) yielded target sites for sev-
eral miRNAs along the p27 3" UTR. We focused on miR-181a
because (i) one of its target sites fell within the mapped reg-
ulatory region and (ii) miR-181a is highly expressed in undif-
ferentiated HL60 cells while low levels are observed in primary
monocytes (47). Based on these data, we hypothesized that
increased translation of p27 during HL60 cell differentiation is
accompanied by reduced expression of miR-181a. Northern
blot analysis showed that, indeed, miR-181a levels decreased
about 40% during TPA treatment; in contrast, the expression
of miR-221, known to regulate p27 expression in various cell
lines, increased by 60% (data not shown) (31). We therefore
set out to investigate whether miR-181a repressed p27 mRNA
translation in our cell system.

Two miR-181a target sites were predicted in the 3’ UTR of
p27 mRNA, located at positions 182 to 204 and 729 to 753 (Fig.
6A). Reporter transcripts were obtained in which both sites
were mutated either individually or in combination (the na-
tures of the mutations are indicated in Fig. 6A). Curiously, the
first miR-181a binding site overlaps with one of the sites pre-
dicted for miR-221, of which there are two in the p27 3' UTR.
To assess the relevance of miR-221 versus miR-181a in our cell
system, we also carried transcripts with both miR-221 binding
sites mutated. Wild-type or mutated reporter mRNAs were
transfected into undifferentiated HL60 cells. As shown in Fig.
6B, translation of the miR-181a mutant mRNA increased ~3-
fold and was comparable to translation of the transcript with
the inverted 3’ UTR. However, mutation of the miR-221 sites
had a modest effect on translation. These results suggest that
translational repression of p27 mRNA in undifferentiated cells
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is caused by miR-181a. Mutation of a single miR-181a binding
site only slightly enhanced translation, suggesting that one site
is enough to efficiently repress p27 synthesis, irrespective of its
location (Fig. 6B). Upon differentiation, the translation of the
reporter containing miR-181a mutated binding sites was not
significantly increased, suggesting that regulation by miR-181a
accounts for most of the observed changes in translational
efficiency of p27 mRNA during differentiation (Fig. 6C).

miRNAs have been proposed to inhibit translation initiation
at the level of the cap structure, although some authors have
reported an effect in subsequent steps of translation (reviewed
in reference 18). To determine whether the cap structure was
required for repression by miR-181a, we tested the efficiencies
of translation of reporter mRNAs containing wild-type or mu-
tated miR-181a binding sites and a canonical or an ApppG cap
(Fig. 6D). Substitution of the canonical cap structure for an
ApppG cap resulted in a dramatic decrease in the translational
efficiencies of all reporters, indicating that, as for HeLa cells,
p27 mRNA is translated via a cap-dependent mechanism in
HL60 cells. In addition, no significant differences were ob-
served between wild-type and miR-181a mutated mRNAs con-
taining an ApppG cap, while the expected differences were
exhibited by "™GpppG-containing transcripts (Fig. 6D). We
conclude that miR-181a inhibits cap-dependent translation of
p27 mRNA.

miR-181a inhibits endogenous p27 expression. To confirm
the role of miR-181a in the regulation of p27 mRNA transla-
tion, we tried to inhibit the expression of the endogenous
miRNA in HL60 cells using a specific 2'-O-methyl-oligoribo-
nucleotide (Ambion Inc.) or custom-designed antagomirs (34).
In addition, we obtained homogeneous populations of HL60
cells infected with lentiviruses expressing shRNAs against the
miR-181a precursors or the mature miRNA. However, in no
case could we reduce the expression or activity of endogenous
miR-181a (data not shown). As an alternative approach, we
overexpressed miR-181a in the cell line THP1 and tested the
effect of this treatment on endogenous p27. THP1 cells repre-
sent a more differentiated stage of human monocytic leukemia
cells than HL60 cells and express high levels of p27 and low
levels of miR-181a (Fig. 7A and B). We expressed miR-181a at
levels similar to those present in undifferentiated HL60 cells
without affecting the levels of miR-221 (Fig. 7B). Overexpres-
sion of miR-181a caused a 5-fold reduction of p27 protein
levels, while the amount of p27 mRNA was reduced only
~1.5-fold (Fig. 7C and D). These results support the conclu-
sion that miR-181a regulates the translation of p27 mRNA in
myeloid cells.

DISCUSSION

p27 regulates a variety of cellular processes, such as prolif-
eration, differentiation, migration, and apoptosis, and its ex-
pression must be tightly controlled to prevent cell malfunction
that could lead to tumor development. In this report, we have
investigated the mechanisms that regulate the translation of
p27 mRNA. Our results indicate that p27 mRNA is translated
in a cap-dependent manner in HeLLa and HL60 cells. In addi-
tion, we found that miR-181a inhibits cap-dependent transla-
tion of p27 mRNA in undifferentiated HL60 cells by virtue of
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The values represent the average of three independent experiments.

two target sites in the 3" UTR and that differentiation concurs
with relief of miR-181a-mediated translational repression.
Several studies have reported the presence of an IRES in the
5" UTR of p27 mRNA (8, 30, 35, 44). Our results, like those
reported by Liu et al. (39), contradict these findings. First, the
use of promoterless DNA bicistronic constructs revealed
the presence of cryptic promoters in the sequence encoding the
p27 5" UTR (Fig. 1A). The presence of mRNA species tran-
scribed from these promoters was confirmed by RNase pro-

tection assays (data not shown), and their sizes match those
transcription initiation sites described in previous studies (11,
29, 43). Second, transfection of bicistronic mRNAs yielded no
significant translation of the second cistron (Fig. 1B). Third,
transfection of monocistronic mRNAs into HeLa or HL60
cells resulted in activity that was dramatically reduced by ma-
nipulation of the cap structure or insertion of a stable hairpin
close to the cap, both treatments known to inhibit cap-depen-
dent but not IRES-dependent translation (Fig. 1C and 6D).
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FIG. 7. Overexpression of miR-181a in THP1 cells inhibits the
translation of endogenous p27 mRNA. (A) p27 protein levels in HL60
and THP1 cells measured by Western blotting. B-Actin was used as a
loading control. (B) Analysis of miR-181a expression. THP1 cells were
infected with either empty or primary miR-181a (pri-miR-181a)-ex-
pressing retroviruses and selected in neomycin-containing medium.
Total RNA was isolated, and the amounts of miR-181a and miR-221
were analyzed by Northern blotting. Untreated HL60 cells were car-
ried as a control. miRNA levels were normalized according to U6
RNA levels, and the resulting values are indicated relative to those
found in control THP1 cells. (C) p27 expression decreases in THP1
cells that overexpress miR-181a. Protein levels were analyzed by West-
ern blotting using eIF4E as a loading control. A nonspecific band is
also shown as a reference. The p27 values are indicated after correc-
tion for eIF4E. (D) Analysis of endogenous p27 mRNA levels in
control or miR-181a-overexpressing cells, as determined by qRT-PCR.
The average of triplicate RT-PCRs for one biological sample is shown.

Although we did not detect IRES activity in the p27 5" UTR,
we did observe a stimulatory role of this UTR in the context of
cap-dependent translation (see below).

Many regulatory factors that control the translation of spe-
cific mRNAs operate through the 3’ UTR (13). The impor-
tance of the 3’ UTR has been highlighted by the discovery of
miRNAs and their essential role in the control of many cellular
processes (reviewed in reference 6). miRNAs have been shown
to act as either tumor suppressors or oncogenes and are better
predictors of tumor type and prognosis than mRNAs (36).
Recently, miRNAs have appeared as chief regulators of p27
mRNA translation. The first indications that miRNAs could
play a role in the expression of p27 were obtained in Drosophila
(26). Depletion of Dicer-1, the RNase III enzyme required for
miRNA biogenesis, delays G,/S transition of germ line stem
cells by increasing the amount of the p27 orthologue Dacapo.
Subsequent studies have identified miR-221 and miR-222 as
repressors of p27 synthesis in cell lines derived from glioblas-
toma, melanoma, hepatocarcinoma, papillary thyroid carcino-
mas, and prostate carcinoma (15, 19, 20, 23, 38, 54). Generally,
inhibition of p27 expression by miR-221/miR-222 in these cells
leads to increased proliferation and improved colony-forming
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potential. miR-221 is also expressed in HL60 cells, although it
does not seem to control p27 expression in that cell line (Fig.
6). Rather, we have found that another miRNA, miR-181a,
represses p27 mRNA translation in undifferentiated HL60
cells (Fig. 6). Furthermore, overexpression of miR-181a in
THP1 cells leads to inhibition of endogenous p27 synthesis
(Fig. 7). miR-181a is preferentially expressed in hematopoietic
tissues and cell lines, where it plays a critical role in the devel-
opment of B and T cells through regulation of the expression
of the key factors Bcl-2, CD69, and TCRa (7, 46, 47). Regard-
ing its function in myeloid differentiation, Debernardi et al.
(12) found a strong correlation between the levels of miR-181a
and the expression of putative target mRNAs associated with a
specific acute myeloid leukemia subtype. These studies showed
that in acute myeloid leukemia samples of the M2 subtype,
from which HL60 cells are derived, the amount of miR-181a is
elevated and some of its putative targets are downregulated,
whereas in the more differentiated samples of the M5 subtype,
from which THP1 cells were obtained, low levels of miR-181a
correlate with upregulation of the same targets. We have found
a similar inverse correlation between miR-181a and p27 ex-
pression in HL60 and THP1 cells (Fig. 7).

There are two target sites for miR-181a in the p27 3" UTR
that can function individually or synergistically to repress the
translation of p27 reporters (Fig. 6B). The first site does not
perfectly match the miR-181a seed region, but other features,
including increased supplementary pairing, the presence of an
adenine at position 1, and the AU-rich flanking regions, com-
pensate for a suboptimal seed sequence (25). This site coin-
cides with one of the two functional miR-221 binding sites in
the p27 3’ UTR. However, mutation of the two miR-221 sites
had no effect on p27 mRNA translation, suggesting that miR-
221 does not regulate p27 expression in HL60 cells (Fig. 6).
The distal site (positions 729 to 753) is located in a region for
which we did not detect repressor activity in our initial 3'-UTR
deletion analyses (Fig. 5B, p27-F-[552-1341] mRNA). This dis-
crepancy could be explained by the sequence context in which
these mutations were analyzed, because further analyses using
smaller fragments containing this site (p27-F-[552-870]
mRNA) indeed revealed translational repressor activity (data
not shown).

Repression by miR-181a is relieved during TPA treatment
of HL60 cells, contributing to the high p27 levels necessary for
full differentiation (Fig. 4 to 6). Other factors, such as regula-
tory RNA-binding proteins, could collaborate in the transla-
tional control of p27 mRNA at this time. The RNA-binding
protein Dead-end 1 (Dnd1) interacts with U-rich sequences in
the vicinity of the miR-221 target sites and blocks miR-221-
dependent repression (32). Therefore, it is conceivable that
similar proteins could prevent the interaction of the residual
miR-181a with its target sites during differentiation. In such
cases, these proteins should bind to sequences different from
those recognized by Dndl, because mutation of these se-
quences does not affect translation of p27 in our model system
(data not shown). The well-known regulators HuR and PTB
could be good candidates, since both interact with p27 mRNA,
albeit at the 5" UTR, and have been shown to modulate p27
synthesis (8, 35). Interestingly, translational derepression dur-
ing HL60 cell differentiation is hampered by the inversion of
the p27 5" UTR (Fig. SA). Thus, although the effects of HuR
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and PTB were originally interpreted in the context of IRES-
dependent translation, they could play roles in modulating the
function of miR-181a. In support of this hypothesis, HuR per-
forms a similar task in hepatocarcinoma cells under certain
stress conditions, since it prevents the inhibition of the cationic
amino acid transporter 1 (CAT-1) mRNA by miR-122 (4).

Our results, as well as those of other laboratories, highlight
the relevance of miRNA-mediated translational control of p27
mRNA. Although miRNAs usually repress translation about
twofold, the observation that p27 is haploinsufficient for tumor
suppression implies that a reduction of this kind would be
enough to promote tumor growth. Learning about the regula-
tion of p27 mRNA translation and transcript stability, two
largely unexplored aspects of p27 biology, will expand the
therapeutic approaches to fight against cancer.
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